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Abstract 

In low-resource contexts, household-level point-of-use water treatment (POUWT) techniques are the final, 

and sometimes only, barrier against waterborne illnesses, and in these and other water-related applications, 

health risks can be quantified using one of two methods. Firstly, Escherichia coli (or other indicator 

organism) counts can be used to monitor water and determine adherence to a health-based limit (i.e. 

compliance monitoring). Secondly, E. coli can be used to conduct a quantitative microbial risk assessment 

(QMRA), indicating the level of protection conferred by a given POUWT device by spiking test water with 

E. coli to ascertain a reduction efficacy relative to that target organism, a process referred to as challenge 

testing, which is typically carried out in a laboratory context. Although both methods are well established, 

both have scope for improvement for effective field application in low-resource contexts. Regarding 

compliance monitoring, I assessed the performance of a new low-cost field kit for E. coli enumeration, 

which was designed by others. I also assessed the feasibility of re-using some disposable materials, in terms 

of sterility and mechanical wear. The use of the new low-cost field kit was successful during the fieldwork 

campaign; however, re-using disposable materials introduced a relatively high occurrence of false positive 

results during E. coli enumeration. Use of the new low-cost field kit can reduce financial barriers, thus 

enabling greater water quality testing coverage.  

Regarding challenge testing, the aim of this study was to adapt current protocols to assess the household 

performance (as opposed to laboratory performance) of POUWT techniques. I developed a conceptual 

framework to conduct Field Challenge Tests (FCT’s) on POUWT techniques, using a probiotic health 

supplement containing E. coli as the challenge organism. I successfully carried out a FCT in Malawi with 

limited resources, verifying FCT viability. Applications of such FCT’s include quality control practices for 

manufactured devices, guiding QMRA and recommendations by public health organizations regarding 

POU device selection, and assessing the impact of user training programmes regarding POUWT techniques.   
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Introduction 

Water- and excreta-related diseases continue to be one of the most pervasive health challenges globally; in 

particular, diarrheal illnesses account for 1 in 9 child deaths worldwide, making them the second leading 

cause of death among children under 5 (Centers for Disease Control and Prevention, 2015). Water 

contaminated with faeces, a main cause of diarrheal illnesses, exposes individuals to preventable health 

risks; globally, some 1.8 billion people use a drinking water source contaminated with faecal indicator 

bacteria (Bain et al., 2014). 

In low-resource contexts, there are a range of potentially effective interventions to improve microbiological 

water quality and thus reduce the risk of diarrheal illnesses; such interventions include building or using an 

“improved” water source, meaning one that is potentially free from faecal contamination (WHO & 

UNICEF, 2012), practicing safe water collection, storage and consumption behaviours, and practicing 

point-of-use water treatment (POUWT) techniques as the final – and sometimes only –  barrier against 

faecal contamination (Arnold & Colford, 2007; Mintz et al., 1995; Mintz et al., 2001; Quick et al., 2002; 

WHO, 2002).  

Improvements in microbiological water quality are typically assessed by quantifying waterborne 

Escherichia coli, a “preferred” indicator for the detection of faecal contamination, due to the range of 

affordable and relatively fast detection methods for E. coli, the lack of re-growth in temperate 

environments and the prevalence of E. coli in the faeces of humans and other warm-blooded animals 

(Tallon et al., 2005). Despite its limitations as an indicator, including that it is not a good indicator for the 

presence of some enteric pathogens, such as Cryptosporidium parvum (C. parvum), Giardia lamblia (G. 

lamblia) or enteric viruses (Health Canada, 2017), the quantification of E. coli in water as an indicator of 

faecal contamination plays an essential role in measures to protect public health (Bain et al., 2012).  For 

drinking water and other water-related applications, E. coli counts can be used to used to quantify health 
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risks using one of two methods, compliance monitoring and performance evaluation of POUWT 

techniques. 

Firstly, E. coli counts can be used to monitor water and determine adherence to a health-based limit (i.e., 

compliance monitoring). Typically, E. coli counts are used to make risk assessments based on the a priori 

waterborne risk categories (Lloyd & Bartram, 1991), namely: “very low risk” (<1 CFU E. coli/100 mL); 

“low risk” (1 to 10 CFU E. coli/100 mL); “moderate risk” (11 to 100 CFU E. coli/100 mL); “high risk” 

(101 to 1000 CFU E. coli/100 mL); and “very high risk” (> 1000 CFU E. coli /100 mL), thus 

contextualizing water quality data. Currently, there is scope for improvement of field techniques for such 

monitoring, in terms of the cost of some commonly-used field kits (currently approximately USD $1500 

per kit, and approximately USD $1.50 per test) and the volume of pre-sterilized disposable materials 

required for each test (Bain et. al., 2012; Bain et al., 2018).  

Secondly, E. coli counts can be used to evaluate the performance of POUWT techniques, by conducting 

laboratory-based challenge tests on a specific method, by using that method to treat test water spiked with 

E. coli and measuring the removal efficacy. The removal efficacy achieved by a device or method is used 

to assign a level of performance (e.g., highly protective, protective and interim) and contextualize the 

result, in a process referred to as a quantitative microbial risk assessment (QMRA) (WHO, 2011a). 

Although such laboratory challenge testing is a valuable tool to evaluate the performance of POUWT 

technique, when compared to laboratory use, studies suggest that such methods consistently underperform 

when used in the household, due to reasons including user behaviour or non-compliance, variable-quality 

source water, or cross-contamination during device use (Karim et al., 2016; Levy et al., 2014; Murray et 

al., 2017; Neumann et al., 2013; Sangsanont, Dan, Nga, Katayama, & Furumai, 2016; Stauber et al., 

2006; White et al., 2013; WHO, 2011a; WHO, 2002). The current body of knowledge regarding the 

household performance (as opposed to laboratory performance) of POUWT techniques is limited, and 

there is room for an improved framework to conduct field assessments of such technologies.  
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The overall aim of this thesis was to develop, improve and assess innovative field-applicable methods for 

the quantification of waterborne microbial risks, and this aim can be divided into two objectives according 

to the risk assessment methods described above. With respect to the quantification of E. coli for compliance 

monitoring, my first aim was to assess a new low-cost field kit, and to develop and assess several proposed 

improvements to protocols used in the Multiple Indicator Cluster Survey (MICS) campaign and pilot such 

improvements for water quality testing conducted in a field setting. I assessed the performance of a new 

low-cost field kit, which had been manufactured by others, in terms of robustness and water leakage after 

repeated use. I also assessed the feasibility of re-using some disposable materials for sterility and 

mechanical wear. With regard to the use of E. coli to conduct challenge testing of POUWT techniques, my 

second main objective was to develop a conceptual framework to conduct Field Challenge Tests (FCT’s), 

and to assess the viability of the FCT as a concept by conducting a pilot FCT in a field setting with limited 

resources. One step taken toward this objective was to select the appropriate organism with which to spike 

challenge water in the field, a strain of E. coli found in probiotic health supplements and therefore safe for 

human consumption. Such probiotic supplements were identified and characterized as a subset of this 

objective, including quantification of the E. coli contained in the probiotic supplements to verify 

manufacturer claims which had not yet been assessed. 

This thesis is comprised of three manuscripts that have been prepared with the later goal of journal 

submission. The first manuscript contains work completed to address the first main thesis objective, 

regarding the assessment of a new low-cost field kit, several proposed improvements to protocols 

commonly used for field-based E. coli quantification. The second manuscript contains work completed as 

a subset of the second thesis objective; the E. coli in select probiotics were quantified to assess manufacturer 

claims. The third manuscript contains work completed to address the second main thesis objective, 

regarding the development and proof-of-concept implementation of field challenge tests. The three 

manuscripts together support my overall aim; to develop, improve and assess innovative field-applicable 

methods for the quantification of waterborne microbial risks.  
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Background 

This thesis examines field-applicable methods for the quantification of waterborne microbial risks with 

respect to the faecal indicator bacteria, E. coli. The fieldwork in Manuscripts 1 and 3 was carried out in a 

household survey campaign conducted in April 2019 in Southern Malawi (University of Victoria ethics 

approval number UVIC 18-1129; Malawi ethics protocol number P.10/18/326), as a part of the work of 

University of Victoria PhD candidate, A. Cassivi. The objective of A. Cassivi’s work was to establish 

methods for quantifying the distance and time required for off-premises water fetching as a part of future 

improvements upon the MICS survey, and the fieldwork consisted of a questionnaire and water quality test 

of 375 randomly selected households. My role in A. Cassivi’s fieldwork was to oversee the training and 

supervision of the enumerators with respect to water quality testing. The household survey and water quality 

results themselves, as well as the public health context in Malawi, are the focus of A. Cassivi’s PhD work 

and are not discussed in my thesis. Malawi is a small landlocked country in Sub-Saharan Africa (SSA) with 

a population of 18.6 million (WHO & UNICEF, 2017), has a human development index (HDI) of 0.477 

(ranked number 171; United Nations Data, 2016) In terms of drinking water, in Malawi, 89% of the 

population has access to an improved water source (WHO & UNICEF, 2017), meaning one that is 

potentially free from faecal contamination (WHO & UNICEF, 2012); however, the portion of the 

population with access to an improved water source on-premises is 15% (WHO & UNICEF, 2017). Thus, 

Malawi was chosen as the study site for A. Cassivi’s fieldwork in part due to the high portion of the 

population using off-premesis water sources. 

At the outset of my thesis work (or in fact, A. Cassivi’s work), it was not known that I would have a 

fieldwork component of my work, and such fieldwork was undertaken in the second-last term of my project. 

I was able to join A. Cassivi in her fieldwork due to the cost savings associated with using the new low-

cost field kit, as opposed to the more expensive standard field kit, which I assessed, as discussed in 

Manuscript 1. The original aim of my thesis work was to establish a field challenge test protocol for the 

POUWT categories of filtration (i.e., ceramic filtration), chemical disinfection (i.e., chlorine) and UV 
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disinfection (i.e., sunlight disinfection). Along the way, the opportunities to carry out a project for UNICEF 

(Manuscript 1) and to participate in fieldwork in Malawi came up, and the scope of work was narrowed to 

ceramic filtration with respect to establishing field challenge tests (Manuscript 3). 

The methods described in this thesis have a broad application to resource-limited contexts in general. 

Constraints placed on water quality testing and therefore risk assessment data in resource-limited contexts 

include but are not limited to: lack of a centralized laboratory (creating the need for a mobile water quality 

testing kit as discussed in Manuscript 1), difficulty obtaining laboratory materials and supplies (such as 

refills on disposable materials, as discussed in Manuscript 1, or obtaining a specific strain of E. coli bacteria 

as discussed in Manuscript 3), lack of trained personnel, lack of funding, constraining the number and/or 

type of water quality tests conducted, and, as we encountered in Malawi, unreliable electricity or water (i.e., 

for running incubators or autoclaves). 
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Manuscript 1  

Manuscript Title 

Evaluation of improvements to a field technique for the quantification of E. coli 

Authors 

C. Zimmer, A. Cassivi, E. Tilley, R. Bain, R. Johnston, C. Dorea 

State of Publication: 

This manuscript is intended to be submitted as an Article in the Nature Partner Journal (NPJ) series Clean 

Water, Special Collection for the WHO/UNICEF Joint Monitoring Programme for Water Supply, 

Sanitation and Hygiene, entailing a 5000-word limit and up to 10 display items (i.e., figures and tables). 

Author Contributions: 

C. Zimmer, R. Bain, R. Johnston and C. Dorea conceived and planned the experiments; C. Zimmer carried 

out the laboratory experiments. C. Zimmer and A. Cassivi supervised the fieldwork and carried out part of 

the fieldwork experiments, with the help of six enumerators. C. Zimmer, A. Cassivi, E. Tilley and C. Dorea 

provided support in preparing and executing the fieldwork. C. Zimmer carried out the statistical analysis of 

the results. C. Zimmer and C. Dorea contributed to the interpretation of the results. C. Zimmer took the lead 

in preparing the manuscript. C. Dorea provided critical feedback and revised the manuscript. C. Dorea 

secured the funding for this project, with materials provided by R. Bain and UNICEF. 
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Abstract 

The standard Water Quality Module for the Multiple Indicator Cluster Survey (MICS) used by the 

WHO/UNICEF Joint Monitoring Programme (JMP) for Water Supply and Sanitation incorporates a water 

quality test for Escherichia coli enumeration based on the membrane filtration technique. The cost for the 

current equipment is approximately USD $1500 per kit. The aims of this study were to evaluate the 

suitability of a new low-cost water quality testing kit, costing approximately USD $100, for use in the MICS 

household surveys, and to evaluate the feasibility of re-using some single-use consumable items required 

for water quality testing. The new low-cost test kit performed well during laboratory and field use, with no 

breakage, leakage or stability issues reported; the low-cost kit is therefore recommended in use in future 

MICS work. When single-use items were disinfected with an alcohol wipe and re-used, there was a higher 

incidence of non-zero results for E. coli when processing sterilized blank water, in both the laboratory and 

field settings, indicating that a higher rate of false positives should be expected if some components are re-

used. It is recommended that funnels not be disinfected via alcohol wipe for re-use in MICS surveys unless 

blank test results can be improved. 

Keywords 

• Escherichia coli enumeration 

• Drinking water quality 

• Microbiological water quality testing 

• Field-based water quality monitoring 
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Introduction 

It has been estimated that 1.8 billion people use a source of drinking water which is contaminated with 

faecal indicator bacteria in quantities of at least 10 E. coli or thermotolerant coliform (TTC) per 100 mL 

(Bain et al., 2014), which is correlated to a moderate risk level or higher. Access to safe drinking water is 

a key barrier to development and is an ongoing priority of public health campaigns, development work and 

government policy. In 2015, the United Nations’ Sustainable Development Goals (SDG’s) were set out to 

guide world development agendas to the year 2030, with 17 different goals such as improving the quality 

of education globally, reducing inequalities within and among countries, taking urgent action to combat 

climate change and its impacts, end hunger and achieve food security, among others. Under goal 6, the 

mandate was established to “ensure available and sustainable management of water and sanitation for all” 

(UN, 2018). With respect to sustainable management of water, progress is measured by the proportion of 

the population with access to a safely managed drinking water service (SMDWS), meeting all three of the 

following requirements: first, that the source is located on-premises and is improved (protected from faecal 

contamination (WHO & UNICEF, 2012); second, that the source is available when needed; and third, that 

the source is free from contamination by faeces and priority chemicals (WHO & UNICEF, 2017).  

Data regarding the above indicators, together with myriad other public health indicators included in the 

SDG’s, is gathered via household surveys conducted by UNICEF in Mixed Indicator Cluster Surveys 

(MICS), in support of the Joint Monitoring Programme (JMP). These surveys have been conducted to 

collect public health information from over 100 countries since the mid-1990’s (Khan et al., 2017). Similar 

such campaigns have been undertaken to gather public health information, such as the Living Standards 

Measurement Study (LSMS), and the Demographic and Health Surveys (DHS), supported by the World 

Bank and the United States Agency for International Development (USAID), respectively. Together with 

the MICS campaign, these efforts have provided invaluable information to guide development efforts (Khan 

et al., 2017). 
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The drinking water aspect of MICS household surveys is typically carried out by a trained enumerator, and 

comprises a questionnaire, including questions regarding access and availability of drinking water, and an 

in-situ water quality test on two samples of water: one from a glass of water in the household, and one from 

the source of the glass of water. The water quality test normally uses the membrane filtration technique to 

enumerate the concentration of E. coli, an indicator of the presence of faecal contamination, in 100 mL of 

water sample. There are a multitude of methods available to quantify and detect faecal indicator bacteria in 

low resource and field settings (Bain et al., 2012); the current testing technique used in the MICS campaign 

is relatively quick to preform (< 5 minutes – not including questionnaire or incubation time) (Bain et al., 

2012), portable (fitting comfortably inside a backpack), and does not require electricity to operate (MICS, 

2017). However, the current MICS testing kit can be relatively expensive for low resource contexts, costing 

approximately USD $1500 per kit (Bain et al., 2018). Furthermore, a large volume of pre-sterilized 

disposable materials are required, which cost approximately another USD $1.50 per test (Bain et al., 2012) 

and present logistical difficulties in transport, distribution and disposal. In the counting and processing of 

results, a 24-hour incubation period takes place between sample processing and reading the test results; 

which are counted in most cases by the enumerators and the accuracy of these counts is not verified by 

supervisors. 

The aim of this study was to assess a new low-cost field kit, and to develop and assess several proposed 

improvements to protocols used in the MICS campaign and pilot such improvements for water quality 

testing conducted in a field setting.  

Methods 

This study was broken down into four parts, each addressed by a separate piece of laboratory and/or 

fieldwork. The first objective was to evaluate the suitability of a new low-cost water quality testing kit for 

use in the MICS household surveys; specific mechanical testing was carried out in the laboratory to assess 

the general compatibility of the new low-cost field kit (LCFK) with the current funnels and other kit 

components. The second objective was to evaluate the feasibility of re-using single-use funnels, by 
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assessing the sterilization or disinfection efficacy (reduction of E. coli by autoclave or alcohol wipe, 

respectively) in both the laboratory and field by processing 100 mL of blank (sterile water or mineral water 

containing < 1 CFU E. coli) samples. In the laboratory, it was examined whether there was any disinfection 

residual remaining on the funnels that could impact the results of the succeeding sample if the funnel was 

re-used, and the number of times each funnel could be re-used before leakage was observed. The first and 

second and second objectives were further addressed by piloting the new LCFK and funnel re-use protocol 

use during the water quality testing component of a household survey campaign conducted in April 2019 

in Southern Malawi.  The third objective of this work was to assess the possibility of more rapidly procuring 

water quality results, by enumerating select membrane filtration results after an abbreviated 18-hour 

incubation period, followed by a further 6 hours of incubation time and subsequent additional enumeration, 

to reach a 24-hour incubation period as recommended by the manufacturer. The fourth objective was to 

assess the validity of the typical MICS practice of having the enumerators conduct E. coli counts during 

survey campaigns. During the fieldwork for this study all plates were counted by an experienced supervisor, 

and the fourth objective was addressed by conducting weekly meetings with the enumerators, where the 

previous day’s plates were additionally counted by the enumerator who had conducted the sampling. 

Materials 

The standard field kit (SFK) is pictured in Figure 1a; the proposed LCFK for membrane filtration is pictured 

in Figure 1b. The source of the cost reduction is the use of a 250 mL vacuum filter flask (Thomas Scientific, 

USA) in place of the metal base used in the SFK (MilliporeSigma, USA), and a detachable plastic vacuum 

manifold (provided by UNICEF) in place of the metal manifold used in the SFK (MilliporeSigma, USA). 

All other kit components remain the same from the SFK to the LCFK. All membrane filtration samples 

were plated on pre-made Compact Dry™ EC plates (Hardy Diagnostics, USA).  
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Figure 1a: Photo of current MICS kit; Figure 1b: Photo of new low-cost kit; Labels: 1. 150 mL syringe and PVC tube for vacuum 

application; 2. Manifold base (current or low-cost); 3. Funnel; 4. Vacuum manifold (current or low-cost) 

Disinfection Efficacy 

The general approach to assessing the disinfection efficacy in the laboratory (Figure 2), was carried out 

using the SFK and consisted of processing two test waters in order, each consisting of isotonic quarter-

strength Ringers (Oxoid Ltd., England) with either: one, a high spike (HS) water spiked with approximately 

105 E. coli/100 mL (E. coli probiotic Mutaflor®, Pharma-Zentrale GmbH, Germany; incubated in Tryptic 

Soy Broth (TSB, Sigma-Aldrich, Germany), stirred at approximately 500 rpm at 37°C overnight prior to 

testing); or two, a sterile blank water consisting of autoclaved Ringers solution.  Between filtering the HS 

and filtering the blank water, one of three steps was taken: one, the funnels were directly re-used with no 

disinfection, providing a baseline number of E. coli remaining in the funnel after processing the HS; two, 

the funnels were wiped down with a disposable 70% alcohol wipe (PDI Healthcare Inc., United Kingdom); 

or three, the funnels were autoclaved at 121°C and 17 Pounds per Square Inch (PSI) for 15 minutes. The 
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alcohol wipe disinfection method was chosen for testing because alcohol wipes are already in use for MICS 

water quality testing, to disinfect the vacuum manifold and forceps for membrane filtration. The autoclave 

method for sterilization was chosen because after MICS campaigns, UNICEF often donates water quality 

testing materials to the host country, and in this case, the funnel could be sterilized and re-used for water 

quality monitoring in a centralized laboratory setting. Using the alcohol wipe, care was taken to wipe all 

water contact surfaces of the funnel two to three times; any further contact time with 70% alcohol wipes 

has been shown to have a negligible effect on bacterial reduction on plastic surfaces (Berendt et al., 2011). 

To ensure that there was no residual alcohol left over after disinfecting the funnels with an alcohol wipe, 

care was taken that the funnel had fully dried before using by waiting one minute before use. 

 

Figure 2a: Procedure for establishing a baseline number of E. coli remaining in the funnel after funnel re-use with no disinfection; 

Figure 2b: Procedure for assessing disinfection efficacy using an alcohol wipe or autoclave in the laboratory 
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Presence of a Disinfection Residual 

Testing for the presence of a disinfection residual (e.g., leftover alcohol after wiping) was carried out in the 

laboratory using the SFK, and consisted of two steps (Figure 3): first, 100 mL of enumeration spike (ES) 

Ringers solution, containing approximately 50-100 E. coli/100 mL (E. coli probiotic Mutaflor®; incubated 

in TSB, stirred at approximately 500 rpm at 37°C overnight prior to testing); was enumerated in triplicate 

using new, sterile funnels, providing a baseline enumeration of the ES. Second, the baseline enumeration 

was compared to enumeration of 100 mL of the same batch of ES water, using a different filter funnel 

which had first been sterilized or disinfected with either an alcohol wipe or by autoclave, respectively, at 

121°C and 17 PSI for 15 minutes.   

Using the alcohol wipe, care was taken to wipe all water contact surfaces of the funnel two to three times. 

To ensure that there was no residual alcohol left over after sterilizing the funnels with an alcohol wipe, care 

was taken that the funnel had fully dried before using by waiting one minute before use. 

  

Figure 3: Procedure for the assessment of a residual effect of the alcohol wipe and autoclave disinfection and sterilization methods, 

respectively 

Mechanical Testing 

Specific testing was carried out in the laboratory to determine the number of times funnels could be 

sterilized and re-used before leakage was observed and to assess the general combability of LCFK with the 
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funnels. Filter funnels were filled with 100 mL tap water and emptied via vacuum filtration using the LCFK, 

removed, disinfected and dried repetitively.  This was carried out for 20 funnels for each of the alcohol 

wipe and autoclave disinfection and sterilization methods, respectively, until leakage between the funnel 

and the vacuum filter was observed, or until 25 cycles had been carried out, whichever came first.   

Field Piloting of the LCFK and Funnel Re-Use 

The LCFK and funnel re-use protocol were piloted during the water quality testing component of a 

household survey campaign conducted in April 2019 in Southern Malawi (University of Victoria ethics 

approval number UVIC 18-1129; Malawi ethics protocol number P.10/18/326).  The survey and water 

quality tests were conducted by six enumerators who had undergone five days of training on questionnaires 

and in-situ water quality testing. The latter followed a similar protocol to that by recently conducted MICS 

programmes (MICS, 2017) with E. coli enumeration of two 100 mL samples: one from a glass of water in 

the household, and one from the source of the glass of water. In total, 375 randomly selected households 

were surveyed. As with typical MICS campaigns, following water quality testing, water samples were 

discarded on the ground or grass away from participants’ household. Plated samples were placed in a 

household bleach solution for minimum of half an hour contact time and discarded in the municipal trash. 

Under field conditions, the effectiveness of disinfecting the funnels by alcohol wipe was assessed by 

processing a 100 mL sample of a freshly opened bottled mineral water blank (Figure 4). The brands of 

bottled mineral used had been enumerated with respect to E. coli in triplicate prior to fieldwork; all brands 

of mineral water used in blank testing yielded < 1 E. coli/100 mL. During the field program, each of the six 

enumerators conducted one mineral (blank) water test per day, a total of 71 tests. Blank tests were conducted 

subsequent to the third household survey of each day. Autoclaving the funnels for re-use was not undertaken 

in the field. Testing for disinfection residual was not carried out in the fieldwork. 
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Figure 4: Procedure for assessing disinfection effectiveness in the field 

Evaluation of 18-Hour E. coli Counts 

The manufacturers of the media used to plate membrane filter samples, dehydrated CompactDry EC plates, 

specify a 24-hour incubation period of the plated samples before counting E. coli colonies. For both 

laboratory testing and fieldwork components, selected plated samples were additionally counted for E. coli 

colonies after an 18-hour incubation period, so that samples plated in the afternoon during fieldwork can 

be counted the following morning, clearing incubation space for new samples. 

Evaluation of Supervisor vs. Enumerator E. coli Counts 

During the fieldwork campaign, all plated E. coli colonies were counted by an experienced supervisor. 

Once per week, the previous day’s plates were additionally counted by the respective enumerator who had 

conducted the sampling. That day’s E. coli counts by the enumerators were compared to those done by a 

supervisor.  

Statistical Methods 

To analyze the disinfection efficacy and field effectiveness of disinfecting and re-using funnels, arithmetic 

and geometric mean E. coli counts and upper/lower 95% Confidence Intervals (CI’s) were computed for 

positive blank test data. A value of 0.5 CFU, or half of the lower detection limit (1 CFU), was used for data 

points falling below the detection limit in the analysis of geometric means involving non-detects. The 

statistical comparison to detect the presence of a disinfection residual was undertaken using a one-way 
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analysis of variance (ANOVA) to compare ES enumeration, with three levels examined (no disinfection, 

alcohol wipe and autoclave); data analysis was blocked based on the ES batch, so that comparisons were 

only drawn on E. coli counts within each batch of ES.  A one-way ANOVA was conducted on the field 

blank test data to ascertain any differences between the mean E. coli counts in the blank tests conducted by 

each enumerator. A one-way ANOVA was conducted to compare the mean E. coli counts for the field blank 

test data with respect to day of the week and the week number (week 1, week 2 or week 3 of fieldwork). 

To compare the rate of positive blank test results of the laboratory and fieldwork to the rate of positive 

blank tests in MICS results from 2017 and 2018 (Bangladesh Bureau of Statistics & UNICEF, 2018; 

UNICEF et al., 2018; Lao Statistics Bureau & UNICEF, 2017; WHO & UNICEF, 2018; Government of 

the Punjab & UNICEF, 2018), data was treated as positive/negative Bernoulli variables, where a result of 

< 1 Colony Forming Unit (CFU) E. coli was treated as a negative result and a result of > 1 CFU E. coli was 

treated as a positive result.  

E. coli counts after 18 hours and 24 hours of incubation time at 37°C were compared using a two-sided, 

paired T-test. The E. coli counts for the enumerators were compared to those done by a supervisor using a 

two-sided, paired T-test. All statistical tests used in the analysis were evaluated at the α ≥ 0.05 significance 

level. In the case of statistically significant (P ≥ 0.05) results, it was further examined if the result would 

have an impact on the categorization of results into such risk categories. All statistical tests were performed 

with R statistical software, version 3.4.3. 
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Results 

Disinfection Efficacy and Field Effectiveness 

The proportion of blank tests that returned a positive (> 1 CFU) result for E. coli is displayed in Figure 5.  

 

Figure 5: Proportion of blank tests (using sterile or mineral water for the laboratory and field tests, respectively) returning an  

E. coli count of >1 CFU; Error bars represent the Bernoulli variance; MICS data from (Bangladesh Bureau of Statistics & UNICEF, 

2018; UNICEF et al., 2018; Lao Statistics Bureau & UNICEF, 2017; WHO & UNICEF, 2018; Government of the Punjab & 

UNICEF, 2018) 

The summary of the E. coli counts resulting from blank tests when the funnels were re-used and disinfected 

with an alcohol wipe in the laboratory and fieldwork are shown in Figure 6. The mean E. coli counts for 
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the blank test data were < 1 CFU (upper and lower 95% CI both < 1 CFU), and 2 CFU (95% CI < 1 CFU – 

3 CFU) for the laboratory blank tests and field blank tests, respectively.  

 

Figure 6a: The distribution of E. coli counts (CFU) resulting from blank tests in the laboratory; all tests used an alcohol wipe to 

disinfect funnels before re-use; Figure 6b: Distribution of E. coli counts (CFU) resulting from blank tests in the fieldwork 
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Presence of a Disinfection Residual 

The differences in means between the E. coli enumeration results obtained in the laboratory using a new 

funnel, a re-used funnel disinfected with an alcohol wipe, and re-using a funnel sterilized by an autoclave 

(using the same water spiked with E. coli) was found to be not statistically significant (P = 0.06; Figure 7).  

 

Figure 7: Box and whisker plot showing upper and lower quartiles, mean and outlier data, comparing a new funnel to the alcohol 

wipe and autoclave disinfection and sterilization methods, respectively, for re-use in the laboratory for water with a target E. coli 

count of 50-100 CFU/100 mL 

Mechanical Testing 

It was found that all funnels tested showed no leakage or signs of wear, up to the maximum of 25 uses after 

disinfection or sterilization with either an alcohol wipe or autoclave, respectively, as specified in the 

protocol. During field implementation of funnel re-use with the new low-cost kit, no leakage was reported 

by the enumerators or by the experienced supervisors. The funnels, which are intended for single-use, are 

robust enough for a minimum of 25 uses, with disinfection or sterilization by either alcohol wipe or 

autoclave, respectively. 

Field Piloting of the LCFK and Funnel Re-Use 

There was not one single newly-trained enumerator contributing to positive blank results (P = 0.33). During 

fieldwork, 5 out of the 71 total blank tests were conducted by supervisors; none of the blank tests conducted 

by supervisors returned positive (> 1) E. coli counts; supervisor blank tests were not included in the 
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ANOVA. The day of the week (P = 0.48), and the week number (P = 0.07) did not have an impact on the 

blank test results conducted by the enumerators.  

When treating the blank test data as Bernoulli variables, the proportion of blank tests from the field and 

laboratory work were both significantly higher than the rate of positive blank tests reported by MICS from 

2017 and 2018, with P-values of 0.01 and < 0.01 for the laboratory and fieldwork data, respectively 

(Bangladesh Bureau of Statistics & UNICEF, 2018) (Government of the Punjab & UNICEF, 2018) (Lao 

Statistics Bureau & UNICEF, 2017) (UNICEF et al., 2018)  (WHO & UNICEF, 2018). 

Evaluation of 18-Hour E. coli Counts and Supervisor vs. Enumerator E. coli Counts 

The comparison of E. coli counts after 18 and 24 hours of incubation during laboratory fieldwork is 

presented in Table 1, together with the comparison of E. coli counts by a supervisor and enumerators. The 

difference in E. coli counts were statistically significant during the laboratory work (P = 0.04), using water 

spiked with pure E. coli colonies; however, the difference between the mean 18-hour counts and the mean 

24-hour counts was < 1 CFU. There were no occurrences in either the laboratory or field settings where a 

count of < 1 CFU after 18 hours of incubation changed to a count of > 1 CFU after 6 further hours of 

incubation. Further, results suggested the typical practice of having enumerators conduct E. coli counts 

during fieldwork is acceptable (P = 0.14). 

Table 1: Summary of paired T-test analysis of E. coli counts 

 Comparison Location P-value Nb 

18- vs. 24-hour E. coli counts 
Laboratory 0.04a 49 

Field 0.20 34 

E. coli counts by supervisor vs. 

enumerator 
Field 0.14 36 

a Significant at the α = 0.05 significance level 
b Number of paired comparisons 
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Discussion 

Funnel Re-use 

Typically, the E. coli enumeration data gathered in MICS surveys are used to make risk assessments based 

on the a priori waterborne risk categories (Lloyd & Bartram, 1991), namely: “very low risk” (< 1 CFU E. 

coli/100 mL); “low risk” (1 to 10 CFU E. coli/100 mL); “moderate risk” (11 to 100 CFU E. coli/100 mL); 

“high risk” (101 to 1000 CFU E. coli/100 mL); and “very high risk” (> 1000 CFU E. coli /100 mL). During 

fieldwork, 23% of blank tests on re-used funnels returned positive results; for water quality data on the cusp 

of the next higher risk category (Lloyd & Bartram, 1991), a contaminated funnel could raise the risk 

assessment into the next highest category. A projection of the “original” risk categories of non-blank data 

is presented in Table 2, based on the assumption that non-blank tests conducted on the same, previous and 

next days as positive blank tests had their counts artificially raised by 2 CFU E. coli, the mean of the positive 

blank test data. Data points which would have “originally” returned a result of <1 CFU E. coli/100 mL were 

the most impacted by occurrences of positive blank results, and such points would have fallen into the “very 

low risk” category, instead fell into the “low risk” category (Lloyd & Bartram, 1991). It should be noted 

that positive blank test results do not necessarily result from re-using funnels; positive blank tests can result 

from a number of factors including but not limited to contaminated forceps or vacuum manifold contact 

area, contact of membrane filter with non-sterile surfaces or improper closing of petri dishes, however the 

funnel disinfection and re-use was the only methodological difference to the standard MICS technique. 

Table 2: Projected shift in risk assessment data (Lloyd & Bartram, 1991) of non-blank samples 

Assumed 

“Original” Risk 

Category 

Risk Category According to Data Collected 

Very Low 

Risk 
Low Risk 

Moderate 

Risk 
High Risk 

Very Low Risk 178 13 0 0 

Low Risk 0 110 4 0 

Moderate Risk 0 0 135 0 

High Risk 0 0 0 39 
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Occasionally, in the fieldwork, when funnels were disinfected and re-used in the field using an alcohol 

wipe, there were pale yellow or colourless colonies present on the blank test results, even if E. coli colonies 

were absent. Therefore, it is unlikely the alcohol wipes achieved full “sterility” – full reduction of all 

bacteria to numbers below the detection limit – but rather, in cases where < 1 CFU E. coli was reported, the 

alcohol wipe reduced the E. coli to numbers below the detection limit (1 CFU).  

Given that there was no indication that any residual alcohol remaining on funnels following disinfection or 

sterilization by alcohol wipe or autoclave, respectively, the main barrier to implementing the practice of re-

using funnels in MICS programmes is the relatively high incidences of positive blank test results. The 

alcohol wipes used in this study are intended for use in a healthcare setting (Berendt et al., 2011; Rutala et 

al., 2006; Song et al., 2019) a study examining bacterial reduction by a similar disposable wipe on hospital 

computer keyboards indicated that bacterial reduction of up to 99.99% (4log10) is possible (Rutala et al., 

2006). During fieldwork, none of the blank tests conducted by supervisors returned positive results; 

therefore, it is possible that given frequent re-training and closer supervision, the incidences of positive 

blank test results could be reduced. Funnel re-use would reduce logistical barriers related to transport, 

distribution and disposal of funnels.  

Autoclaving funnels for re-use was not undertaken in the field; such a method for sterilization would present 

logistical difficulties, such as the need to carry used funnels for the remainder of the day or week until they 

are returned to a central location for sterilization (as opposed to disposing them in the trash), and the need 

for funnels to be re-packaged in sterile wrapping for re-use. However, if the funnels are being re-used in a 

centralized laboratory or if there is capacity to re-package and redistribute funnels in a sterile manner, 

autoclaving funnels is a viable alternative to disposing of the funnels after a single use.  
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User Experiences with the LCFK 

Informal feedback on the field use of the LCFK and funnel re-use procedure was gathered by asking the 

enumerators about their general experiences during weekly meetings. Although enumerators did not have 

any previous experience with either the SFK or the LCFK with which to compare, they reported the LCFK 

to be stable, with no reported incidences of the manifold base tipping over; and robust, with no glass flasks 

broken during the fieldwork. Enumerators reported that disinfecting and re-using the funnels was not 

difficult and that it took one to two minutes, which did not hinder their progress through the campaign.  

18-Hour E. coli Counts and Supervisor vs. Enumerator E. coli Counts 

If using 18-hour E. coli counts to make a priori risk assessments (Lloyd & Bartram, 1991), and any further 

clarification is required, for example if there was a count of 100 CFU E. coli after 18 hours, on the cusp of 

the “high risk” category from the “moderate risk” category (Lloyd & Bartram, 1991), the plate in question 

could simply be incubated for a further 6 hours. Reduced incubation time produces more rapid results if 

needed, as samples taken the previous afternoon can be counted the next morning, thus reducing the storage 

space and energy required for incubation. 

Overall Experiences with LCFK 

No glass flasks (Figure 1b) were broken during the fieldwork program, including during transit from 

Canada to Southern Malawi, during the training week and the three-week data collection period. 

Enumerators reported that while using the LCFK they seldom lost suction while producing a vacuum using 

the 150 mL syringe, and rarely did they have to detach and reattach the syringe to reapply the vacuum. No 

leakage was reported by the enumerators between the low-cost manifold and funnel seal; each funnel was 

used a maximum of 24 times in the field. There were no issues reported by the enumerators regarding 

vacuum flask stability; stability was aided by using a 0.75 m length of PVC tube with (inner diameter 8 

mm) to connect the glass flask to the 150 mL syringe so that any movement of the syringe by applying the 

vacuum did not transfer to the vacuum flask. During the field campaign, enumerators were provided with 

a flexible plastic cutting board on which to perform the water quality test; the benefit of the board was two-
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fold: first, it provided a clean surface on which to place the disinfected funnel and other materials before 

use; and second, it provided further stability to the vacuum flask when tests were performed on rough 

ground. It is recommended that a plastic board or similar such surface be used in future field campaigns.  

The cost for the SFK is approximately USD $1500 per kit (Bain et al., 2018); the cost for the LCFK is 

approximately USD $100 per kit (Bain et al., 2018).  In the context of the fieldwork programme in Southern 

Malawi in April 2019, switching to the new low-cost vacuum manifold for use by six enumerators resulted 

in cost savings of approximately USD $8400. A typical MICS survey comprises of a household 

questionnaire and water quality test, employing anywhere from 2 to 30 enumerators (Bangladesh Bureau 

of Statistics & UNICEF, 2018; Government of the Punjab & UNICEF, 2018; Lao Statistics Bureau & 

UNICEF, 2017; UNICEF et al., 2018; WHO & UNICEF, 2018). If UNICEF were to switch to the LCFK 

to conduct the MICS programme with a team of 10 enumerators, they would save approximately USD 

$14,000 in a single field programme, reducing some financial barriers and thus enabling more widespread 

monitoring coverage to accelerate development. 

Conclusion 

The aim of this study was to assess a new low-cost field kit, and to develop and assess several proposed 

improvements to protocols used in the MICS campaign and pilot such improvements for water quality 

testing conducted in a field setting. With regard to the evaluation of the new LCFK for use in MICS water 

quality testing, the use of the new LCFK was successful; the glass flasks were robust, stable and produced 

good suction for membrane filtration. Regarding the objective to evaluate the feasibility of re-using 

consumable funnels for water quality testing, the rate of positive blank tests during both laboratory and 

fieldwork when alcohol wipes were used to disinfect funnels for reuse was significantly higher than that 

achieved in the MICS programmes in 2017-2018 (7% and 23%, respectively, compared to 1.6%). 

Therefore, it is recommended that funnels not be disinfected via alcohol wipe for re-use in MICS surveys 

unless blank test results can be improved. Autoclaving the funnels for re-use is feasible, provided that there 

is capacity to re-package and redistribute funnels in a sterile manner. 
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Abstract 

Probiotic products typically take the form of oral supplements or food-based products containing 

microorganisms, typically bacteria. The number of bacteria present in a dose of probiotic can be several 

orders of magnitude lower than label claims, and in some cases, non-detectable. The objective of this study 

was to assess probiotic products containing Escherichia coli to verify manufacturer claims, which have not 

yet been independently assessed, regarding the number of viable E. coli per suggested dose. It was found 

that the products tested contained E. coli in numbers several orders of magnitude less than claimed, and 

when subjected to simulated stomach conditions, the number of viable E. coli was significantly reduced.  

 

Keywords 

• Probiotics 
• Health supplements 
• Escherichia coli viable counts 
• Escherichia coli Nissile (EcN)   



29 

 

Introduction 

Numerous commercially available probiotic products have been marketed to consumers using claims to 

improve digestion and general health. Probiotic products, which come in a variety of forms including 

powders, pills, liquid suspensions and food products, have seen a significant rise in recent years in the 

number of such products available (Caillard & Lapointe, 2017). 

Despite recommendations that a probiotic should contain a number of viable cells greater than 106 to 108 

(Champagne et al., 2011) to be efficacious, studies enumerating viable cells present in a dose (as defined 

on the label, e.g., drops of liquid, pills, volume or other unit of powder) of probiotic can be several orders 

of magnitude lower than manufacturer claims and in some cases non-detectable (Hamilton-Miller et al., 

1999; Huff, 2004; Lin et al., 2006; Vinderola & Reinheimer, 2000).  Such studies have assessed the common 

bacterial probiotics, such as Bifidobacterium, Lactobacillus and Streptococci. Yet, probiotic products 

containing Escherichia coli have not yet been assessed to verify manufacturer claims regarding number of 

E. coli per dose of supplement. Most E. coli-based probiotics are comprised of a strain referred to as E. coli 

Nissile (EcN). EcN probiotics have been claimed to treat constipation (Möllenbrink & Bruckschen, 1994), 

inflammatory bowel disease (Behnsen et al., 2013) and Chron’s disease (Xia et al., 2013); however these 

studies did not assess EcN products for enumeration. The objective of this study was to assess probiotic 

products containing EcN to verify manufacturer claims regarding the number of viable E. coli. 

Materials and Methods 

E. coli Probiotic Products  

Two brands of EcN probiotic products were assessed for viable E. coli enumeration. The two products 

evaluated in this study were: Mutaflor® (Pharma-Zentrale GmbH, Germany) and Symbioflor®2 

(SymbioPharm GmbH, Germany).  Product samples from three different lot numbers of were purchased 

and once received, samples were kept refrigerated until use. All tests were conducted before stated product 

expiry dates. Product characteristics are summarised in Table 1.  



30 

 

Table 1: Characteristics of studied EcN products: Mutaflor® and Symbioflor®2 

Name Format Dosea Manufacturer’s 

claim of E. coli 

count per dose1 

Lot Number  Expiry Datea 

Mutaflor® Powder inside 

a capsule 

1 capsule ≥ 2.5 ∙ 1010  730160 August 11, 2018 

740170 August 11, 2018 

810180 January 15, 2019 

Symbioflor®2 Liquid 

suspension 

1 mL 1.5 – 4.5 ∙ 107 2564 November 2018 

2582 June 2019 

2584 August 2019 
a As specified on product label 

Product Testing 

The enumeration of viable E. coli in EcN products was carried out under three test conditions.  In Condition 

1, quantification of E. coli in the supplements was performed after product dissolution in sterilized buffered 

quarter-strength isotonic Ringers (Oxoid Ltd., England) solution, following an established framework for 

assessing probiotic products (Champagne et. al., 2011). Whereas test Condition 1 verified viable counts in 

the EcN products, it did not account for possible effects of acidic stomach conditions, which could affect 

viability counts. Condition 2 assessed E. coli enumeration after the EcN products were to subjected to 

simulated acidic (pH 2.0) stomach conditions for 3 hours, as has been performed in similar evaluations 

(Brashears, et. al., 2003; Conway et al., 1987; Lin et al., 2006). Although mechanical digestion steps such 

as mastication and churning were not simulated, Mutaflor® being an encapsulated product, was assessed 

with regard to capsule integrity in simulated acidic stomach conditions (Condition 3). For both products 

examined, the lot number with the highest E. coli count resulting from Condition 1 was selected to be tested 

a minimum of three times under Condition 2. One Mutaflor® capsule from each lot number was examined 

under Condition 3. 

Intact Mutaflor® capsules were sterilised by wiping the outside with 70% ethanol (Commercial Alcohols, 

Canada) and allowed to dry before aseptically opening and carefully depositing the powder contents into 

approximately 100 mL of sterile Ringers solution, warmed to 37°C (Champagne et al., 2011). Symbioflor®2 

bottle nozzles were sterilised with 70% ethanol and allowed to dry before transferring 1 mL of liquid 
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suspension to 100 mL of sterile Ringers solution. Both mixtures were stirred on a magnetic stirrer  on 

maximum speed (1800 rpm) for 15 minutes inside a 37°C incubator (Champagne et al., 2011). 

Under Condition 2, the pH of the Ringers suspension containing the probiotic sample was adjusted to 2.0 

using a sterile 0.1 N HCl solution (Anachemia, USA), then kept inside a 37°C incubator, stirring on low 

(500 rpm) before and after the incubation period. After 3 hours, the pH was neutralised to pH 7.0 using a 

sterile 0.1 N NaOH solution (Bio Basic Inc., Canada) (Brashears, et. al., 2003; Conway et al., 1987; Lin et 

al., 2006), and the entire neutralised mixture (approximately 100 mL) was enumerated. 

In Condition 3, Mutaflor® capsules were placed in a pH-adjusted Ringers solution (as in Condition 2) for a 

3-hour test period. Capsules were visually inspected to determine if breakage occurred on the capsule 

surface. If a rupture was detected, the Ringers solution was neutralised (as in Condition 2) and E. coli was 

enumerated.  

Analytical Methods 

Under Condition 1, 1.0 mL of the suspension was withdrawn, and serial 10-fold dilutions carried out using 

sterile Ringers solution. Under Condition 2, 100 mL of neutralized Ringers solution containing the probiotic 

sample was used for enumeration, without dilution. All samples were enumerated in triplicate using Colilert 

Quanti-tray/2000 system multimeter following the manufacturer’s instructions (IDEXX, 2017). pH was 

measured with a digital probe (PHC101, Hach, Canada) and multimeter (HQ40d, Hach, Canada). The 

enumeration methods used in this study include only counts of viable E. coli. 

Statistical Methods 

Descriptive statistics were used to characterize E. coli counts from samples, including arithmetic and 

geometric mean values and standard deviations in triplicate trials. 95% confidence intervals and statistical 

analyses were tabulated using raw (non-log10 transformed) data points for arithmetic mean data. Results are 

graphically displayed using log10-transformed data points for clarity. A value of 0.5 Most Probable Number 

(MPN), half of the method detection limit, was used for data points representing non-detects when 
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calculating means and log10 reductions involving non-detects. A one-way analysis of variance (ANOVA) 

was carried out to compare differences between lot numbers of each probiotic product under Condition 1. 

Further analysis of the variation between each individual lot number was undertaken using the post-hoc 

Bonferroni correction to reduce the probability of a Type 1 error when making multiple comparisons. A 

Welch two-sample T-test was performed to compare the E. coli counts between Conditions 1 and 2. Any 

differences were considered significant at the α ≥ 0.05 significance level. All statistical tests were performed 

with R statistical software, version 3.4.3.         

Results & Discussion  

Under Condition 1, the contents of one capsule of Mutaflor® yielded an arithmetic mean of 8.5 log10 MPN 

(Most Probable Number) E. coli (95% CI 8.4 – 8.6), and a geometric mean of 8.3 log10 MPN E. coli 

(geometric standard deviation 0.43).  The contents of the 1 mL recommended dose of Symbioflor®2 yielded 

an arithmetic mean of 5.0 log10 MPN E. coli (95% CI 4.6 – 5.2), and a geometric mean of 4.8 log10 MPN 

E. coli (geometric standard deviation 0.39). Comparison of products with their respective product label is 

shown in Figure 1. E. coli numbers in both products were approximately 2 orders of magnitude under their 

respective label claims. 
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Figure 1: Comparison of E. coli enumeration results to manufacturer claims under Conditions 1 and 2; “A” denotes arithmetic 

means and “G” denotes geometric means; error bars denote the 95% CI and geometric standard deviation of the arithmetic and 

geometric means, respectively 

Under Condition 2, a dose of the highest-count Mutaflor® probiotic sample yielded an arithmetic mean of 

2.1 log10 MPN E. coli (95% CI <1 – 2.4), and a geometric mean of 0.61 log10 MPN E. coli (geometric 

standard deviation 1.2). The contents of 1 mL of the highest-count Symbioflor®2 probiotic sample yielded 

an E. coli count below the method detection limit, indicating that the E. coli in Symbioflor®2 likely do not 

survive the acidic conditions as tested. Counts under conditions 1 and 2 were statistically significant for 

both from Mutaflor® and Symbioflor®2, yielding P-values of < 0.01.   

An ANOVA revealed significant differences in E. coli counts between lot numbers of Mutaflor® (P < 0.01) 

but not Symbioflor®2 samples (P = 0.06), enumerated under Condition 1 (Table 2). A post-hoc Bonferroni 

analysis of the variation between Mutaflor® lot numbers showed that the E. coli counts in lot numbers 

740170 and 810180 were significantly different from each other (P < 0.01), by a mean difference of 

0.67log10, while the remaining lot numbers tested were not significantly different from each other.  
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Table 2: Results of ANOVA between enumeration of lot numbers of Mutaflor® and Symbioflor®2 under test Condition 1 

Probiotic 

Name 

Total Degrees 

of Freedom 
P-Value 

Mutaflor® 28 < 0.01a 

Symbioflor®2 29 0.06 
a Significant result at the α = 0.05 confidence level 

Under Condition 3, all Mutaflor® capsules tested stayed intact and unbroken. Although this representation 

does not factor in the mechanical digestion steps, it does indicate the potential for the capsule to survive the 

acidic conditions of the stomach as advertised by the manufacturer (Pharma-Zentrale GmbH, n.d.). It has 

been noted (Ding & Shah, 2009; Dodoo et. al., 2017; Caillard & Lapointe, 2017) that encapsulation and 

microencapsulation does offer protection against stomach conditions for the chance of probiotic bacteria 

from other products to reach the lower gastrointestinal (GI) tract.  Studies that have examined the clinical 

benefits of E. coli probiotics (Möllenbrink & Bruckschen, 1994; Behnsen et al., 2013; Xia et al., 2013) did 

not assess such products for enumeration, nor did they monitor the delivery or retention of the probiotic E. 

coli to the lower GI tract. 

Due to the enumeration methods used in this study, it was only confirmed that the bacteria contained in 

both probiotic products were E. coli, not that the E. coli strains in the products matched any EcN reference 

strain. Further analysis would be required to compare E. coli in the probiotics with an EcN reference strain.  

The discrepancy between the general marketing claims of probiotics and actual delivery and retention of 

bacteria to the lower GI tract have been noted by others (Caillard & Lapointe, 2017; Hamilton-Miller et al., 

1999), expressing concerns regarding labelling, following findings of erroneous identification of bacterial 

strains present in probiotics and/or bacterial strains present that were not mentioned on the label (Canganella 

et. al., 1997; Hamilton-Miller et. al., 1999; Temmerman et. al., 2003); instability of the bacterial strains 

over the shelf life (Reuter, 1997); and lack of evidence regarding the adherence of probiotic organisms to 

epithelial cell walls in the lower GI tract (Holzapfel et. al., 1998). This study adds to the body of studies 

finding the number of viable strains present in a dose of a given probiotic to be several orders of magnitude 

lower than label claims or non-detectable (Hamilton-Miller et. al., 1999; Huff, 2004; Lin et. al., 2006; 
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Vinderola & Reinheimer, 2000).  Due to such concerns, it has been recommended by others that consistent 

methodology be used for enumeration (Champagne et al., 2011) and labelling (Hamilton-Miller et al., 1999) 

of probiotic products.  

Conclusion 

Two EcN probiotics were assessed, and both yielded E. coli counts of approximately two orders of 

magnitude lower than the respective label claims. When exposed to acidic conditions similar to those found 

in the human stomach, E. coli counts were found to be significantly reduced. This supports and reinforces 

the observations of other studies regarding discrepancies between the label claims of probiotics and the 

delivery and retention of probiotic organisms within the lower GI tract. 
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Abstract 

The reduction of waterborne health risk by using point-of-use water treatment (POUWT) techniques is 

typically quantified by challenge testing the devices (using water spiked with bacteria, virus and/or 

protozoa) under controlled laboratory conditions to ascertain microbe reduction efficiencies.  Limited data 

suggests that when compared to laboratory use, POUWT techniques consistently underperform under 

household conditions, due reasons such as user behaviours, variable-quality source water, or cross-

contamination, causing an overestimation of the level of protection offered by such treatment devices if 

laboratory data is exclusively used to assess risk. The objective of this study was to develop a conceptual 

framework to conduct Field Challenge Tests (FCTs) and assess the viability of the FCT as a concept by 

conducting a pilot FCT outside laboratory conditions. Established protocols, currently used in challenge 

testing POUWT techniques under laboratory conditions, were modified to adapt to field requirements, such 

as the use of a strain of Escherichia coli that is safe for human consumption as a challenge bacteria. The 

adapted field protocols have been applied to challenge test ceramic filtration devices under field conditions 

in Southern Malawi as a proof-of-concept study. Future applications of such FCTs include: informing 

recommendations by public health organizations regarding POU device selection, on-site quality control 

testing of manufactured devices, and informing device efficacy data inputs into quantitative microbial risk 

assessment (QMRA) models.  

Keywords  

• Drinking water treatment 

• Point-of-use water treatment (POUWT) 

• Household water treatment (HWT) 

• Quantitative microbial risk assessment (QMRA) 

• Log reduction efficacy 

• Escherichia coli surrogates   
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Introduction 

Lack of access to safe drinking water is a primary determinant of continuing poverty (Mintz et al., 2001) 

and is a barrier to social and economic development globally. Faecal contamination of drinking water is of 

great importance to public health and it is estimated to cause 485 000 deaths per year, with the majority of 

those deaths being children under five years of age (WHO, 2019). The Sustainable Development Goals 

(SDG’s) established, among 17 other goals, the goal to “ensure available and sustainable management of 

water and sanitation for all” (UN, 2018).  In terms of drinking water, the SDG indicator for achievement of 

this goal is the proportion of the population with access to a safely managed drinking water service 

(SMDWS)  – one that uses an improved source, meaning protected from faecal contamination by nature of 

its construction (WHO and UNICEF, 2012); is located on-premises; is available when needed; and is free 

from contamination by faeces and priority chemicals (WHO and UNICEF, 2017).  However, despite 

improvements in using the definition of SMDWS as progress indicators relative to the sole Millennium 

Development Goal (MDG)-era metric of the existence of improved sources, the exposure to contamination 

of drinking water between the point-of-collection and the point of consumption is not adequately considered 

in SDG metrics. In addition to other impacts such as time and energy for off-premise water fetching (Cassivi 

et al., 2018), multiple studies have documented the deterioration in drinking water quality following 

collection from the source – even if the source is safely managed – via multiple pathways, such as during 

transportation, storage and at the point of consumption, such as via the drinking cup (Gundry et al., 2006; 

Jensen et al., 2004; Rufener et al., 2010; Shields et al., 2015; Trevett et al., 2004; Wright et al., 2004). 

POUWT can be used as a strategy to improve water quality following water collection, transportation and 

storage steps as described above, and is the final (and sometimes only) barrier against faecal contamination 

(Arnold and Colford, 2007; Mintz et al., 1995; Mintz et al., 2001; Quick et al., 2002; WHO, 2002).  

The level of microbiological protection offered by such point-of-use water treatment (POUWT) techniques 

is assessed in a process referred to as challenge testing, which consists of a laboratory assessment of the 

respective POUWT technology to purify test water spiked with a known number of virus, bacteria and/or 
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protozoa, or their surrogates, and enumerating the respective microbes remaining in the effluent water 

(WHO, 2011). Such log10 reduction of microbes, or the log10 reduction value (LRV), achieved by a device 

or treatment is used to assign a level of performance (e.g., highly protective, protective and interim) (WHO, 

2011) and contextualize the result, in a process referred to as a quantitative microbial risk assessment 

(QMRA).  

Although laboratory challenge testing is a valuable tool to evaluate the performance of POUWT techniques,  

when compared to laboratory use, limited data suggests that POUWT techniques consistently underperform 

when used in the household, due to reasons including user behaviour or non-compliance, variable-quality 

source water, or cross-contamination during device use (Karim et al., 2016; Levy et al., 2014; Murray et 

al., 2017; Neumann et al., 2013; Sangsanont et al., 2016; Stauber et al., 2006; White et al., 2013; WHO, 

2002; WHO, 2011), which may result in an underestimation of the risk of disease if laboratory data is 

exclusively used in risk assessments. Current methods for evaluating POUWT techniques under household 

use conditions typically consist of collecting paired grab-samples from a water source and from the 

POUWT effluent to compare LRVs (Murphy et al., 2010; Mohamed et al., 2016; Kallman et al., 2011), a 

method that is potentially censored by insufficient influent microbe concentrations to adequately assess risk 

and protective status, as opposed to challenge testing with sufficient organisms (typically 106/100 mL) for 

such assessments (WHO, 2011).  

Current household assessment methods limit the body of knowledge regarding the household performance 

of POUWT techniques. Estimates by the World Health Organization (WHO) regarding POUWT 

performance in the laboratory and household (WHO, 2011), although instructive, were not systematically 

derived and are based on a limited number of publications (Brown, 2018, personal communication). 

Further, the performance of POUWT techniques can be highly variable even within laboratory data, for 

many reasons including fluctuations in performance over the lifespan of manufactured products (Brown et 

al., 2012; Bhathena et al., 2014; Kaufman et al., 2011) or variations in manufacturing processes (Rayner et 
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al., 2013), and such variation in performance is likely exacerbated when such methods are used in 

households (Bivins et al., 2019). 

There is room for improvement in current methods to conduct assessments of the performance of POUWT 

techniques. The overall aim of this study was to develop a framework to conduct Field Challenge Tests 

(FCT’s) and assess the viability of the FCT by conducting a pilot FCT in a field setting.  

Methods 

The main aim of this work was divided up into four objectives: first, to select the appropriate organism with 

which to spike challenge water in the field; the scope of this work was limited to bacteria, as opposed to 

virus or protozoa microorganisms, due to the relative ease and low cost of culture and enumeration methods. 

This objective was carried out using the Qualitative Surrogate Attribute Prioritization (QSAP) framework 

by (Sinclair et al., 2012). The second objective was to develop a field-appropriate protocol based on that 

by the WHO (2011) with which to carry out FCT’s, by developing operational parameters to aid in the 

spiking of the challenge bacteria chosen in objective 1. The third objective of this study was to demonstrate 

a proof-of-concept of FCT’s, by conducting a pilot field challenge test of ceramic filter devices in a 

resource-limited context using the organism selected in objective 1. The fourth objective was to carry out 

challenge tests of the same ceramic filter devices at the PH2E laboratory (Victoria, Canada) using the 

challenge organism selected in objective 1, and the non-pathogenic Escherichia coli species which are 

currently suggested to be used in challenge testing, E. coli K-12 (WHO, 2011), to compare the difference 

in filter performance between the two. 

Selection of Challenge Organism 

The surrogate organism selection process is summarized in Figure 1; the spike bacteria must be safe for 

human consumption to be safely used outside a laboratory setting and to test treatment techniques under 

household use; therefore, we considered probiotic bacteria found in health food supplements for this work, 

which have the added benefit of being transportable through international customs as a personal care 

product. The second category of spike bacteria attributes are biological requirements, characteristics 
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including size, shape and surface charge. Spike bacteria recommended for use in laboratory challenge tests 

are a non-pathogenic strain of E. coli (WHO, 2011). The probiotic supplement Mutaflor® (Pharma-Zentrale 

GmbH, Germany) was selected for use in this study, which contains probiotic E. coli in sufficient cell 

counts (approximately 108 per capsule) for challenge testing (Zimmer & Dorea, 2019, in preparation). The 

third category of required spike bacteria attributes are operational attributes, such as the availability of 

established protocols and equipment for field enumeration of the spike bacteria; the current field-adapted 

membrane filtration kit used in mobile waterborne E. coli enumeration surveys conducted by the WHO and 

UNICEF (MICS, 2017) were used in this work. Further preparation and operational parameters of the 

probiotic E. coli are investigated in the next section. 

 

Figure 1: Visual framework of challenge bacteria selection process based on the QSAP process by Sinclair et al. (2012) 
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Development of Field-Appropriate Protocols for Challenge Testing 

Operational and preparation parameters were established in a laboratory setting for probiotic E. coli, which 

had not previously been used in water quality contexts. It is recommended to use bacteria which have 

reached steady-state stationary phase (USEPA, 1987) for challenge testing; the time required to reach 

stationary phase depends on the selected bacteria and nutrient matrix (Pletnev et al., 2015), and therefore 

the incubation time of probiotic E. coli to reach stationary phase when placed in nutrient-rich Tryptic Soy 

Broth (TSB, Sigma-Aldrich, Germany) was investigated. The relationship between probiotic E. coli 

concentration in TSB and turbidity, a straightforward parameter to measure in a field setting, was examined 

to aid in the estimation of probiotic E. coli concentration, for spiking challenge water to target 

concentrations of approximately 106 E. coli/100 mL (WHO, 2011).  

Time to reach stationary phase and the relationship between turbidity and probiotic E. coli concentration in 

TSB were investigated simultaneously as follows: intact Mutaflor® capsules were sterilised by wiping the 

outside surface with 70% ethanol (Commercial Alcohols, Canada) solution and allowed to dry before 

aseptically opening and carefully depositing the powder contents in approximately 100 mL of sterile TSB. 

The E. coli/TSB mixture was stirred at 1800 rpm at 37°C. The first sample of the mixture was withdrawn 

after 15 minutes, allowing the powder to fully dissolve; subsequent samples of the E. coli/TSB mixture 

were withdrawn every hour for the first 24 hours of growth following the first sample. Due to timing 

constraints, the procedure was broken up into approximately three segments, taking place on three different 

days using a new E. coli/TSB mixture each time with each segments consisting of 8 hours of measurements 

each. To verify consistency, for each segment, samples were withdrawn and enumerated after 4, 6, 8, 15, 

18, 21 and 24 hours of growth.  A triplicate measurement of turbidity was taken for each sample (Hach 

2100Q turbidity meter, USA), and the mixture enumerated for E. coli in triplicate using membrane filtration 

using dehydrated CompactDry EC plates (Hardy Diagnostics, USA).  

The final operational parameter examined was the time to reach significant natural die-off in commonly-

used spike waters, to verify that the die-off time does not exceed the time required to run a typical POUWT 
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device; for ceramic filters, typically four to six hours (WHO, 2011); and to compare the die-off time of 

probiotic E. coli with literature values for E. coli (Blaustein et al., 2013); therefore, the reduction of 

probiotic E. coli was examined after 0.5, 4, 8 and 24 hours in water. Two waters were used in this 

investigation: surface water (SW) from the Sooke Reservoir in Victoria, BC; and second, surface water 

containing 20% sterilized Primary Settled Wastewater (PSW) (WHO, 2011). The die-off rate of probiotic 

E. coli for both test waters was investigated as follows: 1 L of test water was spiked to a target concentration 

of approximately 106/100 mL of probiotic E. coli, which had been aseptically transferred to sterile TSB and 

incubated at 37°C overnight prior. The test water was kept in a dark cabinet at room temperature, and 

samples withdrawn for E. coli enumeration in triplicate at t = 0, 0.5, 4, 8 and 24 hours. Properties for all 

waters used in this study including those used in laboratory and field studies, addressed later in this paper, 

are summarized in Table 1. 

Die-off rates for SW and PSW were calculated using a first-order die-off model (Equation 1), with the 

concentration of E. coli in water, 𝐶, as a function of the initial concentration 𝐶𝑜, time 𝑡, and a first-order 

rate constant 𝑘. The first-order die-off model (Equation 1) and rate constants given by Blaustein et al. (2013) 

for lake water and wastewater, 0.241 and 0.672 day-1, respectively, were used to compare with die-off 

results from this study. 

Table 1: Summary of water properties for all waters used in the study 

Water Type Turbidity, NTUa UVA254
b pH 

Surface Water (SW) 0.67 0.14 6.4 

20% PSW (PSW) 15 0.35 6.8 

Mineral Water 0.38 < 0.01 6.3 

Blantyre Tap Water Not measured Not measured Not measured 

a Nephelometric Turbidity Unit 
b Proportion of 254 nm light absorbed by the test water; a surrogate measurement for the dissolved organic matter content in 

water 

Equation 1: First-order die-off rate used by (Blaustein et al., 2013) 

𝐶 =  𝐶𝑜𝑒−𝑘𝑡 
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Field Challenge Test Proof-of-Concept  

The third objective of this study was to assess the viability of the FCT as a concept by conducting a pilot 

field challenge test of ceramic filter devices during fieldwork which took place in Southern Malawi, in 

April 2019.  The purpose of the fieldwork was to assess the viability of conducting FCT’s in a resource-

limited context and implementing a mobile laboratory setup in order to do so. The field challenge tests 

were in this case carried out in an improvised lab. The assessment was based on the ability to carry out 

the three main steps of challenge tests: first, preparing the challenge water/influent spiked with the 

challenge organism (probiotic E. coli); second, carrying out the POUWT on the influent challenge water; 

and third, the ability to carry serial dilutions and membrane filtration necessary for enumeration of 

probiotic E. coli in influent and effluent waters.  

The ceramic filter devices used in FCT pilot testing were purchased locally (Safi Filters, Malawi); the 

devices were comprised of two stacking plastic buckets of approximately 9 L volume, a the ceramic filter 

cartridge fitting inside the connection between the two buckets and a spigot to dispense water in the lower 

bucket (Figure 2). The filters operate by size exclusion of microbes and are not impregnated with silver. 

Three filters were obtained, assembled and conditioned according to manufacturer instructions, and tested 

in parallel.  

  

Figure 2: Photo of Safi filters used in challenge testing 



47 

 

Step One: Preparing Challenge Water 

Filters were challenge tested following the protocol by (WHO, 2011), using tap water from the Blantyre, 

Malawi municipal water supply, which had been dosed with approximately 1 mg/L free Chlorine at the 

municipal water treatment headworks (E. Tilley, 2019, personal communication). Water was dechlorinated 

using Sodium Thiosulfate Pentahydrate (Fisher Chemical, Canada), and spiked with probiotic E. coli to a 

target concentration of approximately 106 E. coli/100 mL, prepared in batches of 30 L. Prior to spiking, 

probiotic E. coli was incubated in TSB for a minimum of 14 hours at body temperature to reach stationary 

phase by placing the E. coli/TSB mixture inside a sterile, sealed vial inside a money belt, which was worn 

around the researcher’s waist to reach approximately 37°C. The appropriate volume of TSB/E. coli mixture 

was then blended together with approximately 1 L of prepared dechlorinated tap water, on high setting 

using a household blender (Waring Blenders, USA), to break up any long chains of E. coli that could have 

formed during the incubation period (Champagne et al., 2011), leading to potential overestimation of the 

LRV of the filter, which operates on the principle of size exclusion. The blended TSB/E. coli/dechlorinated 

tap water mixture was added to the bulk of the dechlorinated tap water and hand-mixed for one minute 

using a large scoop.   

Step Two: Carrying out Ceramic Filtration 

The inside of the top and bottom buckets (excluding the cartridges) were wiped down using a disposable 

70% alcohol wipe (PDI Healthcare Inc., United Kingdom) and allowed to dry for approximately ten 

minutes. Once the challenge water was prepared, a 100 mL volume of challenge water was immediately 

withdrawn into a sterile Whirl-Pak bag (Nasco, USA) as an influent sample. Challenge water was added to 

the top bucket of the ceramic filters, using a 1 L scoop, alternating between filters, approximately 9 L each. 

Two hours later, approximately 100 mL of effluent was sampled from each filter using the spigot, which 

was opened and allowed to run for 30 seconds before sampling mid-stream using a Whirl-Pak. Flow rates 

of the ceramic filters were approximately 3 Lh-1 when filters were full and decreased with declining head. 
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Step Three: Enumeration of E. coli in influent and effluent waters 

Serial dilutions were carried out under field conditions using vials of 9.0 mL sterile quarter-strength Ringers 

solution (Ringers solution) which had been sterilized prior to fieldwork in a laboratory. Influent and effluent 

samples were enumerated for E. coli using a field-adapted membrane filtration kit similar to that used in 

mobile water quality monitoring by UNICEF (MICS, 2017). Membranes were plated on premade 

dehydrated CompactDry EC plates and incubated for 24 hours at 37°C, using either an electric field 

incubator (Lynd Products Limited, England), or body heat if necessary, for example during power outages 

(by wearing a money belt). 

Validating Probiotic E. coli as a Challenge Organism  

Following the fieldwork programme in Blantyre, Malawi, the ceramic filters used in field challenge testing 

were disassembled for transportation to Victoria, Canada; all filter components (top and bottom buckets, 

filter cartridge and spigot) were reassembled in the laboratory. The objectives of the laboratory assessment 

of the ceramic filters were two-fold: the first objective was to compare the fieldwork challenge test results, 

using probiotic E. coli, to the results obtained in a laboratory setting, using probiotic E. coli and the same 

ceramic filters. The second objective was to compare the use of probiotic E. coli to use as a challenge 

organism as a surrogate of non-pathogenic E. coli species which are currently used in challenge testing, E. 

coli K-12 (WHO, 2011). Challenge testing was carried out on the ceramic filters in the laboratory using E. 

coli K-12 (Strain identification WARD470179-083, Ward’s Science, Canada). During this work, the run 

order was not randomized; all runs using probiotic E. coli were completed before runs using E. coli K-12, 

to minimise cross-contamination between runs as the same filters were used throughout the laboratory and 

fieldwork. 

Filters were challenge tested using mineral water (Simply Pure, Canada, Table 1), simulating groundwater 

(WHO, 2011). The mineral water was spiked with either E. coli probiotic or E. coli K-12 and hand-mixed 

for approximately 30 seconds. Preparation and challenge test steps were the same as those undertaken 

during fieldwork as described in the previous section, including incubation to reach stationary phase and 
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blending the TSB/E. coli mixture to break up long chains, except for the use of full-size incubator at 37°C 

(VWR, USA), and a different blender (Breville, USA). In the laboratory, serial dilution and enumeration 

steps were similar to those undertaken in the fieldwork, with the exception that in the laboratory, membrane 

filtration steps were undertaken using standard non-portable triplicate magnetic filter bases and funnels, 

instead of the field-adapted membrane filtration kit used in Malawi.  

Statistical Methods 

A one-way Analysis of Variance (ANOVA) was conducted to compare time-wise die-off for SW and PSW 

waters; further pairwise analysis of die-off in PSW was conducted using the Bonferroni correction in 

multiple pairwise T-tests. The LRV achieved under field conditions was compared to that achieved under 

laboratory conditions using a one-sided, unpaired Welch T-test; the LRV achieved under laboratory 

conditions using probiotic E. coli was also compared to that achieved by using E. coli K-12 using a one-

sided, unpaired Welch T-test. The effects of variability in performance between ceramic filters was 

examined by conducting a one-way ANOVA within each set of challenge test data. Statistical analyses 

were tabulated using raw (non-log10 transformed) data points; a value of 0.5 CFU, or half of the lower 

detection limit (1 CFU), was used for data points falling below the detection limit in the analysis. All 

statistical tests were evaluated at the α ≥ 0.05 significance level, using arithmetic means. Mean values are 

presented together with 95% confidence intervals (CI). All statistical tests were performed with R statistical 

software, version 3.4.3. 

Results 

Operational Parameters 

The time of probiotic E. coli in TSB to reach stationary phase and the relationship between probiotic E. coli 

concentration and turbidity are displayed in Figure 3. The minimum time for probiotic E. coli in TSB at 

37°C to reach stationary phase was found to be approximately 8 hours (Figure 3a), after which stationary 

phase is maintained for at least another 16 hours; if the E. coli/TSB mixture is sampled for spiking challenge 

tests within this window, the expected E. coli concentration is on the order of magnitude of 1010/100 mL. 
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The relationship between E. coli concentration and turbidity is positively correlated, with an R2 value of 

0.92 (Figure 3b); turbidity is a suitable surrogate of probiotic E. coli concentration in TSB. Equation 2 can 

be used to guide estimates of the volume of E. coli/TSB mixture required to spike challenge water. 

 

Figure 3a: Growth curve for probiotic E. coli in TSB at 37°C; Figure 3b: Relationship between turbidity and probiotic E. coli 

concentration in TSB; Each data point represents the geometric mean of a triplicate enumeration; error bars denote geometric 

standard deviation from the geometric mean 

Equation 2: Relationship of the concentration of E. coli in TSB (𝐶𝑇𝑆𝐵, CFU E. coli/100 mL TSB) to turbidity (𝑇, NTU) empirically 

derived from results 

𝐶𝑇𝑆𝐵 = 100.0046𝑇+6.6 

Die-off results are shown for SW and PSW in Figure 4, with those calculated using the published first-order 

model (Equation 1) for E. coli die-off in lake water and wastewater (Blaustein et al., 2013). Model data for 

lake water (Blaustein et al., 2013) do not fall within the 95% CI of our results, except for the 8-hour LRV; 

all model data for wastewater (Blaustein et al., 2013) do fall within the 95% CI of our results. Time-wise 

die-off was not significant for SW (P = 0.14) but was significant for PSW (P < 0.01). Further post-hoc 

analysis revealed that the die-off in PSW after 24 hours was statistically higher than the die-off after 8 hours 

or less (P = 0.01), indicating that care should be taken to enumerate a control sample should challenge test 

runs exceed 8 hours in length in PSW-type challenge water.  
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Figure 4a: E. coli die-of in SW;  Indicates E. coli die-off in lake waters reported by Blaustein et al. (2013);  

Figure 4b: E. coli die-off in PSW;  Indicates E. coli die-off in wastewater reported by Blaustein et al. (2013); grey 

shaded areas indicate 95% CI of die-off results 

Field Challenge Proof-of-Concept 

Making challenge water and running the ceramic filters using the spiked challenge water was relatively 

straightforward, requiring approximately half an hour total (aside from the lead time to incubate the 

probiotic E. coli to stationary phase); probiotic E. coli incubated at body temperature reached a similar 

magnitude of concentration as by incubation in a laboratory incubator at 37°C. Three challenge tests were 

carried out in the field; results are discussed in the next section. 

Validating Probiotic E. coli as a Challenge Organism  

The LRVs achieved by the three Safi filters over the cumulative volume of water filtered during fieldwork 

and laboratory work using probiotic E. coli and E. coli K-12 are shown in Figure 5. The LRV achieved 

under field conditions was significantly less than that achieved under laboratory conditions using probiotic 



52 

 

E. coli (P < 0.01). The LRV achieved under laboratory conditions using probiotic E. coli was significantly 

different from that achieved by using E. coli K-12 (P < 0.01) as the challenge bacteria. A one-way ANOVA 

conducted within each set of challenge test data indicated that the choice of filter did not have a significant 

effect on the LRV of challenge bacteria by the ceramic filters (P = 0.11). The LRVs of both probiotic and 

K-12 E. coli strains show a wide variation over the span of challenge tests; the lowest and highest LRVs 

achieved were 1.0 (95% CI 0.79 – 1.3) and 5.3 (95% 5.1 – 5.6), respectively, a mean difference of 4.5log10. 

  

Figure 5: LRV of Safi filters during fieldwork and laboratory work; each data point represents a challenge test of three Safi filters 

in parallel; all influent and effluent samples analyzed in triplicate  Indicates probiotic E. coli as challenge organism;  Indicates  

E. coli K-12 as challenge organism; * Indicates data point censored by influent E. coli concentration; Indicates E. coli 

LRV reported by the filter manufacturers (van Bemmel and Verschuuren, 2016); Error bars indicate 95% CI, based on triplicate 

enumeration of 3 ceramic filters in parallel 

Discussion 

Comparison of Probiotic E. coli Die-off with Published Models 

Differences in die-off rates between our results and the literature could be explained by differences in water 

matrix chemistry, or E. coli preparation steps, which influence viability and the ratio of healthy to injured 

organisms (Sinclair et al., 2012). Care should be taken to enumerate a control sample should challenge test 

runs exceed 8 hours in length, or a single batch of test water is used to conduct multiple challenge tests over 

a timespan exceeding 8 hours. 
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Validating Probiotic E. coli as a Challenge Organism  

The Safi filters examined in this study were evaluated by the manufacturer in laboratory challenge tests 

(van Bemmel and Verschuuren, 2016) and field-based studies (CCAP Smart Centre Malawi, 2017; CHSU 

Reference Laboratory, Malawi, 2016a; CHSU Reference Laboratory, Malawi, 2016b; CHSU Reference 

Laboratory, Malawi, 2016c); laboratory performance of Safi filters reported by the manufacturer is included 

in Figure 5, although no statistical analysis of LRVs between filters or variation over the filter lifetime was 

reported in these studies. The field-based studies were based on E. coli presence-absence tests and 

heterotrophic plate counts (HPC’s) conducted on filter effluents and therefore no E. coli LRVs can be 

surmised from the published manufacturer field studies for comparison. 

The results of this work showed a wide variation in Safi filter LRVs over the cumulative volume of water 

filtered (Figure 5). Some challenge tests were censored by insufficient influent E. coli concentration leading 

to non-detect data from effluent waters, possibly under-estimating the LRV. Other laboratory evaluations 

of ceramic filter devices have shown similarly large variations in LRVs over the lifetime of ceramic filter 

devices; Brown et al. (2012), Bhathena et al. (2014) and Kaufman et al. (2011) reported differences in the 

maximum and minimum LRVs achieved over filter lifetimes of 5.2 log10, 6.6 log10 and 6.6 log10, 

respectively. Possible reasons for such variation in filter performances were explained by “unmeasured 

changes in water chemistry of other factors which may also vary under use conditions” (Brown et al., 2012); 

such reasons may also apply to this study. 

One of the main objectives of this study was to validate the use of probiotic E. coli to use as a challenge 

organism in comparison to the widely-used E. coli K-12. It was not possible attribute the difference in 

LRVs to the choice of challenge organism, due to the confounding factor of filter performance over time.  

Field Challenge Proof-of-Concept  

The pilot FCT was generally successful as a proof-of-concept; three complete challenge tests were 

successfully carried out using a mobile laboratory setup. During the FCT, two difficulties were encountered 

to note for future work. Influent and effluent E. coli counts were such that three to five orders of magnitude 
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of dilutions were required to achieve accurate plate counts. Each serial dilution and subsequent membrane 

filtration process required approximately half an hour without the benefit of a full laboratory setup; owing 

to triplicate enumerations required for each of the three filters, the total time required to carry out a full 

field challenge test was between five and six hours, not including time taken to operate the ceramic filter 

devices, which is not feasible if the FCT concept is scaled-up. The second difficulty encountered during 

fieldwork was the number of sterile 9.0 mL Ringers vials required to dilute the influent and effluent waters, 

respectively, to concentrations suited for membrane filtration and plating; approximately 40-50 Ringers 

vials per FCT. Vials were autoclaved ahead of time and transported into the field, creating logistical 

challenges and the potential for contamination of the vials during transport, presenting a logistical barrier. 

Recommendations for Future Work 

The objective to validate the use of probiotic E. coli to use as a challenge organism in comparison to the 

widely-used E. coli K-12 was not achieved due to the confounding factor of variation in filter performance 

over time; it is recommended that more work be conducted to further validate probiotic E. coli as a challenge 

organism, compensating for variations in filter performance over time, for example, using new ceramic 

filters for testing each time a new factor is examined. 

To reduce the time required to run each challenge test and simplify field protocols, it is recommended to 

consider whether all challenge test steps prescribed for laboratory challenge testing (WHO, 2011) are 

strictly required for the accurate challenge testing of all devices. For example, in this study, the challenge 

bacteria was incubated at 37°C for 14 to 24 hours to reach stationary phase. As ceramic filters rely primarily 

on size exclusion, rather than inactivation or disinfection, in theory it is possible that the incubation steps 

are not necessary. It would be useful to investigate if such steps could be eliminated without impacting the 

challenge test results; such streamlined protocols have been already devised for challenge tests using other 

strains of probiotic bacteria (Peter-Varbanets, 2019, personal communication). It is also recommended that 

the steps required for serial dilutions and membrane filtration be streamlined, such as creating a specialized 

field kit for serial dilutions, to reduce the time and logistical barriers to scale-up the concept of FCT’s.  
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Recommended work to be considered in future research would be to establish the process of FCT’s on other 

POUWT categories such as chemical disinfection, granular media filtration, solar or UV light disinfection, 

thermal technologies, coagulation with precipitation and/or sedimentation, or some combination of such 

approaches (WHO, 2011). 

Conclusion  

The overall objective of this study was to develop a conceptual framework to conduct Field Challenge Tests 

(FCT’s) and assess the viability of the FCT as a concept by conducting a pilot FCT in a limited-resource 

context, which was successfully achieved by selecting probiotic E. coli as the spike bacteria. A field-

appropriate protocol was devised, and a mobile laboratory setup was successfully implemented in a field 

setting, to successfully carry out three FCT’s. The objective to validate the use of probiotic E. coli as a 

challenge organism in comparison to E. coli K-12 was not achieved due to the confounding factor of 

variation in filter performance over time; it is recommended that more work be conducted in this regard. It 

is also recommended to streamline the field protocol in order to reduce the time required for each FCT, 

currently a barrier to scaling up such testing. As ceramic filters were the only treatment category 

investigated in this work, further work is recommended to expand the FCT framework and protocols to 

include other POUWT categories, such as chemical disinfection or solar/UV light disinfection.  
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Discussion 

This thesis is comprised of three manuscripts and the overall aim was to develop, improve and assess two 

main methods for quantifying waterborne E. coli and the health risks associated with its presence in 

drinking water. In the first manuscript I assessed a new low-cost field kit that had been developed by 

others, and I developed and assessed several proposed improvements to protocols used in the MICS 

campaign and pilot edsuch improvements for water quality testing conducted in a field setting. The third 

manuscript contained work I conducted to improve the current state of the body of knowledge regarding 

the household performance (as opposed to laboratory performance) of POUWT techniques, by 

developing, assessing and implementing a framework for field challenge tests. As a subset of that work, I 

identified and characterized a non-pathogenic strain of E. coli found in probiotic health supplements was, 

and the second manuscript explored the topic of the quantification of the E. coli in the probiotic 

supplements to verify manufacturer claims.  

Discussion of Field Compliance Monitoring 

A main point of discussion in the first manuscript was the high proportion of blank tests returning an E. 

coli count of >1 CFU, in comparison to the relatively low (1.6%) proportion of positive blank tests occurring 

in the MICS monitoring programmes in 2017 – 2018 (Figure 5, first manuscript) (Bangladesh Bureau of 

Statistics & UNICEF, 2018; UNICEF et al., 2018; Lao Statistics Bureau & UNICEF, 2017; WHO & 

UNICEF, 2018; Government of the Punjab & UNICEF, 2018). Such results are detrimental to the quality 

of the fieldwork data and could lead to overestimation of risk if funnels are disinfected by alcohol wipe and 

re-used. A shortcoming of the study was that interventions were not taken by supervisors immediately 

following each positive blank test result, in the form of a one-on-one meeting with the enumerator in 

question; the results were addressed during weekly group meetings. Although the enumerators were 

hardworking and did their best to comply with sterile microbiological practices, more supervisor support 

was needed. For any future fieldwork campaigns, whether re-using funnels or not, it is recommended that 
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blank test results be monitored more closely, following any occurrence of positive blank results, immediate 

corrective actions should be taken with the enumerator.  

Discussion of Field Challenge Testing 

The pilot FCT was generally successful; three complete challenge tests were carried out on ceramic 

filtration devices, using probiotic E. coli as the spike organism, proving that the concept of field challenge 

testing is viable. As of this writing, further laboratory testing is underway to compare the LRV behaviour 

of probiotic E. coli as a valid surrogate for E. coli K-12, using new ceramic filters (Envirogard Products 

Ltd.). New filters will be used when starting each set of tests with either probiotic E. coli and E. coli K-12; 

challenge tests will be conducted on new filters, filters following one cleaning cycle to remove any residue 

present on the filters, and after the filters have been cleaned to the end of their lifespan.  The aim of the 

planned protocol is to separate the effects of filter performance over time from the effects of the chosen 

challenge organism on filter performance.  

Applications of FCT 

The recommended next steps are to pilot FCT’s on the other POUWT categories such as chemical 

disinfection, granular media filtration, solar or UV light disinfection, thermal technologies, coagulation 

with precipitation and/or sedimentation, or some combination of such approaches (WHO, 2011a). Once 

protocols have been established for challenge testing of each category (or selected choices of categories), 

FCT’s can have multiple potential applications, including: 

1. Improving quality control monitoring of the performance of locally manufactured devices, which 

can vary widely between and within factories due to factors including the consistency of materials 

and manufacturing methods (Rayner et al., 2013; Soppe et al., 2015). Challenge testing has been 

identified as a more sensitive integrity monitoring method, over turbidity and particle count 

monitoring, to ensure safe and effective treatment of water (Nur et al., 2009). Although such 

testing does not account for the impact of user behaviours on device performance, it would guide 

best practices in quality control testing between manufacturing sites and within device batches.  
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2. Household POUWT performance data gathered from FCT’s can be used to feed more accurate 

parameters into QMRA models, which are currently based on assumptions from laboratory 

performance data of the respective POUWT technique, as opposed to household performance 

data. There is an abundance of applications of QMRA modelling, but objectives of such models 

include: to ascertain which POUWT technique will yield the largest reduction in diarrheal disease 

burden (Bivins et al., 2019; Petterson, 2016), to model the benefit of enacting POUWT 

interventions over other public health interventions such as increasing availability of communal 

water sources or reducing contamination in the water distribution network (Machdar et al., 2013), 

thus prioritizing infrastructure spending in low-resource contexts to achieve maximum possible 

health outcomes (Howard et al., 2006).  Conversely, QMRA models can be used to “reverse-

engineer” the critical pathogen LRVs required of treatment methods in order to achieve the 

desired health or risk targets, in application to POUWT techniques or other contexts, such as 

larger scale water treatment facilities (Petterson & Ashbolt, 2016). More precise knowledge 

regarding the LRV of microbes by POUWT techniques in household contexts can provide an 

accurate comparison with such critical pathogen reduction levels or a tolerable risk target 

(Petterson & Ashbolt, 2016). Another such application of QMRA modelling, although not 

supported by FCT’s, is that it demonstrates the high impact of the degree of treatment compliance 

on overall consumer risk (Hunter et al., 2009), which is further discussed in the next section. 

3. The third potential application of FCT’s is to examine household POUWT performance within a 

framework similar to that of the sanitary survey, which is an established framework typically 

used to evaluate the microbiological safety of drinking water sources, where multiple risk factors, 

for example, distance of the source from the nearest pit latrine, the type of source (protected or 

unprotected), and the extent of human and/or animal activity nearby, are linked to the water 

quality and health risk posed by the source water (WHO, 1997). Using a sanitary survey-style 

framework, household-level challenge tests could be conducted to study the impact of factors 

such as user non-compliance to best operation practices of cleaning, maintenance and repair 
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steps, cross-contamination during use, or highly contaminated source water. Such risk factors 

have been linked to POUWT performance (Brown et al., 2009; Madrigal et al., 2011; Mellor et 

al., 2014), however the impacts have not been quantified in terms of LRVs of microbes. The FCT 

and sanitary survey-style assessment would provide such a link between such risk factors and 

POUWT performance. 

4. The results of a sanitary survey-style assessment of behaviours relating to POUWT could be used 

to guide marketing and/or training campaigns of best practices to users of POUWT techniques. 

Advertising-style approaches have previously been effective to increase the use and compliance 

of POUWT techniques (Luoto et al., 2014). Such marketing approaches can similarly be used for 

campaigns to target best practice behaviours of using POUWT techniques, with the focus of such 

advertising being the behaviours that have the highest impact on POUWT performance, as 

determined by sanitary survey-style assessments. The downside to such advertising and training 

approaches is that they are not effective at addressing the broader levels of influence, such as 

community influences (e.g., availability of repair services), and societal/structural influences 

(e.g., political commitment to advertising and subsidies) (Dreibelbis et al., 2013). 

Limitations of FCT’s 

Although FCT’s could provide important information regarding the impact of manufacturing quality and 

human behaviours on POUWT techniques, a high LRV of microbes by a given POUWT technique does 

not necessarily translate into measurable health gains, such as the reduction of diarrheal illness (Bivins et 

al., 2019). POUWT efficacy data does not account for the multiple human and environmental factors that 

affect drinking water quality. Such factors can include: 

1. Potential contamination or re-contamination of water following POUWT; studies have found 

significant contamination of water via the drinking cup or storage container, regardless of source 

and/or treatment method (Oswald et al., 2007; Reygadas et al., 2015; Rufener et al., 2010). 
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2. Technically effective POUWT techniques can only reduce or prevent disease if consistently used 

(Arnold et al., 2009; Fewtrell et al., 2005; WHO, 2011b). A significant drop in health gains has 

been estimated if water treatment is not used even one day of the year (i.e., non-compliance) 

(Hunter et al., 2009) also include Enger et al., 2013. The rate of compliance of POUWT can be 

related to the perceived benefits of water treatment: taste, smell, aesthetic improvements and cost, 

rather than any microbiological improvements (Burt, 2015). Key mechanisms influencing sustained 

compliance include failure of the device or inability or unwillingness to purchase replacements or 

pay for repairs (Hunter, 2009); compliance to POUWT and safe storage behaviours tend to decline 

over time (Brown et al., 2009). Such findings suggest that POUWT users are not willing to invest 

time and money into a process whose benefit lies in the absence of the occurrence of diarrhea.  

3. Overall, the most effective framework with which to provide clean drinking water is to view safe 

water as a system, from “source to sip”, rather than a single discrete intervention (Amrose et al., 

2015). Therefore, although it was the focus of this work, POUWT cannot be considered on its 

own, and the field-applicable methods for the quantification of waterborne microbial risks as 

discussed in this thesis fit into the overall framework of water safety and accessibility, including 

aspects such as time and distance to water sources, behaviours surrounding water collection and 

storage, and the creation and continued maintenance of safely managed water services 

Expansion of the FCT Concept – Biological and Non-Biological Surrogates 

The research conducted in this thesis was solely concerned with E. coli, a common bacterial surrogate of 

fecal contamination in water. However, the behaviour of virus and protozoa pathogen classes during water 

treatment can differ greatly from that of bacteria, and therefore E. coli is not suitable as an indicator for the 

reduction of pathogens such as C. parvum, G. lamblia or enteric viruses (Health Canada, 2017).  

Therefore, there is room for expansion of the concept of the FCT into the use of surrogates to assess 

POUWT reduction of protozoa (such as C. parvum and G. lamblia) and enteric viruses. Use of non-

pathogenic viral and protozoan surrogates have been established for laboratory-based challenge tests and 
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multiple other applications (WHO, 2011a). With respect to viral surrogates, it is common to use biological 

surrogates MS2, Qβ, PRD1 or F-specific RNA bacteriophages for laboratory-based challenge testing of 

water treatment processes (Boudaud et al., 2012; Gerba et al., 2015; Wu et al., 2017). With respect to 

protozoan surrogates, specifically for C. parvum and G. lamblia, biological surrogates are used for 

laboratory assessments, such as algae (Akiba, et al., 2002; Kim et. al., 2002), C. parvum oocysts 

(Muhammad et al., 2008), or spores (Headd & Bradford, 2016; Monis et al. 2017; Muhammad et al., 2008). 

Non-biological surrogates have also been used for C. parvum and G. lamblia, including 3-µm polystyrene 

latex (PSL) beads (Muhammad et al., 2008) or monodispersed microparticles (Kim et al., 2004).  

Although such surrogates are useful in application to laboratory-based applications, in order to take 

challenge testing from the laboratory to the field as discussed in the third manuscript of this thesis, the 

chosen spike organism must be safe for human consumption and be transported through international 

customs. Concerning virus surrogates, non-infectious “virus-like particles” (Wang & Middelberg, 2016) or 

“mock virus particles” (United States Patent No. US20170192001A1, 2017), which are synthetically 

produced, have been investigated as surrogates to evaluate performance of water treatment processes. Both 

“virus-like” and “mock virus” particles are regarded to be safe for human consumption due to their 

incapability to replicate (Wang & Middelberg, 2016), and are similar to those used in vaccines (Ball et al., 

1999; Noad & Roy, 2003), and would therefore be good candidates to use as surrogates for FCT’s. A key 

barrier would be field-appropriate technologies for the enumeration of viruses, which are limited (Boonham 

et al., 2014). Development is ongoing regarding the invention of a kit for challenge tests to spike and 

selectively quantify “mock virus” particles, and a prototype kit is currently available, but is priced at USD 

$3000 for the components necessary to conduct a single challenge test (MockV, 2019). 

Concerning protozoans, food-grade baker’s cream yeast (Saccharomyces cerevisiae, “baker’s yeast”) has 

been used as a challenge organism to act as a surrogate for C. parvum, to evaluate the performance of an 

existing stormwater recycling system (Davies et al., 2008), and a wastewater treatment/agricultural reuse 

system (Mercado, 2017), and has been recommended for further use in in-situ evaluations of stormwater 
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and water reuse systems (Bichai & Ashbolt, 2017). Baker’s yeast is used in everyday food applications and 

is therefore safe for human consumption, in addition to being easy to obtain and transport across 

international customs. Enumeration of baker’s yeast can be determined by plate count technique, using 

Rose Bengal Agar (Hardy Diagnostics, USA) incubated at 20°C for 5 days (Davies et al., 2008), which, 

although a long incubation period compared to that of E. coli, is plausibly adaptable to field requirements. 

Conclusion 

The overall aim of my thesis was to develop, improve and assess innovative field-applicable methods for 

the quantification of waterborne microbial risks, and this aim was met during the course of this work. As 

investigated in the first manuscript, the use of the new low-cost field kit was successful during fieldwork; 

however, the disinfection (with an alcohol wipe) and re-use of the previously single-use disposable funnels 

resulted in a high rate of positive blank test results, compromising the validity of the field data and 

indicating that closer supervision of enumerators is required for alcohol-wipe disinfection and re-use to be 

suitable. With regard to improvements with respect to QMRA methods, this thesis provides a framework 

with which to expand the current state of the body of knowledge regarding the household performance (as 

opposed to laboratory performance) of POUWT techniques. FCT’s were successfully pilot-tested in a 

fieldwork setting, using probiotic E. coli as the spike organism, proving that the concept of FCT’s is viable 

(manuscript three); there are current plans for further validation of probiotic E. coli as a surrogate of 

commonly used spike organisms, such as E. coli K-12. This work also included quantification of the E. coli 

contained in the probiotic supplements to verify manufacturer claims (manuscript two). Potential 

applications of FCT’s include: supporting improvements in quality control testing of manufactured 

POUWT devices, improving the accuracy of input parameters of QMRA models by substituting laboratory 

performance data or assumed household performance data for validated household performance data, 

providing a framework with which to conduct sanitary survey-style risk assessments of POUWT 

behaviours, and guiding educational and advertising programs targeting best-practice POUWT behaviours.   
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