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Abstract
The original H2S test was developed in the 1980s to assess the microbial quality of
drinking‐water in low‐resource settings. This test was promoted as a promising
alternative to more sophisticated technologies, as the test can be performed in low‐
resource settings. However, the H2S test lacks specificity for indicator organisms and has
never been evaluated by accepted method validation techniques. Despite these
criticisms, the H2S test is a popular field test in many less‐developed parts of the world
and is promoted by many leading non‐governmental organisations because it is low‐cost,
easy to apply, and easy to read.
This PhD project investigated the performance of the H2S test and its newly developed
modifications, by first establishing the detection threshold of the test and second, by
validating the H2S test and its modifications against the internationally accepted
membrane filtration method. A final objective was to determine whether a media
formulation could be developed to detect Escherichia coli (E. coli). The diagnostic
sensitivity and specificity of the H2S test was assessed by correlating its performance
against that of the modifications. All tests were incubated at 20, 37and 44°C to ascertain
operating parameters. All test variants were analysed against 20 pure‐cultured bacterial
species in order to identify those capable of triggering a positive result.
The research shows that it is possible to detect the faecal‐indicator E. coli by using an
adaptation of the original H2S test. The five strains of E. coli were able to produce H2S in
the presence of organic sulphur compounds. The original H2S test produced positive
reactions for Citrobacter freundii ATCC® 8090™, Proteus mirabilis ATCC® 43071™, and
Salmonella Typhimurium ATCC® 14028™ only. Modifications developed during this
research enhanced the sensitivity and specificity to E. coli when the source of sulphur was
changed from thiosulphate to L‐cysteine, L‐cystine, or 2‐mercaptopyridine. The inclusion
of bile salts, penicillin G, and L‐cystine increase the diagnostic sensitivity and specificity
for faecal coliforms. Furthermore, modified versions showed a comparable level of
diagnostic sensitivity and specificity (100%) with the standard membrane filtration
method using m‐FC media. The data presented in this thesis demonstrate that the H2S
test variants developed during this research can be used as a screening test for the
assessment of microbial drinking‐water safety, in low‐resource settings.
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Chapter 1
1

Introduction

1.1

Background

Water‐related diseases are one of the major obstacles to the improvement of people’s
lives in terms of sustainable development, especially in lower income or less‐economically
developed countries (LEDCs). Worldwide, it is estimated that there are 780 million people
without access to an improved drinking water source (UNICEF & WHO, 2012). Further
research indicates that 88% of all incidents of diarrhoea worldwide are caused by
microbiologically unsafe water, affecting mostly children below the age of five years
(WHO, 2008), thus underlining the global importance of public health research. The World
Health Organisation (WHO) estimated, in 2014, that inadequate drinking‐water sources
and the lack of adequate sanitation and hygiene are estimated to cause 842,000
diarrhoeal disease related deaths per year, especially in LEDCs (WHO, 2015). Inadequate
water and sanitary supply is the major risk factor for diarrhoeal diseases, which is the
second leading contributor to the global burden of disease. For children below the age of
15, this burden is larger than that of HIV/AIDS, malaria and tuberculosis combined (WHO
& UN‐WATER, 2010). It is also estimated that 94% of the overall burden caused by
diarrhoeal disease infections are attributable to environmental factors and consequently
associated with risks such as unsafe sources of drinking‐water and lack of sanitation and
hygiene measures (Prüss‐Ustün & Corvalan as cited in Satapathy, 2014).
The seventh United Nations Millennium Development Goal (MDG) includes the target to
“halve, by 2015, the proportion of people without sustainable access to drinking water
and basic sanitation” (WHO & UN‐WATER, 2010). Whilst at a global level this target is on
track in most LEDCs, the majority of LEDCs on the African continent will not now meet this
target. In Malawi for example, the proportion of the 2010 population (about 13 million
people) that gained access to improved drinking water sources since 1995 increased by
48.4% (UNICEF & WHO, 2012). However, 17% of the population is still without access to a
clean and potable water source (UNICEF & WHO, 2012), using mainly water from shallow
groundwater wells and surface water from lakes and rivers, which, in most cases, cannot
be considered safe for human consumption in terms of its hygienic quality (Pritchard et
al., 2007).
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Since the beginning of the UN Millennium Development Goals (MDGs), more than two
billion people are estimated to have gained access to an improved drinking‐water source,
and yet have no drinking‐water of sufficient quality for consumption (UNU‐INWEH, 2015).
The metric used for estimating the access to improved drinking‐water does not include
any data on the ‘quality of access’ to an improved water source. Inequalities, geography,
gender, and economic indicators are not taken into consideration. Consequently, the real
number of people having no access to an improved water source would be almost two
billion (UNU‐INWEH, 2015). Moreover, water quality deterioration in many parts of the
world is estimated to rapidly increase over the next decades, increasing risks for human
health and economic development (WWAP, 2016). The largest increase in water
deterioration is expected to occur in low‐income countries, because of a subsequent
increase in population and economic growth, which is especially the case in sub‐Saharan
Africa (WWAP, 2016).
The pre‐study for the first ever and upcoming World Water Quality Assessment (led by
the German Helmholtz Institute for Environmental Research and UNEP) highlights that
water pollution has become worse since 1990 in almost all river systems in Latin America,
Africa, and Asia; where severe pollution by pathogens already affects one‐third of all river
stretches. The report highlights the low number of water quality monitoring facilities in
low‐income countries, as well as the significant inconsistency between global assessment
regulations and regional knowledge needs (UNEP, 2015). The worst affected countries
with regards to freshwater contamination with organisms pathogenic to humans are
listed as: Afghanistan, China, Iran, Iraq, Nepal, Pakistan, Sudan, and almost all estuarial
rivers in Latin America – usually because of non‐existing sanitation measures, or an
absence of sewage treatment facilities (UNEP, 2015).
According to WHO’s Global Health Observatory (GHO) data centre, the worst affected
countries with the lowest population rate having access to improved drinking water
sources are the Democratic Republic of Congo (46% access), Mozambique (49% access),
and Papua New Guinea (40% access) (WHO, 2015). In comparison, it is estimated that
100% of the population in the United Kingdom has access to an improved drinking water
source. In contrast, even in more developed places and in industrialised countries such as
Australia, Canada, Denmark, Russia, or the USA many people in remote parts of the
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country rely on unimproved drinking water sources by fetching water from rivers and
lakes or shallow wells. This is especially the case within indigenous and First Nation
reserves (WHO, 2017; Millar, 2017; Arctic Health, 2015; UNU‐INWEH, 2015). According to
a study published by the School of Public Health at the University of Saskatchewan,
almost one‐third of First Nation communities in Canada live with high‐risk drinking water
supply systems (Water Canada, 2017). In contrast, and unlike in most low‐income rural
areas where semi‐protected or open water sources are used, emergency water supply is
always treated, and nearly always chlorinated, similar to potable water. Also, water
provided in emergencies is always free‐of‐charge, which is a significant difference to
normal every‐day practise (Carter, 2015).
Given that millions of people, especially in LEDCs and in low‐resource settings around the
world, still have to rely on an unimproved drinking water source, and since it is very
difficult to operate standardised laboratory procedures under such conditions, which
include the lack of adequate finances, reliable energy sources, qualified laboratory
technicians, or the availability of laboratory reagents, there is a need for simple to
operate and affordable diagnostic field tests which have the potential to substitute for
more sophisticated laboratory procedures. These tests should be affordable to low‐
income countries and communities, easy to operate in difficult and remote settings, no
cold storage chain should be required, and they should be designed so that less educated
people can operate and interpret them. Ideally, such a device would operate even in
absence of any energy systems, so as to further reduce costs and limitations afforded by
infrastructure. Affording people the potential to test their own drinking water source for
safe consumption, the potential to reduce water‐related diseases and diseases related to
poor hygiene and sanitation is considerable. The lack of finances, skilled workers, and
technological resources often reduces a country’s ability to monitor their drinking‐water
supply (Crocker & Bartram, 2014; Luyt et al., 2012).
The H2S test first developed by Manja et al. (1982) was promoted as a promising
alternative solution for this issue. However, the original version lacked sensitivity and,
especially, it lacked specificity for the indicator organism used in microbial drinking‐water
analysis (Sobsey et al., 2002). Despite criticism by some scholars and the World Health
Organization for its limited sensitivity and specificity for faecal indicator bacteria (Tambi
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et al., 2016; Huang, et al., 2011; OECD/WHO, 2003; Sobsey et al., 2002; Desmarchelier et
al., 1992), there has been a shift in paradigm. The lack of available alternatives means
that this test is promoted and used by many governmental organisations, aid/relief
organisations and NGOs (such as the Nicaraguan, Maldivian, Fiji, and Samoa Islands
Governments, the World Health Organization (WHO), UNICEF, USAid, WaterAid, ACF
International, and the international and Australian Red Cross) operating in rural
communities or under low‐resource and emergency settings worldwide, despite its
limitations (USAid, 2015; MedAir, 2015; WaterAid, 2014; ACF International, 2013; CAWST,
2013; Bain et al., 2012; Australian Red Cross, 2012; IFRC, 2011; Tearfund, 2011; WHO,
2010 & 2009; UNICEF, 2008; Lira et al., 2008; Oxfam, 2006; Live & Learn Environmental
Education, 2006; Mosley et al., 2004; WEDC, 1997). Given that the use of this technique is
unlikely to change in the near future, and noting the test’s simplicity and low cost making
it popular with NGOs, efforts are required to improve the test’s sensitivity and specificity.
Thus, an extended investigation into the performance of the H2S test and its newly
created modifications in comparison to different types of water and sulphur and
sulphate‐reducing bacteria of faecal and non‐faecal origin is essential. Furthermore, the
Institute for Water, Environment and Health of the United Nations University (UNU‐
INWEH) calls upon the identification and emphasis on ‘high impact and low‐cost
solutions’ (UNU‐INWEH, 2015).

1.2

Aim and Objectives

The aim of this research is to improve the microbial analysis of drinking water quality in
low‐resource and emergency settings, where waterborne disease continue to place a
significant burden on human health and prevent development especially amongst low‐
income and rural communities. To support this aim, this project aimed to develop a
screening test for microbial drinking‐water analysis, based on the existing H2S test, but
with improved specificity and sensitivity for faecal indicator bacteria. This aim is also in
part alignment with the newly agreed 2030 Development Agenda and its 17 Sustainable
Development Goals (SDGs), as well as in support of the UN Resolution 64/292 ‘The human
right to water and sanitation’, and UN Resolution 18/1 ‘The human right to safe water
and sanitation’. In order to improve public health in low‐resource and emergency
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settings, and in absence of sophisticated laboratory facilities, this study seeks to support
in particular the SGDs No. 3 and 6 which promote good health and the availability and
management safe drinking water (safely managed drinking‐water), by further assessing
the performance of the H2S method as recommended by leading humanitarian
organisations and scholars (Shahryari et al., 2014; ACF International, 2013; Wright et al.,
2012; Sobsey & Pfaender, 2012; Huang et al., 2011; Pathak & Gopal, 2005; Mosley et al.,
2004; Nair et al., 2001), with the following research objectives.
1) Determining the specificity of the H2S test for (i) faecal indicator bacteria (FIB) and
(ii) faecal and environmental sulphate/ sulphur‐reducing bacteria (SRB), by taking
into consideration the time until a positive test reaction can be read.
2) Determining whether the H2S test can be modified and optimised by using
alternative selective reagents and alternative sulphur compounds to provide
increased specificity and sensitivity to faecal (indicator) bacteria.
3) To investigate the overall performance of the original H2S test and the newly
modified H2S tests with regard to microbial specificity and sensitivity when tested
with pure cultures according to accepted method validation protocols.

1.3

Research questions

The following research questions have been identified as being crucial for the successful
completion of this work.
1. Identifying which specific bacterial strains are able to trigger a positive reaction
with the H2S test, and under what temperature conditions and timeframe for
positive reactions to be visualised?
2. Can a modified version of the H2S test provide a higher sensitivity and specificity
when testing drinking‐water for contamination by faecal bacteria in low‐resource
settings?
3. Can the induction of E. coli to produce H2S be regarded as an alternative and
specific method for assessing faecal contamination in low‐resource and
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emergency settings when compared against the accepted membrane‐filtration
method?
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1.4

Research Structure

The research presented in this thesis is divided into three parts:
Part one of this research project concerns the preliminary investigation into new,
alternative modifications of the original H2S test (Manja et al., 1982), their performance,
and their operational range. As described in sub‐chapter 2.8, previously completed
research on the performance of the H2S test emphasised not only the need to modify the
existing test to increase the level of sensitivity and specificity for testing for faecal
indicator bacteria, but also suggested possibilities on how this might be achievable
(Huang, et al., 2011; Pathak et al., 2005; Sobsey et al., 2002; Pillai et al., 1999). Therefore,
the first part of this project investigated suggestions for improvement of the H2S test
mentioned previously in the literature, as well as new ideas developed by the author, to
assess what is possible and/ or less feasible. The dominant aspects of possible
modification and improvement have focused on the form of sulphur (S) available for
dissimilative reduction into hydrogen sulphide (H2S), and on the selective agents used to
suppress reactions caused by any unwanted organisms. The original H2S test and new
modifications have been tested with river water samples with regards to the specificity,
by performing culture plating with nine different semi‐selective and selective culture
media including back‐up confirmation with API® strips (20E™, 20 NE™, 20Strep™, and
20A™) to assess for any significant interrelation in terms of results. Sensitivity was
assessed with regards to the time required for a positive H2S test reaction (black
precipitate) to become visible.
The second part of this research concerns the ‘single‐operator characteristics’ and the
assessment of sensitivity and specificity (including the determination of the method
detection level – MDL) by testing the most promising and newly developed H2S test
modifications, as well as the original H2S test, against pure cultures of confirmed strains of
faecal‐indicator bacteria, including both known and suspected sulphur‐reducing‐bacteria
(SRB), and closely related bacterial species. Sensitivity has again been assessed with
regards to reaction time, and by assessing the limit of detection through the performance
of serial dilutions with the pure cultured strains. These steps of the research are in
accordance with the Standard Methods for the Examination of Water and Wastewater –
chapter 1040 Method Development and Evaluation (APHA, 2012).
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Part three of this research project focuses on the validation of the original and newly
modified versions of the H2S test against the internationally accepted standard methods
for the microbial assessment of drinking‐water, to assess if a modified version of the H2S
test could be a substitute for more sophisticated methods regarding the assessment of
drinking‐water in low‐resource or emergency settings. According to Wright et al. (2012)
there is a strong need to assess the performance of the H2S test in comparison to the
accepted standard methods, and to different environmental settings. Additionally, it is
inevitable to do the same with any modification of the original H2S test, to assess the level
of improvement or diminishment. The standard methods referred to and used in this
study are membrane filtration onto m‐FC and m‐Enterococcus agars for the detection of
E. coli/ thermotolerant coliforms, and intestinal enterococci respectively, as outlined in
chapter three and by the American Public Health Association (APHA, 2012).

1.5

Contributions to knowledge

This study aimed to improve the potential for the microbial analysis of drinking‐water in
low‐resource settings, where more sophisticated methods of analysis are often not
affordable or feasible. Therefore, the first contribution to knowledge derived from this
research is the increased understanding of the performance of the original H2S test and
its newly developed modifications in terms of sensitivity and specificity for faecal‐
indicator bacteria (FIB). As described in chapter four and five, it is possible to modify the
original H2S test by using alternative sulphur compounds (i.e. 2‐mercaptopyridine, L‐
cysteine and L‐cystine) and selective agents (i.e. penicillin G and bile salts) to increase the
tests sensitivity and specificity in relation to the target bacterial species. Also, the time
until a positive reaction can be observed by the operator has been decreased
significantly. As a result, this new knowledge can be used to improve rapid monitoring of
microbial contamination by faecal‐indicator bacteria earlier than was previously possible.
It is envisaged that this will have a positive impact (i.e. fewer infections caused by water‐
related diseases with a consequently reduced level of disability‐adjusted life years [DALY])
(Jamison et al., 2006) in settings where the drinking‐water is potentially not fit for human
consumption and where there is no sophisticated laboratory analysis possible.
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Also an important contribution to knowledge is that the organisms which are able to
trigger a positive reaction in the original H2S test and in its newly created modifications
have been identified. The original H2S test and in its new modifications were tested with
20 pure cultures of confirmed bacterial strains to establish its range of operation. Results
presented in chapter five shows that the original H2S test reacts only to Citrobacter
freundii, Proteus mirabilis, and Salmonella Typhimurium, out of the 20 strains tested, but
not to any accepted faecal‐indicator bacterium. However, the author was able to create
modifications of the original H2S test which react positively to the faecal‐indicator
bacterium E. coli. This is considered a major step forward to increase the H2S test’s
specificity, as some of the modified H2S tests are now able to test for this faecal‐indicator
bacterium with regards to the guidelines published in standard methods. As the
possibility that the new versions of the H2S test might still trigger a (false‐) positive
reaction caused by some unwanted organisms cannot be excluded at this point of
research, the H2S test cannot be regarded as a diagnostic test, but it now can be
promoted as a screening test due to its ability to detect for E. coli.
Another important contribution to knowledge derived from this project is the enhanced
understanding of the utilisation of different sulphur compounds by test species. In this
study, and as presented in chapter five, modifications of the original H2S test including
combinations with four different inorganic and ten organic sulphur compounds have been
investigated and set in relation to the test’s reactions. The aim of this step was to find out
which sulphur compound is utilised best by the indicator bacteria E. coli and by other
faecal coliforms to create a modified version of the H2S test able to detect for these
organisms. The use of the amino acids L‐cysteine and its de‐sulphite L‐cystine, and of 2‐
mercaptopyridine (organic pyridine derivative) in these modifications suggest an
increased sensitivity and specificity compared to the original H2S test. Additionally, this
step improved the understanding of the biochemical reactions of 20 pure cultured and
confirmed bacteria, which have been tested against 14 different bioavailable forms of
sulphur and associated reduced compounds. As a result, this new knowledge can be used
to improve the performance of the H2S test, as well as to improve culture media for a
range of different organisms, and for diagnostic tests aiming at the detection of these
respectively. One major finding resulting out of this research is that E. coli is able to
produce H2S when the source of sulphur is either L‐cysteine or L‐cystine. This novel
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finding is in contra to the widely accepted perception that E. coli is not able to produce
H2S (refer to chapter five).
Finally, this research has provided increased knowledge of the original H2S test’s and its
new modifications validation against international accepted standard methods. Results
outlined in chapter six show that the original H2S test has only a sensitivity of between
88.4 – 92.7% and a specificity of between 5.1 – 5.4% when compared to membrane
filtration with m‐FC medium. Interestingly, when the original H2S test was compared to
membrane filtration with m‐Enterococcus medium, the specificity increased to between
19.6 – 20.5%. Modifications of the original H2S test containing bile salts and/or L‐cystine
presented a higher sensitivity (up to 97.4%) and a decreased level of false‐negative test
results. Overall, it can be concluded that the original H2S test and its newly developed
modifications have a consistently high level of sensitivity (88.4 – 97.4%) when validated
against membrane filtration, but only a low level of specificity (4.9 – 30%), depending on
the culture medium and the incubation temperature. This indicates that the newly
developed and modified versions of the H2S test are suitable for screening unimproved
water sources for faecal coliforms, but not for detecting faecal‐indicator bacteria
exclusively.
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Chapter 2
2

Literature Review

2.1

Water‐related diseases in the Global South

The global ‘North – South’ divide is generally considered a socio‐economic and political
divide. This is because the majority of wealthy, economically developed, politically stable
and democratic countries are located in the northern hemisphere. Accepted definitions of
the Global North include North America, Europe, Russia and countries belonging to the
former Soviet Union (Mimiko, 2012). In economic terms, the North with one quarter of
the world population controls four fifths of the wealth generated anywhere in the world,
and 90% of the manufacturing industries are owned by and located in the northern
hemisphere. In contrast, the South with three quarters of the world populations has
access to only one fifth of the world income, still serves as a source for raw material for
the North (Mimiko, 2012).
Nevertheless, since most water‐related diseases can occur anywhere on the globe, and
are less dependent on climatic or geographical conditions, such outbreaks are more often
defined by the ability of a country to finance and operate drinking‐water, sewage,
education, and health related infrastructure. For these reasons, water‐related diseases
are much more of concern in economically less‐developed and mostly southerly located
countries (Hemson et al., 2008).
Access to fresh water resources is, however, a more complicated issue, dominated mostly
by undefined landownership, transboundary freshwater bodies, and local politics (GPF,
2015). Figures from the United Nations in the year 2001 suggest that there were
approximately 300 potential conflicts over fresh‐water access (Agence France Presse,
2001). The US National Intelligence Council issued in 2012 a partially declassified report
‘Global Water Security’ which states, that in less than a decade, countries important to
the US and to global security will be at risk of ‘state failure’ due to the shortage of
freshwater available for drinking and food production (NIC, 2012 as cited by Siegel, 2015).
Moreover, the estimated increase (50%) in armed conflicts due to climate related water
issues are estimated to contribute to 400,000 additional deaths on the African continent
alone by 2030 (UNU‐INWEH, 2015). However, while it is not the aim of this thesis to
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analyse this issue further, these documents highlight the need for low‐cost diagnostic
tools to analyse the quality for human consumption of the few sources of water available,
to reduce at least the health burden.
Many bacteria, viruses, parasites (protozoa and helminth) and fungi are indigenous to
aquatic environments. The majority of them are non‐pathogenic to humans, but certain
important species have the potential to cause an infectious disease. The term ‘water‐
related diseases’ includes water‐based, water‐washed and water‐borne diseases and is
defined by following infectious diseases and incidents:


those due to micro‐organisms and chemicals in water people drink;



diseases including schistosomiasis, which have part of their lifecycle in water;



diseases including malaria with water‐related vectors;



drowning and some injuries;



others such as legionellosis carried by aerosols containing certain species of
Legionella (WHO, 2015).

Of major concern are microbial related water‐borne diseases, caused mainly by
pathogenic bacteria, viruses, and parasites. These organisms are either autochthonous
soil, water or plant microbiota, or they become introduced to the water body, mainly by
direct and indirect contamination with animal or human faeces (excreta‐related
infections). These microorganisms may survive and possibly multiply if conditions are
favourable (Hunter, 1998). It is estimated that about 90% of infections associated with
freshwater are caused by pathogenic bacteria (Craun, 1988 cited in Cloete et al., 2004).
Common pathogenic bacteria found in faecally contaminated water include: Aeromonas
spp., Campylobacter spp., Cyanobacteria, E. coli, faecal streptococci (more formally
referred to as intestinal enterococci), Helicobacter pylori, Pseudomonas spp., Legionella
spp., Salmonella spp., Shigella spp., Staphylococcus spp., Vibrio cholerae and Yersinia
enterocolitica (Ashbolt, 2004). Viral human pathogens commonly found in faecally
contaminated water include: Adenovirus, Astrovirus, Enterovirus (e.g. Coxsachievirus,
Poliovirus, enterovirus 71), Hepatitis virus A and E, Calicivirus (e.g. Norovirus) and
Rotavirus (Ashbolt, 2004).
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Commonly reported species associated with outbreaks of human disease include Ascaris
lumbricoides, Cryptosporidium spp., Entamoeba histolytica, Giardia lamblia, Naegleria
fowleri, Toxoplasma gondii, or Dracunculus medinensis. Alternatively, there are also
water‐based diseases such as schistosomiasis) where the transmission of disease is also
dependent on freshwater snails to complete its lifecycle (Percival et al., 2004 & Hunter,
1998). A study in Bangladesh showed that the major pathogens recovered and associated
with diarrhoea‐related outbreaks in children were rotavirus, Cryptosporidium parvum,
Campylobacter jejuni, enterotoxigenic E. coli (ETEC), enteropathogenic E. coli (EPEC),
Shigella spp. and Vibrio cholerae O1 & O139 (Albert et al., 1999). Research conducted in
Lima, Peru, suggests that Giardia lamblia is hyperendemic in local children, with 98% of
children getting re‐infected after successful treatment. Moreover, 10% of the population
of less‐developed countries is infected with intestinal worms such as with Ascaris
lumbricoides (Ashbolt, 2004).

2.1.1 Water‐related diseases and their impact on health
Water has an important influence on human health. Generally, a minimum amount of
safe water is required for consumption on a daily basis for survival, and therefore access
to some form of water is essential for life. However, water has a much broader influence
on health and wellbeing, and issues such as the quantity and quality of the water
available are important in determining the health of people, and whole communities on a
larger scale (WHO, 2015). In arid parts of the world where water is scarce, quality is often
more of concern where water is consumed from unimproved sources such as from lakes,
rivers, or hand‐dug shallow wells. Very often, the water is contaminated with animal
and/or human faeces, and is therefore not safe to consume. Globally, water‐related
disease is one of the major health problems in less‐developed countries, especially
impacting young children. The overall magnitude of the burden of paediatric diarrhoeal
disease incidents is estimated to be between 1106 and 1753 million cases per year. For
example typhoid fever, associated with the gastro‐intestinal bacterium Salmonella Typhi,
is still a major problem in less‐developed countries with an estimated 17 million cases and
600,000 deaths per year (Hunter et al., 2003). Moreover, diarrhoeal diseases are – after
HIV/AIDS, respiratory infections and malaria – the fourth biggest factor contributing to
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Malawi’s mortality rate, constituting 8% of all death and therefore more than traffic
accidents and malnutrition combined (WHO, 2006).
The ‘faecal–oral route’ is where pathogens in faecal particles from one host (animal or
human) are introduced into the oral cavity of another host. It’s the major way of infection
for diarrhoeal disease. One of the main causes of faecal‐oral disease transmission
especially in LEDCs is the lack of safe drinking‐water and adequate sanitation, where
water supplies are contaminated with human faeces or those of their animals (Conant,
2005). Therefore, the faecal–oral route is a route of transmission for disease
characterised by pathogens in faecal particles passing from one host into the oral cavity
of another host, usually due to lack of adequate sanitation. The F‐Diagram shown in
Figure 2.1 below, first introduced by Jeff Conant and the United Nations Development
Programme (UNDP) in 2005, demonstrates how fingers, flies, fields, foods, and fluids (i.e.
contaminated drinking‐, surface‐, and groundwater water) play an important part as
disease trigger or as barrier in disease transmission.

Figure 2.1 The F‐Diagram explaining the triggers and barriers to overcome water‐related
diseases (Source: Water Aid, 2015)

Since 1994, the burden of disease has generally been measured in Disability‐Adjusted Life
Years (DALY). It is a measure of the overall disease burden, expressed as the number of
years lost due to ill‐health, disability or early death. It was developed to compare the
overall health and life expectancy of different countries and to measure the impact of
disease economically (Fewtrell et al., 2001). According to a WHO estimate from 1999, the
‐ 14 ‐

primary cause of death globally is cardiovascular and heart diseases. Diarrhoeal diseases
are currently ranked as the sixth most important. However, when looking at the DALY
estimates, heart diseases in a global comparison have with rank six and seven less impact
than compared to diarrhoeal diseases at rank three (WHO, 2004b).
When looking for example at the numbers for the global burden of disease attributable to
selected risk factors in 1990, it becomes evident that ‘poor water supply, sanitation and
personal and domestic hygiene’ impose the second largest risk factor (after malnutrition)
with regards to disease‐related burden. In 2004, for example, 2.2 million people died due
to diarrhoeal diseases (WHO, 2004b). However and compared with 1990, mortality from
diarrhoeal disease infections has fallen by 41.9% from 2.5 million to 1.4 million in 2010. In
1990, unimproved water and sanitation accounted for 6.8% of disability‐adjusted‐ life
years, and in 2010 this number was down to 0.9% of DALYs (Clasen et al., 2014). Despite
this decline, unimproved water and sanitation still remain among the top 12 risk factors in
most of sub‐Saharan Africa where diarrhoea remains a leading cause of death (Clasen et
al., 2014). Further, diarrhoeal disease account for 17% of death in sub‐Saharan Africa
among children below the age of five (WHO, 2008). Prüss‐Ustün et al. (2014) estimated in
their analysis focused on exposure‐risk relationship that the burden of disease from
inadequate water, sanitation, and hygiene is 854,000 cases of death for the year 2012.
Further, 502,000 deaths alone are predicted to be associated with poor water quality, and
297.000 death could be prevented by the promotion of hand hygiene, out of the total
number of 1.5 million death reported for 2012 and caused by diarrhoeal (Prüss‐Ustün et
al., 2014).
The World Health Organisation highlights that in less‐developed and low‐income
countries, people predominantly die of infectious diseases. Lower respiratory infections,
HIV/AIDS, diarrhoeal diseases, malaria and tuberculosis collectively account for almost
one third of all deaths in these countries (WHO, 2015b). The latest World Health Statistics
Report from 2015, released annually by the WHO, reported that on average only 66% of
all people living on the African continent have access to improved drinking‐water sources,
compared to 98% in Europe. In the Democratic Republic of Congo and in Mozambique
less than half the population has access to an improved drinking‐water source (WHO,
2015c). Research suggests that 10% of all children dying before the age of five on the
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African continent have a diarrhoeal disease as cause of mortality. In Angola, the same
figure is 15% (WHO, 2015c).
Nevertheless, humanitarian response guidelines referred to as best practice suggest that
the supply of large quantities of ‘relatively’ clean water has a much larger positive impact
on preventing infection with diarrhoeal diseases, as in comparison to limited amounts of
very clean or pure/sterilised water, which usually is also more expensive to deliver
(Sphere Project, 2011). Clasen et al. (2014) found significant protective effects for
improved water sources and sanitation, but found no protective effects from piped water
or source water treatment compared with improved water. The authors noted that
studies in LEDCs are generally conducted under conditions where poor sanitation and
hygiene create other sources for infections that may neutralise any benefit from
improved water quality alone (Clasen et al., 2014).

2.1.2 Water‐related diseases and their impact on the economy
The link between water and poverty, as well as between disease and the economy, is
often complex, but simple to understand. Generally, access to clean potable water is
essential for maintaining good health and will also promote agricultural production, which
again is important for food production and healthy nutrition (Hemson et al., 2008).
Therefore, water‐related diseases have a huge impact on both, the micro‐ and macro
economy of a country. On the micro level, when people get sick they cannot go to school
and study or work to earn money, grow food, or support their families. Additionally,
financial support is required for transport to a health facility, and payment for the doctor,
for medication, and for special food, which all results in a further loss of household assets.
It is estimated that a reduction of diarrhoeal illnesses would produce a gain of 99 million
days of school attendance and a plus of 456 million days of work for the population of
people aged between 15 and 59 in Africa. The estimated work days alone represent an
economic loss equal to as much as US$ 116 million (Hutton & Haller, 2004 as cited by
Banerjee et al., 2011). In Sub‐Saharan Africa, where, on an average day, half the hospital
beds are occupied by people infected with faecal‐borne disease, treating preventable
diarrhoeal diseases consumes on average 12% of the total national health budget
(Bartram, 2008). Gutierrez (2007) highlights that a reliable and clean water source near to
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the household enables poor families to gain up to five hours for productive work and
education, which would otherwise have been spent collecting water. According to Halkos
et al. (2012) there is a positive correlation between the provision of drinking‐water and
sanitation and economic growth.
Where water has to be bought from vendors or water kiosks, because this is the only
clean drinking‐water source available, it may takes up a significant proportion (up to 40%)
of household expenditures (Rottier et al., 2003). Though not directly linked to water‐
related diseases, but more to access of drinking‐water, in some regions over half the daily
energy is used to collect drinking‐water and to carry it back home. This represents time
and energy which cannot be invested in other productive activities such as going to
school, farming, or selling goods at the market (Rottier et al., 2003), and this also impacts
on economic growth and societal health. For example, people in Malawi living on low
incomes have identified a lack of availability of clean water as their most significant
problem (Seshamani, 2002 cited by Gutierrez, 2007). According to Malawi’s Poverty
Reduction Strategy Paper 2002 (PRSP) “the provision of and equitable access to potable
water supplies and reasonable sanitation facilities are central to poverty reduction as they
have a direct impact on health status and therefore productivity” (Malawi Government,
2002). This assumption is similar to the findings of Schnabel (2009) that suggested that in
Uganda on average 10% of the monthly household income available is lost per case of
diarrhoea within a household.
Water‐related disasters, including deterioration of water quality and economic
development are inextricably linked (UNU‐INWEH, 2015). It is not surprising therefore
that the importance of the availability of clean drinking‐water to eradicate poverty has
been made clear by the United Nations Millennium Declaration and it’s Millennium
Development Goals (MDGs): “…to halve, by the year 2015, the proportion of the world’s
people whose income is less than one dollar a day and the proportion of people who suffer
from hunger and, by the same date, to halve the proportion of people who are unable to
reach or to afford safe drinking water”.
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2.2

Millennium Development Goals (MDGs), the post‐2015 Development
Agenda, and the human right to water and sanitation

In September 2000, world leaders at the United Nations Millennium Summit in Rio de
Janeiro recognised a collective responsibility to work toward “a more peaceful,
prosperous and just world” (CIGI, 2012). The United Nation Millennium Declaration and
their Millennium Development Goals (MDG’s) support this vision and launched an
ambitious global partnership for development, setting specific targets to be met by 2015
(CIGI, 2012). The eight main targets set by the Millennium Summit are defined as follows.
1. To eradicate extreme poverty and hunger
2. To achieve universal primary education
3. To promote gender equality and empower women
4. To reduce child mortality
5. To improve maternal health
6. To combat HIV/ AIDS, malaria, and other diseases
7. To ensure environmental sustainability
8. To develop a global partnership for development
Target six and seven are related to improving access to clean and sufficient drinking
water. Target seven focuses on a significant reduction in the rate of loss of the proportion
of total water resources, and also declared to halve, by 2015, the proportion of the
population without sustainable access to safe drinking water and basic sanitation (United
Nations, 2015). While targets such as the access to safely managed drinking water have
been partly fulfilled, other targets such as the ‘access to improved sanitation facilities’ are
still far behind. It was recently estimated (WSSCC, 2014) that one billion people around
the world still have to defecate in the open.
By 2015, the international community have met some of the MDG’s key targets, such as
halving the poverty rate, and have got close to completing primary education for all
children. However, achieving the health goals remains difficult, and Africa continues to lag
behind, despite the substantial progress it has made since 2000. Overall, the MDGs have
been remarkably successful in focusing attention and mobilising resources to address the
major gaps in human development (CIGI, 2012). Building on the MDGs, societies should
move beyond meeting basic human needs, and promote dynamic, inclusive and
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sustainable development. Future goals must reach beyond classic development thinking
to become sustainable one‐world goals that apply to less and more developed countries
alike. Surveys show that even for the poorest people, meeting basic needs is not enough
(CIGI, 2012). Poverty is much more complex and more related to functional livelihoods as
to the absence of finances and income‐based measures such as the GDP. People may
have access to large amounts of freshwater, but cannot afford the education how to
make the water drinkable or how to improve their personal hygiene with it, leading to an
increase of diseases, instead of a decrease, and therefore contributing to economic
recession (Amartya Sen, 1997).
Since the Millennium Development Agenda and its goals expired in 2015, the
international community agreed at the United Nations Sustainable Development Summit
on the 25th of September 2015 in New York to the 2030 Agenda for Sustainable
Development (also referred to as the post‐2015 Development Agenda), which includes in
total 17 Sustainable Development Goals (SDGs) or ‘Global Goals’ with the major aims to
end poverty, fight inequality and injustice, and to tackle climate change by 2030 (UNDP,
2015). Though, many of the new goals indirectly promote the safety of drinking‐water
such as to ‘ensure healthy lives and promote well‐being for all at all ages’ (SDG No. 3), to
‘build resilient infrastructure…’ (SDG No. 9), and to ‘protect, restore and promote
sustainable use of terrestrial ecosystems’ (SDG No. 15), there is also for the first time a
goal exclusively targeting the access to safe drinking‐water: ‘to ensure availability and
sustainable management of water and sanitation for all’ (SDG No. 6) (UNDP, 2015).
During the initiation of SDG No. 6, on the 3rd of August 2010 the General Assembly of the
United Nations finally ratified and adopted Resolution 64/292, the human right to water
and sanitation by:
Acknowledging and Recognising (Article 1) the ‘right and equitable access to safe and
clean drinking water and sanitation as a human right that is essential for the full
enjoyment of life and all human rights’ and:
Calls upon (Article 2) ‘States and international organizations to provide financial
resources, capacity‐building and technology transfer, through international assistance and
cooperation, in particular to developing countries, in order to scale up efforts to provide
safe, clean, accessible and affordable drinking water’ followed on the 12th of October
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2011 by Resolution 18/1 The human right to safe water and sanitation adopted by the
General Assembly’s Human Rights Council.
Consequently, making access to safe drinking‐water a human right, and also recognising
the need for new technologies transferred from MDCs to LEDCs to fulfil the target of
achieving access to safe water.

2.2.1 Defining the source of household drinking‐water
Previously, and before the implementation of the SDGs, the WHO and UNICEF and their
Joint Monitoring Programme (JMP) for Water Supply and Sanitation have used simple
improved and unimproved source type classifications, but have not considered normative
criteria such as the human right to water and the accessibility and affordability of water
safe for human consumption. With the introduction of the SDGs in 2015 a new drinking‐
water ladder has been developed to address this issue. The new JMP ladder for
household drinking water suppliers (see figure 2.2) enables improved differentiation of
service levels for water supply. The highest level of the safety classification for water
intended for human consumption is not anymore ‘improved’ but ‘safely managed’.

Figure 2.2 The new JMP ladder for household drinking water supplies (Source: WHO, 2017)

2.3

The water safety plan (WSP) concept

In 2004, the WHO introduced a new and revolutionary concept for drinking‐water safety,
named ‘Water Safety Planning’ or simply WSP, in line with the revision of the Guidelines
for Drinking‐water Quality (2004). This new framework (see figure 2.3) has been
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developed to organise and systemise long‐term management practises within the
drinking water sector and to ensure the applicability of these practises to the
stakeholders responsible for drinking water hygiene and supply (WHO, 2011).

Figure 2.3 Framework for safe drinking water (Source: WHO, 2011)

The rationale behind this new approach is to move away from controlling only the end‐
product (safe drinking‐water), towards constantly monitoring the whole systematic
process of drinking water production and supply from catchment to consumer ‐ involving
every step, and therefore leading to the new term ‘safely managed’ drinking water (WHO,
2017). Since compliance with faecal indicator bacteria does not guarantee safety,
surveillance of the drinking‐water quality at critical points in the system is important
(WHO, 2017). This holistic risk management approach considers all points through the
supply chain where potential contamination or technical failures could possibly occur, and
provides guidance to reduce or eliminate the identified risks. Consequently, a water
safety plan should not merely be seen as a plan, but as an on‐going process of
improvement (Rinehold et al., 2011). For this reason, the JMP highlights that the best way
to protect water safety is through a risk management approach such as WSP, where
conventional microbial drinking‐water analysis becomes a part of the whole process, and
ideally at the household‐level if feasible (WHO, 2017).
For example, the five most important contributing factors for bacteriological
contamination in supply systems in the US are: (i) backflow from cross‐connections; (ii)
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corrosion and aging of pipes, tanks and reservoirs; (iii) distribution monitoring and
maintenance failures; (iv) lack of treatment and inadequate disinfection; and (v) source
water contamination (Baum et al. 2015). In a similar study conducted in Nigeria, the
presence of latrines and burial sites within close distance of open and shallow wells are
recognised as one of the major causes for drinking water contamination (Oluwasanya,
2013).
The WSP concept is based on many principles taken from other risk management
approaches, especially the multiple‐barrier approach and the hazard assessment and
critical control points (HACCP) concept used already in the food industry (WHO, 2011).
Because of its systematic structure, the WSP concept can be applied in LEDCs or MEDCs,
regardless of the technology used. According to the WHO (2011) and Bartram et al.
(2009), the following key steps are essential in developing a WSP:
1) Assemble a WSP team to conduct an individually adapted water safety plan
2) Describe the water supply system (incl. catchment, abstraction, purification,
storage, supply and operational management)
3) Identify potential health‐related and operational hazards
4) Conduct a risk assessment
5) Determine control measures
6) Determine measurements to monitor the new control measures
7) Adapt control measures, establish correctional measures
8) Verify the effectiveness of the water safety plan
9) Define management procedures (i.e. standard operating procedures – SOPs,
corrective actions in case of incidents, review cycle, investigational procedures
following an emergency, develop supporting programmes e.g. additional training)
10) Document the new and individual water safety plan
11) Develop a plan for a periodic review
12) Adjust the water safety plan following an incident
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Figure 2.4 WSP Conceptual map (Source: The author, 2015)

Although this emerging methodology is now applied in many more MEDCs and LEDCs
worldwide, the application is still mostly limited to countries that have modern, relatively
sophisticated and efficient water supplies, in combination with environmental authorities
and related policies. It is estimated that currently more than 35 countries worldwide have
implemented and documented cases of WSPs, or an equivalent under a different name,
that serve as predictive risk management concept. However, the majority of WSPS have
been implemented in either Europe or South America (Baum et al., 2015).

2.3.1 Application of the WSP concept in low‐resource settings
The WSP concept can be implemented in both large‐ and small‐scale water suppliers. For
example, simplified risk assessments with a stronger focus on risks related to transport
and storage are more appropriate for community‐managed and rural water suppliers
(WHO, 2017). In Canada, the proportion of First Nation water supply systems inspected
and rated as low‐risk has more than doubled since 2009‐2011 (WHO, 2017).
However, it is necessary to adapt the WSP approach in such a way that it becomes
applicable by people with less experience in quality/risk management and water
engineering (Hasan et al., 2011). The Department of Water Affairs in South Africa has
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therefore implemented the ‘Blue Drop System’ (BDS) as an incentive to promote and
recognise communities which enhance drinking water and risk‐based management. The
system works as a benchmarking principle were the best community water supplies get
promoted (Ncube & Pawandiwa, 2013). Another incentive could be for water supplies to
gain an internationally recognised standard (ISO) certificate, such as ISO 9001 for quality
management, upon implementation of a water safety plan (Parker & Summerill, 2013).
Other motivating factors to implement a WSP include health benefits, overall cost saving
for the water utility and its community (Parker & Summerill, 2013). Gunnarsdottir et al.
(2012) demonstrated in a study conducted in Iceland that the number of colony forming
units (cfu) in heterotrophic plate counts (HPC) as well as the incidences of diarrhoeal
diseases decreased when a WSP got implemented by a water supplier.
Hasan et al. (2011) have implemented simplified water safety plans in the Marshall
Islands (Pacific Ocean) to provide safer water for local communities. They promote
modified tools such as simple sanitary inspections and the use of the H2S test. They
suggest that the local communities should be appropriately trained in the WSP concept
and equipped with simple and effective tools, such as sanitary surveys and simple
diagnostic tools such as the H2S test. Additionally, the WSP concept should be adapted in
such a way that most of the community is engaged, especially when conducting a sanitary
inspection and testing for microbial drinking‐water quality (Hasan et al., 2011). They
concluded that the sanitary inspection should be undertaken together with the
community and followed by subsequent water analysis using the H2S test, so the public
can actually see why the test changes colour or why it doesn’t. Also, spare copies of
translated sanitary inspection forms were left with households owning a well, in the hope
that this would motivate them to tackle the issues mentioned on the form. If the overall
inspection score was lower compared to the current score when the next inspection took
place, it indicated that actions had been taken to mitigate the risks (Hasan et al., 2011).
Managing small community water supplies is not only an issue in less developed
countries, but also in MEDCs. Experience has shown that small water supplies are more at
risk of failure and contamination, leading to outbreaks of infectious and diarrhoeal
diseases and decline in their functionality and service (WHO, 2012a). Smaller water
organisations may find it difficult to implement a WSP, because they are constantly
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engaged in day‐to‐day problems and, more importantly, not everyone has the
infrastructure & capacities for this large body of work (Parker & Summerill, 2013). For this
reason, the WHO has created guidelines for small community water supplies on how to
implement simple water safety plans. The overall framework remains the same, but the
key steps have been simplified and adapted to resource poor settings (WHO, 2012a). The
twelve key steps described above have been reduced to the minimum tasks required for
successful water safety planning (WHO, 2012a):
1. Engage the community and assemble a WSP team
2. Describe the community water supply
3. Identify and assess hazards, hazardous events, risks and existing control measures
4. Develop and implement an incremental improvement plan
5. Monitor control measures and verify the effectiveness of the WSP
6. Document, review and improve all aspects of WSP implementation

The conventional WSP approach, which only focuses on points of water contamination
prior to the water leaving the supply system, is of limited benefit to rural communities in
less developed countries as it does not address issues such as household water storage
and disinfection, or broader issues such as sufficient quantity of water or improved
hygiene practises (Sanderson et al., 2011). The lack of continuous service often leads to
the storage of water at home, promoting opportunities for recontamination prior to
consumption (Rinehold et al., 2011). Therefore, it is necessary to implement a holistic
approach, protecting public (community) health by addressing not only the supply
system, but also sanitation and hygiene issues (Sanderson et al., 2011), as well as access,
availability, affordability, and quality of drinking‐water; referring to safely managed
drinking‐water (WHO, 2017). Nevertheless, these assessment elements should ideally all
be assessed together at the household level. But this is usually not feasible, in terms of
practical task implementation (WHO, 2017).
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2.4

International drinking‐water legislation and the Global South

Historically, the development of water and hygiene related legislation and their standards
to control the microbiological quality of water focused on drinking‐water supplies. This
process was mainly driven by epidemics of infectious disease in late 19th century Europe,
for example cholera epidemics in London in 1854 and in Hamburg in 1892. During the
development of these early standards, the importance of faecal contamination was
recognised as critical indicator to control drinking‐water quality (Fewtrell et al., 2001).
Nevertheless, before the 1990s drinking‐water hygiene regulations were not existent in
most less‐developed countries, or would only focus on faecal indicator bacteria (FIB).
Generally, water presents certain challenges to national and international policy makers,
as the management of water spans ministerial, sectoral, disciplinary, and often
sovereignty barriers. In contrast, health policy is often divided between health services,
all under the umbrella of a single health ministry (Bartram et al., 2015).
In 1983, the WHO released their first edition of the ‘Guidelines for Drinking‐water Quality’
(GDWQ), replacing the ‘International standards for drinking water’ first released in 1958.
These guidelines do not only focus on microbiological and hygiene related aspects, but do
take into consideration inspection, protection, treatment, and safety management
measures such as chemical and radiological aspects (e.g. pH, residual chlorine, turbidity),
acceptability aspects (e.g. taste, odour and appearance), or surveillance aspects (WHO,
2011). The fourth edition of the Guidelines for Drinking‐water Quality was published in
2011, and is now recognised as international standard and also functions as an
orientation for countries just starting to implement drinking‐water standards. However,
many national drinking‐water standards are much stricter (e.g. European Drinking Water
Directive), meaning that the tolerance for microorganisms is water is below international
standards, respectively. The GDWQs follow a more holistic approach compared to a dry
set of regulations and additionally set out a framework for safe drinking‐water
compromising health‐based targets, adequate management systems (Water Safety
Plans), and a system of independent surveillance (WHO, 2011). WHO’s guidelines aim to
support governments as they develop national water policies and regulations (Bartram et
al., 2015).
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According to the GDWQs, there should be zero (0) colony‐forming‐units (cfu) of faecal
coliforms, incl. E. coli and faecal enterococci, detected in a sample of 100ml drinking‐
water (WHO, 2011). Nevertheless, 1 ‐ 10 cfu of faecal coliforms are accepted as low risk,
and therefore with a low priority of intervention (WHO, 2011). The Sphere Project:
Humanitarian Charter and Minimum Standards in Humanitarian Response, recognised
internationally as ‘best practise’ (Carter, 2015) suggests no (zero) cfu of faecal coliforms
at the point of delivery, by referring to the GDWQs (Sphere Project, 2011). However, as
this limit is difficult to realise in many less‐developed places, standards are often less
stringent. For example, in Malawi, the Malawi Standard Board (MSB) regulates the
microbiological standards for drinking water hygiene. The Malawi limit is currently 50 cfu
per 100ml for faecal coliforms (MSB, 2005). Burkina Faso, Guinea, and Senegal have no
national drinking‐water standards (they rely instead on international WHO standards),
and Zambia has no monitoring regulations for non‐piped water (Peletz et al. 2016).
Moreover and as mentioned in sub‐chapter 2.1.1 above, access to freshwater and
quantity have according to the Humanitarian Charter and Minimum Standards in
Humanitarian Response a larger priority (Standard 1) as compared to water quality
(Standard 2), and water facilities (Standard 3). It is therefore, that the UNU‐INWEH calls
for a ‘global consensus on minimum water quality targets’ (UNU‐INWEH, 2015).
Nevertheless, the majority of people in Sub‐Saharan Africa rely on small and open water
supplies, which do not fall under any hygiene related legislation (Peletz et al. 2016). Other
WHO guidelines concerning water and health are: Essential Environmental Health
Standards in Health Care; Guidelines for the Safe Use of Wastewater; Excreta, and
Greywater in Agriculture and Aquaculture; Water, Sanitation, and Hygiene Standards for
Schools in Low‐Cost Settings; and Guidelines for Safe Recreational Water Environments
(Bartram et al., 2015).
Additionally, the International Standards Organisation (ISO) has released a new set of
water quality standards. These standards function primarily as voluntary guidelines, but
also as part of a controlled and certified compliance process. If an organisation, company,
or supplier is certified to these standards, it means that the water is compliant with an
internationally recognised health policy, which can then be evaluated to others in terms
of safety and usability. In relation to this thesis, the pertinent ISO standards related to
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drinking‐water safety include ISO 13.060.01: Water quality in general, ISO 13.060.20:
Drinking water, or ISO 13.060.45: Examination of water in general (ISO, 2015).

2.5

The concept of faecal indicator bacteria (FIB)

When the microbiological quality of drinking water is assessed to determine its potential
risk to human health, it is very difficult and time‐consuming to test for all pathogens that
may be present. Also, it should be noted, it has been estimated that less than 10% of all
bacteria are actually culturable in the laboratory (Gerba, 2000). Therefore, it has been
established among environmental and public health authorities worldwide that it is
appropriate to test for certain specific microorganisms (indicator species), whose
presence suggests that pathogens may also be present and a potential source of the
pathogens, rather than to test for specific pathogens themselves (Gerba, 2000). These
indicator organisms usually indicate the presence of faecal contamination. According to
the international Guidelines for Drinking‐Water Quality (GDWQ), appropriate indicator
organisms are total coliform bacteria, thermotolerant and faecal coliform bacteria,
including E. coli, certain types of Klebsiella and Citrobacter, heterotrophic plate count,
intestinal enterococci, bacteriophages, coliphages (somatic, F+DNA, F+RNA), and enteric
viruses e.g. adenovirus (WHO, 2011). Alternative and emerging indicators are sulphite‐
reducing clostridia (SRC), preferably Clostridium perfringens, Bifidobacterium, faecal sterol
biomarkers, or the sole production of H2S (Brown et al. 2015; Khush et al., 2013;
McMahan et al., 2012). However, these methods are time consuming and difficult to
cultivate (Fewtrell et al., 2001). The concept of indicator organisms depends on the
assumption that certain non‐pathogenic bacteria are shed in the faeces of all warm‐
blooded animals including humans. Gerba (2000) states that the criteria for an ideal
indicator organism are:
•

the organism should be useful for all types of water;

•

the organism should be present whenever enteric pathogens are present;

•

the organism should have a reasonably longer survival time than the hardiest
enteric pathogen;

•

the organism should not grow in water;

•

the testing method should be easy to perform;
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•

the density of the indicator organism should have some direct relationship to the
degree of faecal pollution;

•

the organism should be a member of the intestinal microflora of warm‐blooded
animals.

However, no established indicator so far meets all these criteria outlined above (Gleeson
& Gray, 1997; Gerba, 2000), and little is known about the factors influencing and
promoting their growth in the environment (Vital et al., 2010). Additionally, our
knowledge to date about the aquatic microbial ecology is still basic and mostly utilitarian
(Brown et al., 2015). However, it is commonly accepted that the indicator bacterium E.
coli is unable to grow/ regrow in the presence of the low organic carbon concentrations
found in the terrestrial/ aquatic/ marine environments, and therefore that its growth is
restricted to the nutrient‐rich gut of mammals and birds only (Vital, 2010). In contrast to
this, however, evidence presented in sub‐chapter 2.7 below suggests that E. coli can
regrow outside the human gut, especially in tropical freshwater environments. Since it
appears that even the established indicator organisms promoted proposed by in the
standard methods are not reliable in tropical environments, the potential for bacterial
regrowth in the environment is one of the reasons why the decision about ‘which
indicator is best’ is still generating debate among diagnostic suppliers and drinking‐water
scientists (Bartram, 2016).
Microbiological quality control of water is according to standard methods (published by
APHA) most commonly tested for coliform bacteria of faecal origin, including E. coli, and
for faecal (D‐) streptococci (preferably Enterococcus faecalis and E. faecium) (APHA, 2012
& Fewtrell et al., 2001). The reason is that these organisms indicate contamination with
faecal matter and that they should not be present in any environment apart from human
and animal gastro‐intestinal systems (Smith, 1895). The coliform group is made up of
several genera of bacteria related to the family of Enterobacteriaceae, which are animal‐
associated bacteria. Enterobacteriaceae commonly found in fresh waters include the
genus: Arizona, Citrobacter, Edwardsiella, Enterobacter, Erwinia, Escherichia, Hafnia,
Klebsiella, Morganella, Pectobacterium, Proteus, Providencia, Salmonella, Serratia,
Shigella and Yersinia spp. (Gleeson & Gray, 1997). Other less common species of the
Enterobacteriaceae family also recovered from fresh water include Budvicia, Buttiauxiella,
Pantoea, Pragia, and Rahnella spp. (Logan, 1994).
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Interestingly, given the high number of water‐associated organisms contributing most to
the global burden of disease: Rotavirus, Cryptosporidium, enterotoxic E. coli (ETEC),
Shigella, V. cholera, and Salmonella (Kotloff et al., 2013 as cited in Brown et al., 2015);
none are classified as an indicator of faecal contamination. Therefore, indicators may or
may not be related to higher risk of disease, and it is not uncommon to detect pathogens
in water tested negative for faecal indicator organism (Brown et al., 2015) e.g.
Cryptosporidium outbreak in Milwaukee (USA) in 1993 and in Östersund (Sweden) in
2010. Consequently, the absence of FIB does not guarantee safety (WHO, 2017)

2.5.1 Microbial ecology of the human gastrointestinal tract
The microbial communities of the human intestines represent the highest prokaryote
(Archaea and Eubacteria) density of any microbial ecosystem, exceeding 1011 cells per
gram of faeces (Flint, 2006). Assessment of the microbial community in the human
gastrointestinal tract (GIT) by culture and molecular techniques are extremely difficult,
with an estimated number of different species, ranging to up 1,000 (Nielsen et al., 2014).
The total number of microbial genes (metagenome) found in the GIT has been estimated
at between two and four million (much greater than the metagenome of its host), thus
representing a substantial metabolic potential (Wilson, 2005). Eckburg et al. (2005) has
analysed the RNA diversity of human faeces and found out that 75% of the RNA found
does not correspond to known culturable bacteria, and that most of these organisms
belong to the clostridia clusters XIVa and IV. Also, many of these organisms are strict
anaerobes, and exposure to oxygen can be fatal to the cells, thus restricting the ability to
culture them in the laboratory without anaerobic culture equipment (Duncan et al.,
2007). Eckburg et al. (2005) also points out that the microbial diversity of faeces is
considerably different from that of the intestinal mucosa. The host utilises the metabolic
potential of its microbial commensals as they degrade and ferment nutritional substances
that it is itself unable to digest. Many of the end‐products of this microbial metabolic
process, including the synthesis of vitamins, are then absorbed by the colon (Wilson,
2005), thus underlining the importance of the metabolic relationships between microbe
and host animal.
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A major barrier in assessing the composition of the microbiota of the gastrointestinal
tract is obtaining samples for analysis. Access to all regions of the GIT of a living human
being is impossible. Samples obtained during an operation are not representative due to
the fasting and the prophylactic antibiotic therapy prior the operation; post‐mortem
samples are due to the relatively long time between death and autopsy not
representative either; and most of the microbes are not culturable ex vivo anyway
(Wilson, 2005). The fact that most bacteria reside in close nutritional interdependence
(syntrophy) means that, for certain bacteria, growth requirements cannot currently be
met by culture media (Flint, 2006).
Bacteria known to be associated with the human GIT belong to the genera: Bacteroides,
Bifidobacterium, Candida (yeast), Citrobacter, Clostridium, Enterobacter, Enterococcus,
Escherichia, Eubacterium, Fusobacterium, Gemella, Lactobacillus, Peptococcus,
Peptostreptococcus, Porphyromonas, Prevotella, Proteus, Ruminococcus, Serratia,
Streptococcus, and Veillonella (Wilson, 2005). Many of the bacteria stated here can also
be found in the table in Appendix 2 (created by the author), as the majority of them
possess the metabolic potential to reduce either sulphur and/or sulphate, or to hydrolyse
aesculin. The most commonly recovered bacteria found in the human colon are
Bacteroides, which make up one quarter of all bacteria found. Bifidobacterium, which
belong to the Actinomycetes group, makes up between 3 and 5% of the human intestinal
microflora (Flint, 2006). A minority group is formed by the Enterococcaceae like
Enterococcus faecalis and E. faecium, which belong to the lactose fermenting bacilli
(Lactobacillales). DNA analysis indicated that they comprise approximately 1% of the total
bacteria found in the human GIT (Tannock & Cook, 2002). The Proteobacteria form also a
small cluster of the intestinal microflora. These organisms include mainly
Enterobacteriaceae ‐ bacteria such as Citrobacter sp., E. coli, Klebsiella pneumoniae,
Proteus sp., Ruminobacter sp., Salmonella sp. and Shigella sp. as well as sulphate‐reducing
(SRB) bacteria like Desulfovibrio spp. (Gibson, 1990).

2.5.2 Total and thermotolerant coliforms incl. E. coli
Coliform bacteria are Gram‐negative, facultative anaerobic organisms which are usually
bile‐salt tolerant, able of fermenting lactose at 37°C to produce acid, and possess the
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enzyme β‐D‐galactosidase. Traditionally, the definition of the coliform group has been
based on methods used for their detection rather than on their genetic similarities.
Organisms satisfying the requirements stated above belong to the genera Citrobacter,
Enterobacter, Escherichia, Klebsiella, and Serratia (Kay & Fricker, 1997). Unfortunately,
most of these genera are not only found in faeces, but are able to multiply in the
environment, incl. fresh waters. For example, Klebsiella pneumoniae is a member of the
coliform group of bacteria, but it is also commonly isolated from soil (Sadowsky &
Whiteman, 2010). Klebsiella sp. are often associated with textile and paper mill wastes
(EPA, 2015), suggesting a non‐specific link to human industry, but not to faecal pollution
events. It is therefore important to distinguish between faecal and non‐faecal coliforms.
Eijkman demonstrated in 1904 that coliform bacteria of faecal origin are capable of
producing gas from lactose at temperatures of between 44°C and 47°C, and are therefore
thermotolerant, while coliforms of non‐faecal origin are unable to do so (Clark & Kabler,
1964). For this reason, it is recommended that analysis of the microbiological quality of
drinking water must be focussed towards faecal coliforms, and not for total coliforms. It
should be noted that certain non‐faecal organisms such as Klebsiella spp. are also known
for their ability to grow at 44°C (Gleeson & Gray, 1997), however, E. coli is often reported
as the only true faecal coliform, as other thermotolerant coliforms can be found in non‐
faecally contaminated water (Gleeson & Gray, 1997). For example, Kay & Fricker (1997)
outlined several case studies where recreational waters failed to comply with standards
due to natural stream drainage, food and fish processing plants discharging effluent,
leaching of biofilms, and agricultural waste of non‐sewage origin (e.g. overproduction of
fruits) dumped near rivers or beaches. It was reported that almost 95% of all coliforms
found in human faeces were E. coli, and that this species was always present in faecally
contaminated water. Other coliforms are maybe present in human faeces, but in much
lower numbers (Kay & Fricker, 1997).

2.5.3 Faecal Streptococcus and Enterococcus
Enterococcus faecalis and E. faecium (often referred to as intestinal enterococci) are
associated with the digestive systems of humans and warm‐blooded animals including
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birds. They are facultative anaerobic, Gram‐positive, mostly β‐haemolytic bacteria
belonging to the Lancefield group D (Gilmore et al., 2002).
Non‐enterococcal group D strains include Streptococcus bovis and Streptococcus equinus.
Enterococci are distinguished by their ability to survive in the presence of up to 40% bile
salts, to survive at 60°C for 30 min, to hydrolyse esculin, to grow at pH 9.6, and to grow in
broth containing 6.5% NaCl. In this respect, they more closely mimic the metabolic
capabilities of many pathogens than other indicator species (Barrow & Feltham, 1993).
The majority of enterococci also hydrolyse pyrrolidonyl‐β‐naphthylamide (PYR). Faecal
enterococci are more routinely associated with the human body, as opposed to the larger
faecal streptococcus group. For example, the US Environmental Protection Agency (EPA,
2015) recommends enterococci as the best indicator species for assessing health risk in
salt water used for recreation in fresh water. The species of choice for analysing microbial
water quality are usually Enterococcus faecalis and Enterococcus faecium, but
Enterococcus faecalis is the species most often associated with humans and farm animals.
Other species have been identified as being host‐specific for certain animals or
environments. For example, Enterococcus asini is host‐specific for donkeys (Gilmore et al.,
2002). Though, similar as to the coliform group, most Enterococcus species can be found
also in the environment, having been isolated from soil, fresh water, and in association
with plants. For example, E. casseliflavus, E. mundtii, and E. sulfureus are thought to be
plant associated (Gilmore et al., 2002). There is emerging evidence that Enterococcus
species may be more reliable compared to E. coli or other members of the coliform group
for assessing the microbial quality of drinking‐water (Noble et al., 2003; Byappanahalli, et
al., 2012 as cited in Brown et al., 2015).

2.5.4 Limitations of existing faecal indicator bacteria
Moe et al. (1991) conducted a large study in the Philippines to assess the correlation
between cases of diarrhoeal diseases in children with the occurrence and numbers of
faecal coliforms incl. E. coli, and faecal streptococci. The underlying assumption was that
established indicator bacteria for drinking water quality may not be precise enough for
tropical environments, where water bodies are usually warm and have high nutritional
levels (refer to sub‐chapter 2.8.1). It was concluded that faecal coliforms, and, to a certain
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extent faecal streptococci, are not significant predictors for the risk of diarrhoeal diseases
in tropical waters.
In contrast, E. coli and Enterococcus spp. and correlated well with incidents of diarrhoeal
diseases (Moe et al., 1991). More recent work suggests that diarrhoeal diseases are more
often associated with the presence of Enterococcus species than with E. coli (Barrell et al.,
2000). According to Kay & Fricker (2012) faecal enterococci demonstrate some
advantages over faecal coliforms: they do not multiply in the environment and they
survive longer times, especially in saline environments. McFeters et al. (1974) studied the
die‐off rates of certain bacteria in freshwater and found that comparative survival is as
follows: Aeromonas spp. > Shigella spp. > faecal streptococci > coliforms and some
Salmonella strains > Vibrio cholerae > Salmonella Typhi.
Luby et al. (2015) have investigated the relationship between incidents of childhood
diarrhoea and the concentration of E. coli counts in household drinking‐water samples
from rural Bangladesh. They found that each 10‐fold increase in E. coli counts in drinking‐
water was associated with a 14% increase in diarrhoea incidents (Luby et al., 2015). Also,
children living in households where water was more frequently contaminated with E. coli
had a higher prevalence of diarrhoea incidents as compared to children living in
households where the water was less often contaminated (Luby et al., 2015).
Nevertheless, the authors are aware about the weak relationship between FIB and
pathogenic bacteria reported previously by other scholars (Khush et al., 2013; Jensen et
al., 2004), which could have an impact on the measured association between E. coli
counts and childhood diarrhoea cases. Moreover, the strength of association between E.
coli counts and child diarrhoea was shown to vary by age. This could be explained by an
increased immunity to pathogens often found in drinking‐water developed with rising
age. Also, fewer water samples were contaminated with presumptive E. coli counts of
˃1000 per 100ml, but children in these households had for some reason a lower
prevalence of diarrhoea incidents (Luby et al., 2015).
Gruber et al. (2014) investigated through a meta‐analysis the association between
presumptive thermotolerant faecal coliforms, E. coli and incidences of diarrhoea. They
found that when combining all studies analysed, that there is no association between
thermotolerant faecal coliforms, E. coli and incidences of diarrhoea. However, when
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thermotolerant faecal coliforms and E. coli were separately analysed, there is an
association between E. coli and incidents of diarrhoea (Gruber et al., 2014). They assume
that this result could be due to the effect that some members of the faecal coliform
group are found in the environment too, and are therefore not specific to faecal
contamination. Also and with regards to the study presented above by Luby et al. (2015),
it is not always easy to define how an incident of diarrhoea is perceived, defined, or
diagnosed (Gruber et al., 2014).
Godfrey et al. (2006) studied the management of shallow groundwater wells in Lichinga
Mozambique. They found out that the predominant source of contamination was from
animal faeces rather than from latrines or onsite sanitation. A high risk of contamination
was attributed to infiltration and short‐circuiting of the wellhead protection zone caused
by pathways such as poorly‐sealed wellheads, missing clay puddle or cracks in surface
aprons. They therefore suggested that testing for Enterococcus species should be the
dominant indicator parameter, instead of E. coli. The authors concluded that
Enterococcus species are more associated with microbial animal contamination, the die‐
off rate is lower, it persists much longer in the environment and it is more difficult to
remove E. faecalis by filtration (Godfrey et al., 2006), though the published standard for
detecting faecal enterococci does not require E. faecalis and E. faecium to be
distinguished.
Nevertheless, the risks of potential pathogens of non‐faecal origin such as
Cryptosporidium spp. are difficult to predict with the current bacterial indicators used
(Barrell et al., 2000). Also, the preferred faecal indicator bacteria E. coli is more easily
inactivated during treatment than some other organisms such as Cryptosporidium spp.
Moreover, contamination can be very variable in time, and short events of contamination
can escape detection (WHO, 2017). In more than one third of officially reported
incidences of water‐related illnesses caused by bacteriological contamination, total
coliforms were not present (Kay & Fricker, 2012). It has also been demonstrated in
numerous scientific reports that the recoverable number of faecal indicator bacteria for
microbial water monitoring do not correlate well with the numbers of viruses identified
(Tallon et al., 2005). Kay & Fricker (1997) highlight the lack of public health authorities to
fundamentally understand the health significance of the different faecal indicator
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bacteria, which often results in inappropriate health advisories to consumers. They also
point out the fact that current regulations compel water suppliers to advise consumers
that their drinking‐water is potentially unsafe for consumption, thought the causative
bacteria neither pose nor indicate a health risk. Therefore, even if the presence of FIB in
water indicated that the water is unsafe for human consumption, the absence of FIB does
not automatically guarantee safety (WHO, 2017).

2.5.5 Alternative indicators of faecal contamination
According to Sadowsky & Whiteman (2010), the best human faecal indicator bacteria in
terms of specificity and predominance are Bacteroides spp., Bifidobacterium spp.,
Clostridium perfringens, Escherichia coli and Enterococcus spp. Though, the WHO
highlights that Clostridium perfringens is not a very reliable indicator as it is, due to its
ability to form spores, able to survive and multiply in the environment (Kay & Fricker,
2012), as well as it being classified as a soil bacterium. Clostridium perfringens is the
species of clostridia most often associated with the faeces of warm‐blooded animals; with
reports suggesting that it is present in 13 – 35% of human faeces (Fewtrell et al., 2001). In
contrast, certain strains of Bacteroides (and bacterial viruses [bacteriophages] infecting
them) are highly host‐specific and Bifidobacterium spp. has so far only been isolated from
humans and pigs (Savichtcheva & Okabe, 2005). Bifidobacterium sp. is one of the most
common organisms in the human GI tract. But, unfortunately, it is very sensitive to
oxygen (obligate anaerobe), and its die‐off rate is consequently very high in the
environment (Fewtrell et al., 2001). Other potential alternatives include sulphate‐
reducing bacteria (SRBs), production of H2S (Shahryari et al., 2014; Crocker & Bartram,
2014; Khush et al., 2013; McMahan et al., 2012), bacteriophages and non‐microbial
indicators such as faecal sterols (Kay & Fricker, 2012). Yang et al. (2013) highlight that
detecting for H2S producing bacteria can have comparable quality to more established
indicators such as E. coli, given an appropriate sample volume.
With regards to bacteriophages (specific viruses infecting bacteria), there is still a high
inconsistency in methods used to enumerate them from aquatic environments. Also,
results are always dependent on the host bacteria used for the detection of the different
phages (Fewtrell et al., 2001). Morinigo et al. (1990) studied the relationship between
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Salmonella spp., faecal coliforms and faecal streptococci as indicators for sewage
pollution in freshwater. They suggest testing for Salmonella spp. which correlates well
with faecal coliforms but survives longer in the environment. When investigated at low
pollution levels, Salmonella spp. correlates well with faecal streptococci (Morinigo et al.,
1990).

2.5.6 Sulphate‐reducing bacteria & the human gastrointestinal tract
In contrast to faecal indicator bacteria, sulphate‐reducing bacteria (SRB) first came to the
attention of engineers working with well water, who observed their ability to corrode
steel, and to produce toxic hydrogen sulphide (H2S) gas (Cullimore, 2008). These species
differ from the sulphur‐reducing bacteria described above, as they are not able to reduce
sources of inorganic or organic sulphur. They are reliant upon naturally occurring
chemical processes such as mineralisation and oxidation, converting the elemental
sulphur to sulphate, or in mutualistic response to sulphur‐oxidising bacteria, such as
Thiobacillus, which oxidise hydrogen sulphide (H2S) back to sulphate (SO42−) (Black, 2001).
Both sulphate‐reducing bacteria and Archaea can use sulphate as their terminal electron
acceptor in their energy metabolism, and are therefore capable of ‘dissimilatory sulphate
reduction’ (Barton & Hamilton, 2007). The end‐product is H2S, which again can be utilised
by chemoautotrophs or photoautotrophs, where it can be reoxidised and volatilised into
the atmosphere, or it reacts with metals to create metal‐sulphides (Maier et al., 2000).
According to Barton & Hamilton (2007), most of the SRBs described to date belong to one
of the four following phylogenetic lineages.
1. Mesophilic ‐proteobacteria with the genera Desulfovibrio and Desulfobacterium.
2. Thermophilic Gram‐negative bacteria with the genus Thermodesulfovibrio.
3. Gram‐positive bacteria including the genus Desulfotomaculum.
4. Euryarchaeota with the genus Archaeoglobus.
Many SRBs demonstrate metabolic versatility as they do not have to use sulphate, but
can instead use many different electron acceptors for anaerobic respiration such as
nitrate, Mn(IV), or Fe(III). They are considered as strictly anaerobic microorganisms and
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are mainly found in sulphate‐rich anoxic habitats, such as marine and freshwater
sediments (Barton & Hamilton, 2007).
According to Macfarlane et al. (2007), sulphate‐reducing bacteria belong also to the
human and animal gut flora. The predominant inhabitant is Desulfovibrio, but
Desulfobacter, Desulfotomaculum and Desulfobulbus have also been isolated (Macfarlane
et al., 2007). Although SRBs are a relatively minor constituent of the human gut
microbiota, polymerase chain reaction (PCR) analyses indicate that they can account for
up to 3.3% of bacteria found in human faeces. Also, the carriage rate of SRBs in different
human populations varies considerably as they were detected in 70% of faeces from UK
origin, but in only 15% of human faeces from black South Africans (Macfarlane et al.,
2007).
The number of healthy individuals carrying SRBs has been reported to range from 24% to
100%, depending on region and diet (Scanlan et al., 2009). The most common SRB in the
human GIT is Desulfovibrio piger, and it is also mostly responsible for the production of
H2S in the intestines (Scanlan et al., 2009). Neither Desulfovibrio piger nor
Methanobrevibacter smithii (one out of the two Archaea and methanogen species found
in humans), have been isolated outside the human body (Scanlan et al., 2009). The
presence of Desulfovibrio piger has also been linked to a significant increase in Collinsella
aerofaciens (Actinobacteria), and to a decrease in E. coli numbers (Rey et al., 2013).
Bilophila wadsworthia is another SRB closely related to Desulfovibrio piger is found in
about 50 to 60% of all humans. Though, it does not reduce sulphate, it can reduce other
sulphur containing components such as sulphite (Scanlan et al., 2009).
Stewart et al. (2006) reports that SRB are less commonly found in children and that they
were detected only in 6 out of 40 faecal samples. They also highlighted that methanogens
(methane [CH4] producing bacteria) and SRBs (hydrogen sulphide producing [H2S]
bacteria) are associated with serious gastrointestinal diseases such as colon cancer
(Stewart et al., 2006; Rey et al., 2013). Methanogens and SRBs belong next to acetogens
to the H2‐consuming bacteria in the human intestines (Rey et al., 2013). Other common
SRBs identified by DNA sequencing of gastrointestinal tract samples include Desulfobacter
and Desulfotomaculum (Nava et al., 2012).
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The growth of bacteria is affected by both physical and nutritional factors. Supplementary
to carbon and nitrogen, microorganisms need to be supplied with certain minerals,
especially phosphorus (P) and sulphur (S) (Black, 2001). The main sulphur sources for
bacteria are inorganic sulphur salts or sulphur‐containing amino acids. It is used to
produce proteins, enzymes and other cell components. Some bacteria are also able to
synthesize sulphur‐containing amino acids from inorganic sulphur sources (Black, 2001).
Apart from using sulphur for their metabolism, some bacteria are able to reduce sulphur
to hydrogen sulphide (H2S) referred to as ‘dissimilative sulphur reduction’. Such bacteria
are usually classified as sulphate‐reducing and methanogenic bacteria belonging to the
family of lithoheterotrophs and chemoheterophs (Black, 2001). These bacteria obtain
their energy by reducing inorganic or organic sulphur (e.g. cysteine or methionine) to
hydrogen sulphide (H2S). This reaction is often coupled with the oxidation of acetate,
lactate, succinate or other organic compounds (Holt et al., 1994). Most sulphate‐reducing
bacteria are either strictly anaerobic, or microaerophilic, Gram‐negative, non‐spore
forming, flagellated vibrio and or rod‐shaped cells like e.g. Desulfurella or
Desulfomicrobium (Holt et al., 1994; Brock et al., 2009).
However, many heterotrophic bacteria are able to reduce inorganic and organic sulphur
compounds as well. They are often facultative‐anaerobic bacteria belonging to the order
of Enterococcaceae (Enterococcus avium) or Enterobacteriaceae such as Citrobacter,
Proteus, Salmonella and Serratia, and many of them can be found also in the human gut
(Holt et al., 1994). The table in Appendix 2 shows most of the known sulphur‐ and
sulphate‐reducing bacteria according to Bergey’s Manuel of Determinative Bacteriology ‐
Holt et al. (1994) and other literature.

2.6

Standard Methods for the Enumeration of FIB

Methods for detecting and characterising faecal indicator bacteria are generally
dependent on the organism to be examined and on the place of analysis (e.g. laboratory
vs. field, or LEDC vs. MEDC). Therefore, internationally accepted standard methods should
carefully be evaluated under local conditions before being applied. However, preferably
only accepted and standardised methods should be used for interlaboratory comparisons
or routine inspection of drinking‐water (WHO, 2011). As previously stated in sub‐chapter
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2.4 concerning legislation, the validated and established standard protocols are provided
by the International Organization for Standardization (ISO), and by the American Public
Health Association (APHA). The more accepted and referenced methods are the ‘Standard
Methods’ published since 1917 and now in the 22nd edition by APHA. In the UK, ‘Methods
for the Examination of Waters and Associated Materials’ are accepted too (Environment
Agency, 2002). Though, so called ‘standard methods’ are available from many nationally
recognised organisations, and there are occasions when they are not suitable or when no
standard method exists for a particular constituent, situation, or environment (APHA,
2012).
Standard Operational Procedures (SOPs) for emergencies are outlined in the ‘Public
Health Guide for Emergencies’ (John Hopkins School of Public Health & IFRC, 2008), in
‘Rapid Assessment of Drinking‐water Quality (WHO & UNICEF, 2012), and in the
‘Humanitarian Charter and Minimum Standards in Humanitarian Response’ (Sphere
Project, 2011). However, whatever method is used for the enumeration of FIB, the
importance of recovering environmentally damaged or disinfectant‐damaged organisms
must be considered (WHO, 2011). According to the APHA’s standard methods, the
membrane filtration (MF) method, the multiple‐tube fermentation or most probable
number (MPN) method, defined substrate methods and presence/ absence (P/A) tests
are the techniques of choice for enumerating the most accepted FIB, such as faecal
coliforms, E. coli, and faecal enterococci (APHA, 2012).
Unfortunately, the process of selecting from available techniques or methods is not
straightforward in rapid response and emergencies, where there is an immediate need
for drinking‐water, with access to water taking precedence over quality (Brown et al. as
cited in Carter, 2015; Crocker & Bartram, 2014). For example, the delayed water provision
of drinking‐water during the post‐earthquake operation in Turkey in 1999 led to higher
rates of diarrhoeal disease among children (Senkan et al., 2004). This is the same for field‐
based microbiology in combat environments. Combat zones are often impacted by very
high stress levels, poor hygiene conditions, and a decreased access to health care.
Therefore, in austere environments the availability of laboratory based diagnosis is often
restricted by limited access to power supply, no facilities available at all, or supply of
materials impossible (Mahlen & Craft, 2015; ACF International, 2013). Consequentially,
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standard methods are available from a variety of recognised organisations, and there are
maybe occasions when they cannot be applied, are not practical, when there are explicit
SOPs for a particular setting or situation, or simply when no method for this particular
scenario exists (APHA, 2012). Or to say it with the words of Murcott et al. ‘a one‐size‐fits‐
all bacterial indicator test product that is the best in all settings may not be possible’
(Murcott et al., 2015, p. 244), and as argued by Crocker & Bartram (2014) a fundamental
rethinking of monitoring approaches especially for remote and low‐income places is
necessary.

2.6.1 Membrane‐filtration (MF) method
For the membrane‐filtration (MF) method, a volume of 0.1 ‐ 100ml of the sample water
(or dilution of the sample) is pipetted aseptically into a sterile or properly disinfected
filtration unit containing a sterile membrane filter (nominal pore size 0.45 µm). The
volume of the water sample is heavily depending on the source and type of water. A
vacuum is applied, and the sample is drawn through the membrane filter. All bacteria are
retained on or within the filter, which is then transferred to a suitable selective culture
medium in a Petri dish (APHA, 2012). Any organism smaller than a bacterium (i.e. a virus),
will go through the filter and therefore not be detected by this method. Following a
period of resuscitation, during which the bacteria become acclimatised to the new
conditions, the Petri dish is transferred to an incubator at the appropriate selective
temperature where it is incubated for a suitable time to allow the replication of the
indicator organisms. Visually identifiable colonies are formed and counted, and the
results are expressed in numbers of colony‐forming‐units (cfu) per 100ml of original
sample (APHA, 2012). This method is not appropriate for samples with a level of turbidity
(i.e. raw sewage) that would cause the filter to become blocked before an adequate
volume of water had passed through. Usually, when potable drinking‐water is analysed,
the sample volume is 100ml. In contrast and due to the high load of organisms and
particles, the volume of untreated water samples such as from open wells, lakes and
reservoirs are much smaller with usually 10ml, and 1ml only for rivers (APHA, 2012 &
WHO, 2011). Another limitation of this method is high numbers of non‐coliform bacteria,
which make it difficult to read the plate and to enumerate the FIB. Additionally, and
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relevant to this study, is that in tropical regions, testing for thermotolerant coliforms
using the MF method is regarded as difficult and unreliable, due to the predominance of
thermotolerant Klebsiella sp. (APHA, 2012). An advantage of this method is the fact that
large amounts of water can be screened using relatively little specialised equipment, thus
reducing associated costs (APHA, 2012).

2.6.2 Most probable number (MPN) method
The multiple‐tube fermentation or most probable number (MPN) method is based on an
indirect assessment of microbial density in the water sample by reference to statistical
tables to determine the most probable number of microorganisms present in the original
sample. It is very useful for highly turbid samples and even solid samples (e.g. mud and
sludge), that cannot be analysed by the membrane filtration method. The technique is
used extensively for drinking‐water analysis, but it is time‐consuming to perform and
requires more equipment, glassware, and consumables than membrane filtration.
Research indicates that, the multiple tube method may be more sensitive than membrane
filtration (WHO, 2011). Controversially, statistical comparisons of test results received by
the membrane filter (MF) and by the MPN method reveal that the MF method is more
accurate (APHA, 2012).
The multiple‐tube method depends on the separate analysis of a number of volumes of
the same sample. Each volume is mixed with a selective culture medium, and incubated.
The concentration of microorganisms in the original sample can then be estimated from
the pattern of positive results (the number of tubes showing growth in each volume
series) by means of statistical tables (MPN table) that give the “most probable number”
per 100ml of the original sample. The combination of sample volumes for analysis is
selected according to the type of water sample or known degree of contamination.
Appropriate volumes of water are added aseptically into tubes containing sterile nutrient
medium of a concentration that will ensure the mixture corresponds to single‐strength
medium. For example, 10ml of sample would usually be added to 10ml of double‐
strength medium or 1ml of sample to 10ml of single‐strength medium and so on. The
tube should also contain a small inverted glass tube (Durham tube) to visualise the
detection of carbon dioxide gas production. Growth in the medium is confirmed by visible
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turbidity and/or a colour change (APHA, 2012). The precision of the MPN method in
enumerating FIB depends on the number of tubes used. The most reliable information
will be generated when the largest sample examined shows acid or gas production in
some or all of the tubes, and when the smallest sample shows no acid or gas production
in any or at least the majority of the tubes. From these data, the density of FIB can then
be estimated by using the MPN table (APHA, 2012).

2.6.3 Presence ‐ absence (P/A) tests
Presence ‐ absence (P/A) tests may be appropriate for monitoring drinking‐water of good
quality where positive results are rare or in situations where it is unpractical to apply
sophisticated laboratory methods such as the membrane filter or MPN method. They are
not quantitative as they indicate only the presence or absence of a certain organism or
FIB. Consequently, such results are of very little use in places where contamination is
common. The purpose of analysis is then to determine the degree of contamination
rather than to indicate whether or not contamination is present. Therefore, presence ‐
absence tests are usually not recommended for use in the analysis of surface waters,
untreated small‐community supplies, or larger water supplies that may experience
occasional operational and maintenance difficulties (WHO, 2011). Nevertheless, it’s a
recognised procedure according to standard methods inventories, and advised to use for
total coliform counts in drinking‐water analysis (APHA, 2012).
For the enzyme substrate, P/A procedure as described by APHA’s standard methods, a
chromogenic enzyme medium is aseptically added to a 100ml water sample in a sterile,
transparent, and non‐fluorescent glass bottle or in an equivalent container. The glass
bottle or container is then mixed thoroughly to dissolve the substrate and incubated
according to the manufacturer’s instructions. There’s a range now of reliable
chromogenic media commercially available, but they are usually more expensive
compared to conventional media and some need to be cooled. Nevertheless,
chromogenic substrates are more specific for the enumeration of FIB, since they not only
cultivate the organism but trigger an enzymatic reaction which makes it easier to identify
the organism by its biochemical reactions (APHA, 2012). An accepted brand commonly
used is Colilert®, produced by IDEXX.
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2.6.4 Alternative low‐cost diagnostic field‐based methods
Today, there is a wide range of different methods and procedures available to analyse
microbial water quality (APHA, 2012). The challenge, however, is to apply these methods
where the water gets consumed, or at least near to the point of consumption as possible.
Whereas, in most more‐developed countries (MDCs) it is very common to find a high
density of public health and commercially operated laboratories with highly qualified staff
and modern equipment and reagents available, this scenario is rather less common in
most low‐resource settings. Especially in remote and rural areas, where in absence of
laboratories, water quality testing is often difficult or simply not feasible (prohibitively
expensive).
Until recently, portable membrane filtration and the H2S test of Manja et al. (1982) have
been the accepted methods for low‐resource settings (Bain et al., 2012). Nevertheless,
portable membrane filtration requires the use of a vacuum pump, an incubator, aseptic
techniques, cold chain, and preparation of microbiological media. The reliability of the
H2S test will be discussed below as being of limited use, for a number of reasons. In many
countries, there is a trend towards the decentralisation of infrastructure and water
services. The surveillance of water quality monitoring follows this trend. It is therefore
essential that technologies and methodologies for water quality monitoring and control
must be applicable at the community level, even without any microbiological or scientific
expertise or ‘high‐end’ laboratory facilities available (UNICEF, 2008). Also, assessment of
drinking water quality is an essential step in implementing WHO’s water safety plan
(WSP) concept (UNICEF, 2008).
At present, there is a large selection of so called ‘rapid’ or ‘simple’ water quality tests and
highly selective media available, mainly based upon chromogenic and fluorogenic
enzyme‐substrates, such as 4‐methylumbelliferyl‐β‐D‐glucuronide (MUG). Common
methods include mainly membrane filtration, plating and colony count with semi‐
selective agar, the most probable number (MPN) technique, presence or absent (P/A)
tests, contact and dip slides or swab tests. However, only a few of these methods are
feasible for low‐resource settings, if implemented according to correct procedure. This is
because they often require constant electricity supply without interruption, deionised
water, an incubator, cooling facilities like a fridge or sometimes even a freezer; and
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equipment for an aseptic work place like an autoclave and a Bunsen burner (Bain et al.,
2012).
Most available tests focus on the standard indicator bacteria for water: total or
thermotolerant coliforms, E. coli and Enterococcus faecalis. Though there is the potential
that these microbiological indicators might reproduce under certain circumstances in
tropical environments, or that they are not able to prove contamination with (human‐)
sewage (WHO & UNICEF, 2012) (see subsequent chapter). There has been a selection of
field testing kits developed like e.g. DelAgua or Paqualab (Kersten et al., 2008;
Mkandawire, 2008), which have a build‐in incubator running on electricity from batteries
for incubating agar plates. They also include other tests such as for turbidity, pH, chlorine
residuals, arsenic or nitrate. Most kits use methanol for sterilisation. However, this
cannot be imported by air freight, because any flammable substances and will need to be
purchased in‐country. Moreover, most kits are usually supplied with a limited set of
consumables which often are difficult to purchase in remote or less developed places
(WHO & UNICEF, 2012). Also, some kits require experienced operators to read incubated
plates or to prepare them.
A new method evolved in the early 1990 with the introduction of the ‘defined substrate
method’ using chromogenic and fluorogenic enzyme‐substrates is used for example in
Colilert® (WHO & OECD, 2003). It has been suggested that this technique correlates very
well with established techniques like e.g. membrane filtration or the MPN method (WHO
& OECD, 2003). The major advantage of this procedure is that no laboratory is needed.
However, the major disadvantage with this method is the potential interference that can
be caused when other bacteria with similar enzymatic properties are present in the
sample water. This could potentially lead to false‐positive results. Also, often an incubator
is needed to cultivate the bacteria in the enzyme substrate and a UV‐lamp to interpret
the results.
UN‐HABITAT (2010) approves the Colilert® presence/absence test developed by IDEXX
and the Petrifilm™ count plate test created by 3M for resource‐limited settings. The
Colilert® test, is based on a chromogenic substrate, and can also be applied as the MPN
method. The table in Appendix 1 highlights the range of common, rapid and field tests
currently in use around the world, and indicates the cost, incubation time, target
‐ 45 ‐

organisms and suitability of each approach for low‐resource and emergency settings.
Whilst the list is not exhaustive, the table in Appendix 1 gives a good overview of the
options currently available and is useful for comparing to the H2S test. As discussed
above, the feasibility of each method depends on the setting and situation, and no single
standard is appropriate for all settings.

2.7

Potential regrowth of faecal indicator bacteria

A recent study into the quality of drinking water obtained from shallow wells and boreholes

across rural Malawi (Taylor et al., 2012), suggested that prolonged survival and possible
regrowth of indicator bacteria in shallow groundwater sources could contribute to
elevated levels of thermotolerant faecal coliforms that may not be directly linked to the
presence of faecal contamination in certain instances. These studies provide evidence to
suggest that further research is needed in order to better understand the suitability of
current faecal indicators in such situations. This should involve the elucidation of the
relationship between faecal indicators and pathogens of human health significance in
resource‐limited settings such as those found in rural Malawi (Taylor et al., 2012).
Moreover, as other researchers have reported, the survival of bacteria and other
microorganisms of enteric origin in the sub‐surface environment is poorly understood
(Pedley et al., 1997).
As previously mentioned, it has been suggested that the growth of indicator bacteria in
the environment is not well understood (Ishii et al., 2006), and the same can be said for
the growth and regrowth potential of bacteria of enteric origin in distribution systems
(LeChevallier et al., 1996). Fewtrell et al. (2001) highlights that bacterial regrowth is very
common in water, and has even been observed in distilled water. Moreover, high
numbers of environmental coliforms (of supposedly non‐faecal origin) found in the water
to be analysed undermine the validity of standard test procedures and often lower water
quality results into the non‐compliance category (Power et al., 1999). With increasingly
stricter water quality standards around the globe, the issue of coliform regrowth has
become increasingly important (LeChevallier et al., 1996).
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There have been numerous studies conducted into the growth and potential regrowth of
(faecal indicator) bacteria both in situ (within in the natural environment and within
engineered distribution systems) and also in the laboratory trials. The outcomes of these
studies have suggested that thermotolerant faecal coliforms, as well as streptococci and
faecal enterococci, have the potential to grow outside the gut habitat under certain
conditions (McCrary et al., 2013; Mellor et al., 2013; Jjemba et al., 2010; Vital et al., 2010;
Vital et al., 2008; VanderZaag et al., 2010; Ishii et al., 2006; Ihssen et al., 2005; John et al.,
2005; Zaleski et al., 2005; Liu et al., 2002; Momba et al., 2002; Byappanahalli et al., 2004;
Byappanahalli et al., 1998; Muyima et al., 1998; LeChevallier et al., 1996; Camper et al.,
1991). Nevertheless, it should be considered that the majority of studies took place under
laboratory conditions, and that the regrowth of faecal indicator bacteria in distribution
systems is, apart from the nutrient availability, largely dependent on the transit time of
the drinking‐water and the formation of biofilms (Kay & Fricker, 1997).

2.7.1 FIB regrowth in tropical environments
Byappanahalli et al. (1998; 2004) report that, in tropical islands, faecal indicator bacteria
are consistently found in high concentrations in rivers and streams. It is also argued that
tropical soil environments provide enough nutrients and high enough temperatures to
support the growth of faecal coliforms and E. coli. For example, in Hawaii, E. coli is found
ubiquitously in soil and sand across the islands, suggesting that the bacteria have
naturalised and become part of the natural soil biota (Byappanahalli et al., 1998). High
concentrations of total and faecal coliforms have also been detected in pristine rivers and
in groundwater tested in many tropical parts of the world (Hazen, 1988) and many
tropical source waters contain enteric pathogens in the complete absence of coliforms
(Toranzos, 1991). The concentrations of faecal indicator organisms in rivers of Hawaii and
Guam were considered to be inappropriate indicators to measure the degree of faecal
contamination, because E. coli and enterococci were reported to be able to survive and
multiply in soil (Byappanahalli et al. 2004).
The issue of potential regrowth of traditional faecal indicator organisms suggests that the
assumptions incorporated in the current policies to regulate water quality standards, may
not be applicable to all regions, particularly tropical regions. It should be highlighted that
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only data collected in temperate regions of the world were used to establish ambient
concentrations of faecal indicator organisms in environmental waters (Byappanahalli et
al., 2004). Hazen (1988) therefore suggests testing for Bifidobacterium spp. or source‐
specific bacteriophages (Kannappan et al., 2010) in tropical regions instead, or to use
direct detection and enumeration of pathogens. However, such an approach remain
costly and demand established laboratories and trained personal, meaning they are
beyond the reach of most resource‐limited regions, such as those present in parts of sub‐
Saharan Africa, South America and Asia.
These results mentioned above are consistent with the findings of Ishii et al. (2006) who
studied the presence and growth of E. coli in temperate soil from Lake Superior
catchment in North America. The authors concluded that E. coli does regrow in the
environment under certain circumstances e.g., at elevated temperatures and in the
presence of the right nutrients such as assimilable organic carbon. Ishii et al. (2006)
genetically analysed the re‐growth of E. coli colonies using PCR and compared the results
to the Minnesota DNA fingerprint library (containing over 1,500 unique E. coli genetic
‘fingerprints’). The results suggested that the re‐growing E. coli colonies were neither of
human or animal origin and were also adapting genetically to the type of soil available.
These findings suggest that soil‐borne or naturalized E. coli are more ubiquitous than
originally thought, and that, perhaps, soil should be viewed as both a sink and a source of
E. coli within waterbodies. Ishii et al. (2006) points out “the presence of significant
populations of naturalized populations of E. coli in temperate soils may confound the use
of this bacterium as an indicator of faecal origin”. This is consistent with the findings of
Toranzos (1991) who argues that the frequent occurrence of total and faecal coliforms in
unpolluted tropical waterbodies, and their ability to survive and re‐grow
autochthonously, suggests that these organisms occur naturally in tropical fresh waters.
Mailloux et al. (2003) observed the in situ growth rates of bacteria in aquifers and
associated sediments. The authors used Comanonas spp. strain DA001 (an obligate
aerobe), and Acidovorax spp. strain OY‐107 (a facultative iron‐reducing anaerobe), both
isolated from a shallow aquifer in Columbia, USA. The bacterial cells were stained and
reintroduced to the aquifer. Stained cells can be easily distinguished from the indigenous
microbiological population and background fluorescent material with a flow cytometer (.
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It was shown that both strains multiplied in the aquifer and, as the cells were inoculated
without nutrients, the observed growth must have been facilitated by the presence of
naturally occurring nutrients within the aquifer (Mailloux et al., 2003).
For these reasons, and if there is no relationship between pathogens and faecal indicator
organisms, there is no justification that a sample containing fewer faecal coliforms is any
‘safer’ in terms of risk and pathogen level (Wright, 1982). Gleeson & Gray (1997) suggest
alternative strategies to test drinking‐water in tropical regions. They suggest to the use of
alternative indicators e.g. Bifidobacterium, to use alternative techniques such as P/A tests
for faecal streptococcus or the H2S test (see sub‐chapter 2.8), or to directly enumerate
pathogens. Toranzos (1991) highlights the low cost and simplicity of the H2S test, and
argues that this method is an excellent candidate for tropical and less developed regions.

2.7.2 Factors influencing bacterial regrowth
Vital et al. (2008) tried to determine whether Escherichia coli O157 / K12 / WK8 strains
are able to grow in natural freshwaters at low carbon concentrations. They investigated
batch growth in a microcosm using three different freshwaters. Cells were stained with
nucleic acid, and enumerated using a flow cytometry method. Each strain was inoculated
into each of three sterile water samples, producing nine different samples in total.
Unexpectedly, the results indicated that E. coli O157 (human pathogenic strain) grew
most rapidly, followed by E. coli K12 (laboratory strain), and lastly by E. coli WK8
(environmental strain). Moreover, all three strains proliferated in all three water samples
and a positive correlation was established with the final cell concentration, the use of
assimilable organic carbon, and temperature. Vital et al. (2008) concluded that the
findings of this study contradict the accepted view that enteric pathogens cannot grow in
natural fresh waters. However, it seems there is a certain threshold value of assimilable
organic carbon (AOC) for the growth of E. coli O157. Compared with the ‘environmental
strain’ E. coli WK8, which was shown to grow even in tap water, E. coli O157 was found
not to grow in tap water, which is characterised by a very low assimilable carbon content.
Further research by Vital (2010), studied the factors leading to the growth of the three
pathogenic bacteria Escherichia coli O157, Vibrio cholerae, and Pseudomonas aeruginosa
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in fresh water. He demonstrated that all three pathogens where able to multiply in
freshwater using AOC as the nutritional source. Suggesting that in addition to using AOC,
the composition of the AOC available is vital to the growth of these pathogens. According
to Pedley et al. (1997), the infiltration of groundwater by organic and nutrient rich surface
water or run‐off may lead to extended survival and growth of microbial populations.
Zaleski et al. (2005) reviewed available literature on survival and potential regrowth of
pathogenic and indicator bacteria in sterile and non‐sterile biosolids, in compost, and in
soil. They developed a conceptual framework to explain the regrowth potential of certain
bacteria. With regards to biosolids and compost, it was concluded that regrowth of
Salmonella and E. coli is possible. The most important factors seem to be temperature,
moisture, and the availability and composition of nutrients. However, Salmonella and E.
coli were not demonstrated to regrow in soil but survived for considerably longer (> 8
weeks). Survival rates were dependent on temperature and moisture, but more
dependent on the type of soil and nutrients available. It was shown that E. coli survived
longer in loam and manure compared with sandy soil (Mallman et al., 1951). The
temperature component has been shown to become more important at lower levels of
available moisture (Zaleski et al. 2005). Furthermore, growth and re‐growth of Salmonella
and E. coli is much less likely in non‐sterile environments, as a result of competition and
predation from indigenous microorganisms.
Muyima et al. (1998) investigated the regrowth potential of indicator bacteria
(heterotrophic bacteria and total and faecal coliforms) in the drinking water of Alice,
South Africa. Water samples were taken both before and after the treatment process.
Heterotrophic bacteria demonstrated a remarkable degree of regrowth after purification
and chlorination within the supply system, possibly because of the availability of relatively
high levels of biodegradable dissolved organic carbon (BDOC) and because of high
turbidity in the mains water resulting from corroding metal pipes. Also, heterotrophic
bacteria started to grow immediately after incubation of the water samples at 15°C or
higher (Muyima et al., 1998). Power et al. (1999) analysed bacterial regrowth in a water
distribution system in Sydney and concluded that, with chlorine levels decreasing, and
turbidity levels and temperature increasing, bacterial numbers increased too.
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Momba et al. (2002) investigated the regrowth and survival of indicator microorganisms
on the surface of plastic and metal household containers used for the storage of drinking
water, in rural South Africa. The focus was on attached coliphages (F‐RNA), somatic
coliphages (SP), coliform bacteria (TC), presumptive E. coli, Salmonella spp. and
Clostridium perfringens. Their findings showed that both types of household containers
supported the survival and growth of the entire indicator species listed above, apart from
Clostridium perfringens. This was probably due to the poor quality of the raw water
available (Momba et al., 2002). However, levels of dissolved organic carbon (DOC) were
higher in the plastic containers. Regrowth after 48 h was observed more for total
coliforms than with other indicator bacteria. Competition for limited DOC could be
responsible for this particular finding according to Momba et al. (2002).

2.7.3 Organic carbon and bacterial regrowth
Most organic carbon in ground and surface waters is produced through the microbial‐
mediated degradation of vegetation. Compounds associated with this process include
humic and fulvic acids, polymeric carbohydrates, proteins, and carboxylic acids
(LeChevallier et al., 1991). With regards to the amount of assimilable organic carbon
(AOC) required to support regrowth of indicator bacteria, LeChevallier et al. (1991)
suggested that growth of E. coli is inhibited by AOC levels of less than 54 µg/L. Van der
Kooij et al. (1985) demonstrated that water containing more than 50 µg/L AOC always
enabled regrowth of heterotrophic (HPC) bacteria. Although total organic carbon (TOC)
appears to be associated with coliform regrowth, it is apparent that most of the TOC is
not readily available for utilisation by bacteria (LeChevallier et al., 1991). Multiplication of
coliform bacteria is likely always to be associated with temperatures greater than 15°C,
TOC levels above 2.4 mg/L, and AOC levels >50 µg/L (LeChevallier et al., 1991).
These findings are consistent with a follow‐up study conducted by LeChevallier et al.
(1996) that demonstrated that water containing more than 100 µg/L AOC had 19 times
higher levels of coliform bacteria than water with an average AOC level lower than 99
µg/L. A study by Jiang et al. (2012) suggested that available substrates are not able to
support growth of bacteria when AOC levels are lower than 57 µg/L, and that bacteria
generally cannot grow at AOC levels lower than 43.8 µg/L. Weinrich et al. (2009)
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demonstrated that AOC levels as low as 10 µg/L can result in excessive growth of
heterotrophic (‘total plate count’) bacteria if no chlorine residual is present. With residual
chlorine present in the water, the heterotrophic bacteria were observed regrow when
AOC levels were greater than 100 µg/L (Weinrich et al., 2009).

2.7.4 Abiotic factors leading to bacterial regrowth
With regards to the chemical and physical conditions leading to regrowth of indicator
bacteria, most of the reviewed literature suggests that temperature, level of dissolved
and assimilable organic carbon (DOC & AOC), type and quality of DOC and AOC available,
turbidity and pH level are the most important factors influencing growth/regrowth.
Ihssen et al. (2005) confirm that heterotrophic bacteria, including faecal coliforms, are
able to reproduce in oligotrophic environments through a combination of their high
degree of catabolic flexibility, their ability to use trace amounts of nutrients with high‐
affinity transport systems, and to generate energy simultaneously from a range of
substrates. Also, E. coli is metabolically versatile, capable of metabolising a variety of
carbon and energy sources, rather than being reliant upon single substrates. It has been
proposed that this makes the organism better capable of surviving in a range of ecological
habitats, compared with single substrate users (Ihssen et al. 2005). Moreover, E. coli and
Klebsiella pneumonia are able to grow in unsupplemented mineral salts medium (Camper
et al., 1991). Nevertheless, it is generally accepted that survival of bacteria is longer in
groundwater than in surface water, because of a lack of competition for available
nutrients and the absence of sunlight (Lewis et al. 1980).
The apparently most determinative factors governing the survival of indicator bacteria in
groundwater are understood to be related to the presence of native and competing
groundwater microorganisms and to temperature (John et al., 2005). According to Lewis
et al. (1980), the dominant factors attributed to the survival of bacteria in soil are
moisture and temperature. Though, scholars such as Vital (2008) and LeChevallier (1996)
demonstrated that AOC is among the most influential factors in this situation. John et al.
(2005) argue that the effects of nutrient availability, competing organisms (such as
predatory bacteria or bacteriophage), and the existence of deleterious chemical
compounds may all be dependent on temperature. Also, E. coli inactivation was
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demonstrated to be more rapid in groundwater with less turbidity or suspended sand
(John et al., 2005).
Faecal coliform growth is also affected by the availability of phosphorus, nitrate and
dissolved oxygen (DO), though the level of AOC is still considered to be the dominant
factor (Mellor et al., 2013). Lie et al. (2002) support this view, arguing that AOC is the part
of DOC, which is most easily assimilable by bacteria and can be easily converted into cell
mass. Moreover, the amount of AOC available is affected by chlorine oxidation, as it
breaks down organic particles (Liu et al., 2002). McCrary et al. (2013) mention ammonium
sulphate, amino acids, total dissolved nitrogen (TDN) and the level of salinity as additional
factors supporting the growth of E. coli. In addition, the presence of organic acids (e.g.,
citric or malic acid) have been observed to enhance the survival of E. coli, as long as the
pH‐level is >4.0 (Conner et al., 1995).

2.8

The hydrogen sulphide test (Manja et al. 1982)

The requirements for laboratory facilities and equipment for standard tests for
microbiological contamination of drinking water are still major barriers to their
accessibility in many parts of the world (Sobsey et al., 2002). Dutka & El‐Shaarawi (1990)
point out that laboratory tests currently used for testing drinking water quality have many
disadvantages for routine use in less‐developed countries, most importantly, because
they are not suitable for rural communities. Additionally, a simple P/A test such as the H2S
test has the potential to empower communities with direct knowledge of their water
supplies and allowing them to demand improvement or take actions if necessary (Huang
et al., 2011). To overcome these issues, simple, inexpensive, easy to use and reliable
microbiological water quality tests are needed, supported by sanitary surveys of the
water source to characterise them (Dutka & El‐Shaarawi, 1990). Or in other words: ‘best
available technology not exceeding excessive cost’ ‐ BATNEEC.
Manja et al. (1982) therefore developed a presence/absence (P/A) test method as a low‐
cost alternative intended for community surveillance, which does not require a
microbiological laboratory or trained staff. It was observed that the presence of faecal
coliform bacteria in water were associated with the presence of micro‐organisms that
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produce hydrogen sulphide (H2S). This phenomenon led to the creation of a test based on
the formation of iron sulphide precipitation on a paper strip placed in a culture tube. The
method detects certain bacteria of faecal origin that are able to convert organic sulphur
into sulphide; then, H2S produced by these bacteria reacts with the iron present in the
test strip, and consequently produces a black ferric precipitate (Manja et al., 1982).
Unfortunately, evidence suggests that Manja’s test remains limited in its performance.
Although the test sets out to detect bacteria associated with faecal contamination, it does
not consistently measure the presence of either total or faecal coliform bacteria or
specific faecal bacteria, such as Escherichia coli or Enterococcus spp. Various bacterial
species produce H2S by reducing sulphate and other oxidised forms of sulphur, while
others produce H2S by degradation of organic sulphur in amino acids and other organic
compounds of biomass (OECD & WHO, 2003). Any source of H2S or of sulphur‐reducing
and sulphate‐reducing bacteria (SRB) in the sample may lead to a false positive test result
(Huang et al., 2011; Sobsey et al., 2002). In contrast, the presence of faecal coliforms with
limited ability to reduce sulphate and the absence of related sulphate‐reducing bacteria
may lead to false‐negative results, one of the most concerning limitations of the H2S test
(Huang et al., 2011; Sobsey et al., 2002). Therefore, a contaminated supply providing
water of poor microbiological quality could be falsely classified as being of acceptable
quality on the basis of the existing H2S test. Nevertheless, it has been demonstrated that
only samples with low levels of contamination, specifically, total coliform concentrations
< 100 CFUs/100mL, are likely to produce a negative result (Khush et al., 2013). False
negative results, especially when indicator densities are relatively high, are a major cause
for concern. Therefore, further research is needed in order to understand the conditions
that lead to this misleading result (Yang et al., 2013). This being said, due to its simplicity,
and to the fact that Manja’s H2S test is cheap, easy to read, and therefore needs no
qualified laboratory staff to operate, the H2S test is promoted by leading humanitarian
organisations such as UNICEF, Oxfam, and the international Red Cross especially for low‐
resource settings and emergency situations (IFRC, 2011; UNICEF, 2008; Oxfam, 2006).
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2.8.1 Implementation of the H2S test
An early study by Manja et al. (1982) analysed 37 H2S‐positive test samples from India
and investigated them for the presence of H2S‐producing bacteria. The author
predominantly identified Citrobacter freundii, Salmonella spp., Proteus mirabilis, Arizona
spp., Klebsiella spp. and H2S‐producing variants of E. coli. Their findings suggest that while
the identified bacteria may not be all coliforms, the species are bacteria associated with
the intestines of warm‐blooded animals (Sobsey et al., 2002). McMahan et al. (2011)
applied PCR analysis to positive H2S tests samples gathered in North Carolina, USA. The
authors identified more than 50% of the total isolates as Citrobacter freundii, E. coli, and
other Enterobacteriacae, with Gram‐negative enterics being the most prevalent
organisms identified. Also, at least 16 percent of the organisms classified were known
H2S‐producers, and the majority were potentially pathogenic, or at least of faecal origin
(McMahan et al., 2011).
In an international study headed by the Canadian Department of the Environment, the
coliphages test, the Most Probable Number (MPN) test using A1 broth, the
presence/absence P/A test developed by Clark (1968), and Manja’s et al. (1982) H2S test
have been compared and evaluated against each other in eight different countries. The
results revealed that while the coliphages test can be read already after six hours of
incubation, the MPN test and the (P/A) test were the most sensitive tests (Dutka & El‐
Shaarawi, 1990). The (P/A) test is also seen as more cost effective. Nevertheless, and
despite the fact that it was moderately less sensitive, it was concluded that the H2S test is
the cheapest and simplest method to analyse drinking water in remote areas and that it
could be the most promising test for use in less developed countries. Also, it was
suggested that its sensitivity could possibly be improved by increasing the sample volume
from 25ml to 100ml (Dutka & El‐Shaarawi, 1990). Yang et al. (2013) arrived at the same
conclusion, but also pointed out that a larger sample volume indicates a lower level of
specificity.
Kromoredjo & Fujioka (1991) verified the H2S test against two more technologically
complex approaches. They evaluated the Colilert® test and the lauryl tryptose broth + 4‐
methyl‐umbelliferyl‐β‐glucoronidase (LTB + MUG) test, in a study in Indonesia. The H2S
test was assessed after 12 ‐ 15 and after 18 ‐ 24 hours. It was found that the Colilert® test
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was the most sensitive and specific test, but also the most expensive one. However, the
results were so close that a statistical analysis indicated no significant difference (F test, p
> 0.05). Conversely, the H2S test would give a correct positive result in 81% of samples in
less than 15 hours, depending on the level of contamination. Kromoredjo & Fujioka
(1991) conclude that in assessing the most appropriate method for use in less‐developed
countries, the H2S test is recommended for the following reasons.


Most economical method in terms of cost.



No cold chain required for storing the test medium.



No incubator or additional equipment required.



Requires less skilled personnel (the results are easy to read).

More recently, Khush et al. (2013) collected 695 water samples from village water
supplies and 3,026 water samples from households in southern India and tested them
using the H2S technique. The results indicated a higher percentage of positive tests for the
household water compared with the samples taken from the village water supplies,
suggesting that the composition of total coliforms species changed after the water was
collected and stored in the house (Khush et al., 2013; Taylor et al. 2012). These findings
are consistent with the results of Momba et al. (2002), who investigated the regrowth
potential of coliform bacteria in storage containers (described above). Moreover, Khush
et al. (2013) compared the number of positive tests to the numbers of adult and child
diarrhoea incidents occurring in the respective villages, and showed a positive correlation
between positive H2S test results and diarrhoea in adults. However, no correlation
between positive tests and child diarrhoea was observed (Khush et al., 2013). Overall, it
was concluded that the H2S test was sensitive to total coliform (TC) bacteria. 90% of the
positive village water supply tests contained TC, and 96% of the positive household
waters analysed contained TC (Khush et al., 2013).
Castillo et al. (1994) evaluated 622 samples from disinfected and non‐disinfected drinking
waters in Chile while using the H2S test, most probable number (MPN) method and the
detection and enumeration of somatic coliphages. The results revealed that 81% of the
H2S positive samples contained coliform bacteria. Further, most of the H2S positive
samples that did not contain coliforms where found to contain Clostridium spp.
Coliphages where only detected in 15% of all samples. Therefore, it appears that
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Clostridium spp. may play a significant role in H2S production under test conditions
(Castillo et al., 1994). In another study conducted by Martins et al. (1997) in Chile, 108
samples from raw water and ‘potable’ drinking water (chlorinated) were analysed using
the H2S method and results were confirmed using the MPN test for total coliforms (TC)
and coliphages as described previously. All raw waters presented positive for TC and
coliphages, leaving only one H2S test blank, while the majority of drinking water samples
(42 out of 54) presented negative for TC. The authors stated that this outcome was a
result of the presence of certain types of Clostridium in positive tests, thus demonstrating
the high sensitivity of the H2S test to assess chlorination efficacy (Martins et al., 1997).
Lower sensitivity to of E. coli has been observed more in groundwater samples (Wright et
al. 2012; Sobsey et al., 2002). As highlighted by Sobsey et al. (2002), there is a relatively
high possibility of the formation of anaerobic aquifers. In these settings, the formation of
sulphides by microorganisms is not necessarily related to faecal pollution, due to it being
the metabolic product of sulphate‐reducing bacteria that are not of enteric origin, such as
Desulfobacter or Desulfococcus. These are soil‐borne, Gram‐negative and anaerobic
bacteria. Also, many species of Clostridium are sulphate‐reducing and soil‐borne,
therefore potentially interfering with the tests (Sobsey et al., 2002).
According to Kaspar et al. (1992), the H2S test is particularly unsuitable for the monitoring
and management of surface water and dug well waters, because of the frequent presence
of non‐faecal coliforms. Tambekar et al. (2007) evaluated the H2S test for detection of
faecal coliform bacteria in drinking waters from various sources. They used the improved
media developed by Manja et al. (2001), containing L‐cysteine, and sampled 355 tube
wells, 355 open wells, and 340 taps in India. It was concluded that the sensitivity of the
H2S test depends on the source of water, with a sensitivity of 84 ‐ 89% for tube wells, 80 ‐
82% of open wells, and 94 ‐ 97% for tap water (Tambekar et al., 2007). Gupta et al. (2008)
also analysed the water quality from tube wells, dug wells, stored water, and from surface
waters in Bangladesh using the H2S test (20ml) and compared the results with the
detection of E. coli using modified membrane thermotolerant E. coli agar (by Benton
Dickinson & Sparks). The results revealed that only 3% of the tube wells tested positive
for E. coli compared with 54% of the dug wells. Positive H2S tests correlated with E. coli
detection, thereby suggesting that dug or shallow groundwater wells are particularly at
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risk of contamination (Gupta et al., 2008). These findings are coherent with results from
Tambi et al. (2016) and Desmarchelier et al. (1992) who both argue that the H2S test
often gives a high reading of false‐positive results, and is therefore not suitable as a
surrogate for more sophisticated laboratory methods.
Beerens et al. (1980) analysed the occurrence of sulphate‐reducing bacteria in human
faeces, in river water and tap water in France. SRB were found at a mean level of 106
cfu/100g in faeces, 105 cfu/100ml in river water and about 102 in drinking water. The
most common genera identified were Desulfovibrio and Desulfatomaculum. It was also
demonstrated that SRB persist in significant numbers in drinking water, even following
chlorination, and when E. coli are absent (Beerens et al., 1980).
Yang et al. (2013) and Wright et al. (2012) point out that, where contamination of the
water is common, positive H2S test results probably reflect genuine faecal contamination.
Where contamination is rare, the low number of positive samples is often dominated by
false positives. Thus, the rationale for using a moderately accurate test in areas where
water contamination is not common is much weaker (Wright et al., 2012). Gupta et al.
(2008) demonstrated an overall agreement of 85% between the presence or absence of E.
coli by membrane filtration and H2S test results. The majority of studies reviewed suggest
that the performance of the H2S test might be considered to be ‘moderately’ and ‘highly’
accurate in comparison with traditional faecal indicator tests, depending on the type of
matrices being investigated and the level of faecal contamination. In almost all studies, its
performance is poorer than that of standardised microbiological tests, though it remains
much cheaper than other comparable alternatives (Wright et al., 2012). In contrast,
Pathak et al. (2005) argued that the modified version of the H2S test (with bile salts)
provides a better margin of safety to the consumers than the use of standardised coliform
tests (i.e. MPN or multiple tube fermentation [MTF] method). This has also been
confirmed by Luyt et al. (2012) who argue that the specificity for E. coli of the H2S test can
be approved when adding bile salts such as taurocholate or deoxycholate. Wright et al.,
2012 pointed out that most studies they have reviewed used locally manufactured H2S
test medium. This could be the reason for differences in the described H2S test
performance, as the level of purity and quality of laboratory reagents also varies
remarkably, especially in less‐developed countries.
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Bain et al. (2012) compared a large range of microbial drinking‐water tests to low and
medium resource settings and suggests that while the H2S method is not 100% accurate,
it is still easier to implement in low‐resource settings compared with quantitative tests
and also much cheaper. In a study conducted in post‐earthquake Haiti, the H2S test had
compared to the membrane filtration technique a sensitivity of only 65%, and a specificity
of 93% (Weppelmann et al., 2014). Also, while the sensitivity of the test increased with
higher faecal coliform concentrations, it never exceeded 88% (Weppelmann et al., 2014).
It has been noted that the water source type affects the performance of the H2S test. For
example, unimproved water sources such as hand dug, shallow wells show a lower
specificity and a higher sensitivity. In contrast, improved water sources, such as water
from a borehole, proved to have a higher specificity, but a lower sensitivity when tested
by the H2S test (Weppelmann et al., 2014).
Murcott et al. (2015) compared the H2S test (laboratory made), against two commercially
available versions of the H2S test (TARA Aquacheck & ORlab), against IDEXX Quanti‐Tray®
2000 Total coliforms/ E. coli, against 3M Petrifilm™, against the compartment back test
(Aquagenx), and against Easygel® for emergency and low‐resource settings. These
methods have been tested in the field against each other in India and in Ghana. Quanti‐
Tray®, Petrifilm™, the compartment back test, and Easygel® all use chromogenic
substrates which usually are much more specific for the enumeration of FIB. The
researchers determined that in India, all the H2S test data correlated better with E. coli
than with that for total coliforms. Also, specificity for E. coli and total coliforms was much
higher as the sensitivity of the H2S tests when compared to IDEXX Quanti‐Tray® 2000
Total coliforms & E. coli. Though, the percentage of true results of the two commercially
produced H2S tests, when compared to Quanti‐Tray®, dropped significantly from an
average of 89% to 60% when the results were read after 48h instead of 24h (Murcott et
al., 2015), suggesting interference and cross‐contamination by other organisms. Overall, it
was concluded that all H2S tests strongly correlate with the US Environmental Protection
Agency (EPA) validated IDEXX Quanti‐Tray® 2000 method. In comparison to Petrifilm™,
the compartment back test, and Easygel®, showed the best results with a sensitivity of
92% and a specificity of 73% when tested against Quanti‐Tray® E. coli followed by the
different H2S tests (Murcott et al., 2015). Petrifilm™ and Easygel® both demonstrated the
best specificity, but both also demonstrated the lowest sensitivity. When tested against
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Quanti‐Tray® E. coli, Petrifilm™ and Easygel® only showed a sensitivity of up to 40%
(Murcott et al., 2015). These results could potentially be explained by the fact that
Petrifilm™ and Easygel® use the smallest sample volume (1ml). Interestingly, results from
India and from Ghana were different, where in Ghana the H2S tests correlated better with
total coliforms. The overall conclusion from this study therefore is that a ‘one‐size‐fits‐all’
faecal indicator test that is ‘the best’ in any setting does not exists (Murcott et al., 2015).
Izadi et al. (2010) compared the H2S test against the MPN method and the P/A method
for the examination for drinking‐water as described in APHA’s standard methods, and
concluded that the H2S test is a reliable method that can be used as a surrogate indicator
for faecal contamination in drinking‐water surveillance. They also highlight the low cost of
the technique, when compared to more sophisticated laboratory analysis in stationary
and centralised laboratories (Izadi et al., 2010).
Nair et al. (2001) reports on the difficulties that communities and their officials have in
remote villages in Western Australia (especially in remote Aboriginal communities) to
regularly test the local drinking‐water quality, as distances are simply far too great for
routine sampling and cost for analysing too expensive. They tested the H2S method
against membrane filtration with rainwater, borehole water, open water from
catchments, and potable community water supply. Interestingly, the rate of false‐positive
readings with borehole water was 26.6% respectively 28.5% after 48h and the false‐
negative rate was 20% and 14%, followed by only slightly lower readings with rainwater.
The catchment water had false‐positive/ negative results both of 12.2% and the treated
community water supply zero false‐positive and 2.1% false‐positive only when tested
against membrane filtration. Overall, they concluded that with the H2S test, a 93.7%
correlation was obtained to membrane filtration when treated water was analysed (Nair
et al., 2001). They recommend that the H2S test would be good to identify microbial
contamination in less‐developed countries where drinking‐water guidelines are often
more generous. However and especially when used with rainwater, in more developed
places the H2S test should be used as a screening test only where no other laboratory
facilities are in reach (Nair et al., 2001).
According to the Public Health UK learning platform ‘HealthKnowledge’, a screening test
is, when set in contrast to a diagnostic test, defined by following aspects.
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The purpose is to detect potential disease indicators (…but not to establish the
actual presence/absence of a disease).



The target population are large numbers of asymptomatic, but potentially at risk
individuals (as in contrast to symptomatic individuals).



The test method must be simple and cheap, to be able to screen a large number of
individuals.



It indicates suspicion of a disease or pathogens often in combination with other
risk factors, but not confirmation or a definite diagnosis.
(HealthKnowledge, 2008)

Crocker & Bartram (2014) compared the cost of the H2S test in seven less‐developed
countries across sub‐Saharan Africa and south‐east Asia against more highly sophisticated
methods such as membrane filtration. They concluded that 100% compliance in drinking‐
water monitoring is unfeasible without increasing laboratory capacity, changing the
approach to monitoring, and changing the monitoring requirements by themselves
(Crocker & Bartram, 2014). Also, shortfall in operational monitoring of small water
supplies is the greatest, because surveillance rates are the lowest (Crocker & Bartram,
2014). Luyt et al. (2012) highlight as well that the cost of routine drinking‐water analysis
in South Africa is a problem, and that the H2S test could be an affordable alternative and
solution.
The studies mentioned here indicate variability in performance of the H2S test (Bartram,
2016), and as H2S test accuracy is low in most studies, it is suggested by Wright et al.
(2012) that it should be validated against standard methods before further deployment.
Furthermore, ‘optimal conditions for conducting the test remain unclear’ (Wright et al.,
2012). Research is needed to evaluate which microorganisms trigger a positive reaction of
the H2S test, and under what (environmental) conditions, incl. different sources of
treated/ or untreated water (Huang et al., 2011). ‘…more laboratory and field studies are
required to assess the reliability of the H2S method as an alternative method of traditional
indicators’ (Shahryari at el., 2014). Many monitoring approaches are based on a few
guidelines which may not be suitable to a range of settings and types of waters seen in
many LEDCs, and compliance with monitoring requirements, if the overall cost associated
with analysis would be reduced (Crocker & Bartram, 2014). If standards for drinking‐water
in LEDCs are to be enforced, this could have a large positive impact on public health.
Therefore, the procedures for water quality analysis and sharing of this data have to be
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regulated and be publicly disseminated (McKenzie & Ray 2009 as cited in Satapathy,
2014).
The Indian‐based company TARA Environment is producing a commercial version of
Manja’s original H2S test (TARA Aquacheck, as previously noted), but with reference to
their laboratory validation report (by SGS Laboratory Services India Ltd.) published on
their webpage, their version of the H2S test has only been tested with a local strain of
Salmonella Typhi (MTCC 733), which is known to be a strong producer of H2S, but it is not
used as indicator organism at present. Also, the dilution rates presented give reason for
caution, as the colony counts are so exactly linear and exponential that this validation
might not be correct, (SGS, 2004). This must be treated as concerning when considering
the commercial version of the H2S test.
Despite some limitations, the H2S test is popular with international NGOs operating in
rural and low‐resource setting. For example, Tearfund is promoting the H2S test for
improving the implementation of water safety plans (WSP) at community level in less‐
developed places, where alternative drinking‐water analysis is not feasible (Tearfund,
2011). Also, the World Bank’s Water and Sanitation Program in India extensively
promotes the implementation of rural village water safety plans in combination with the
use of the H2S test for microbial water quality monitoring (World Bank, 2010a; World
Bank, 2010b). As previously discussed, elements of safely managed drinking‐water should
ideally all be assessed on the household level, but practically this usually is not feasible
(WHO, 2017), the H2S test could be a possible solution here, due to its simplicity and low
cost. The WHO states that integrated microbial water quality testing is an advantage in
household surveys, as it presents the ability to link this information directly to the
household characteristics and the type of water source (WHO 2017). According to
shipment and export records, more than 18,000 commercially produced single units of
the H2S test were shipped by air cargo from Mumbai airport in 2015 alone (Eximpulse,
2016; Zauba, 2016). Between March and April 2016, more than 360,000 units of the H2S
test were exported from India to Malawi, Haiti, and the Maldives (Zauba, 2016). These
data indicate a large‐scale commercial usage of the H2S test in the Global South, and thus
that this technique is in demand for its practicality, despite certain limitations.
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The Canadian‐based charity and engineering company Centre for Affordable Water and
Sanitation Technology (CAWST) is heavily promoting the H2S test in their manual
‘Introduction to Drinking Water Quality’ for use in low‐resource settings (CAWST, 2013).
They highlight that drinking‐water quality analysis can be a challenge where resources are
limited. The lack of centralised laboratories available in less‐developed countries
highlights the need for rapid, simple, and low‐cost test methods. This need is especially
great for rural and small community that are located in remote areas, and which cannot
afford commercial laboratory testing. ‘On‐site testing’ using with simplified techniques
have allowed water quality testing to be a viable option in less‐developed places
However, the high cost of membrane filtration (according to APHA’s standard methods)
makes it difficult, or impossible to apply this method in low‐resource settings. These
constraints highlighted by CAWST were the great need for rapid, simple and inexpensive
test methods
This need is especially great for small community and household water supplies that lack
access to and cannot afford conventional laboratory testing. On‐site testing using
portable test kits and the development of alternative and simplified testing methods,
such as P/A tests, have contributed to overcoming these constraints to apply such
analytical methods in many parts of the world. Furthermore, importing equipment and
chemical reagents can take several months. However, costs associated with importing
equipment is often much lower than buying in‐country. Therefore, it is an advantage
when it is possible to produce tests for drinking‐water quality analysis near the place of
testing (CAWST, 2013).
In 2013, ACF International (Action Contre La Faim) promoted, with support from UNICEF,
the H2S test in the Dadaab refugee settlement in Kenya. This site often has issues with
terrorist groups infiltrating from nearby Somalia, strikes by refugees, and threats by
bandits. They conducted a household water monitoring programme as, despite giving out
treated and chlorinated water via tap stands, an issue with recontamination had
occurred. It was reported that limited movement of national staff occurred due to
security concerns within the camp, and, combined with limited access to skilled staff, and
consequently the engagement of local refugees as volunteers, they concluded that the
H2S test used for microbial drinking‐water analysis is convenient, easy to read, a good tool
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for assessing the impact of hygiene promotion, and for improving water handling practice
(ACF International, 2013). Also and by using a P/A test, it is very effective to share visual
results with households directly and it is a good opportunity for knowledge transfer. ‘Use
of the H2S test provided an opportunity to transfer knowledge and skills to the local
refugee members which is essential for future similar interventions’ (ACF International,
2013). They also advocate for research into establishing an optimum sample volume and
in reducing false‐positive results (ACF International, 2013).
ACF’s experience is in agreement with research by Crocker & Bartram, who state that
‘incorporation of field‐based testing into operational monitoring or surveillance could
reduce the burden on organisations and agencies currently tasked with monitoring small
supplies and point‐sources’ (Crocker & Bartram, 2014, p. 7344). Thus, Mosley et al. (2004),
who used this test following a natural disaster affecting the Fiji Islands, state that ‘the H2S
test would be well suited to wider use, especially in absence of water‐quality monitoring
capabilities for remote islands’…’as it is inexpensive and enables communities with
minimal training to test their own water supplies without outside assistance’ (Mosley et
al., 2004, p. 393). Furthermore, Luyt et al. (2012) reports that sampling all of South
Africa’s 278 tertiary catchments is a logistical challenge, and can only be managed by
giving priority to certain catchments. They highlight the H2S test as an alternative to the
expensive field method currently used, which is Colilert®18.
As previously discussed, many organisations operating in low‐resource and in
disaster/emergency settings are looking for more cost‐effective ways to obtain at least a
basic measurement of the drinking‐water quality, and specific tests for testing for E. coli
detection are currently too expensive and not affordable for most NGOs or relief
organisations. The H2S test could be an alternative for low‐resource and emergency
settings, and could provide an initial measurement of microbial water quality where other
techniques are not affordable, or technically feasible (Shahryari et al., 2014; ACF
International, 2013; Luyt et al., 2012; McMahan et al., 2012; Mosley et al., 2004; Grant &
Ziel, 1996). McMahan et al. (2012) points out ‘…many organisations (especially those
providing assistance for disaster relief) are looking for more cost‐effective ways to obtain
basic measurement of water quality, and E. coli detection is currently too cost prohibitive
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for their needs. The (H2S) test may offer an alternative in this situation…’ (McMahan et al.,
2012, p. 1703).
Additionally, to improve the overall acceptability of the H2S test, more laboratory and
field‐based studies are needed (Pathak & Gopal, 2005). Moreover, a fundamental
rethinking of monitoring approaches used for point‐sources (open waters) that serve low‐
density populations could save a lot of money and at the same time increase the benefits
of drinking‐water monitoring. Monitoring approaches and associated sampling strategies
for these waters should be revised to reflect what information can actually be used to
ensure delivery safe drinking‐water (Crocker & Bartram, 2014).

2.8.2 Early adaptations of the H2S test
Huang et al. (2011) recommended the need for further studies to increase the sensitivity
of the culture medium for the H2S test, and suggested adding citrate to the media. In an
earlier study conducted by Pillai et al. (1999), faeces were diluted in water to evaluate
medium composition, incubation time, incubation temperature and faecal coliform
concentration to optimise conditions for a H2S test of 100mL sample volume. This study
demonstrated that lower concentrations of bacteria required longer incubation times and
higher temperatures for detection. Moreover, the addition of L‐cysteine to the medium
improved overall detection levels (Pathak et al., 2005; Manja et al., 2001; Pillai et al.,
1999). According to Gram et al. (1987) L‐cysteine is reduced mainly by Enterobacteriaceae
and Vibrionaceae, which potentially could make the test specific for the detection of
Vibrio cholerae (Gram et al., 1987). According to Colwell (1970) V. cholerae is able to
produce H2S from L‐cysteine and L‐cystine. In support of this, Shahryari et al. (2014) and
Khush et al. (2013) also added L‐cysteine to their H2S tests used for field research.
Further, in a UNICEF funded study by Pant et al. (2002), the test formulation was
amended by adding L‐cystine (the oxidised and reduced form of L‐cysteine). Their
rationale is based on research from Smith (1959) and Barret & Clark (1987) who argue
that L‐cystine is the preferred source of sulphur for Salmonella sp. and other
Enterobacteriaceae, and that most enteric bacteria are unable to extract it from peptone.
An H2S test modified with L‐cystine correlates with the positive results of the MPN
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method, and Pant et al. (2002) therefore argue that the H2S test can be used for microbial
water quality surveillance in rural areas. However, they do not investigate or consider the
possibility of false‐positive results, as mentioned by other researchers.
The use of a detergent in the culture medium has also been investigated. Grant & Ziel
(1996) used a modified version of the original H2S test which contained sodium lauryl
sulphate (an anionic detergent) instead of Teepol, and worked with 100ml samples
incubated at 30°C for 24h. When tested against standard methods for faecal coliforms,
they found an agreement of 85.7 to 94.4%, and 71.4 to 80% for C. perfringens. Despite
their finding that 100% of the surface waters tested yielded a positive result and their
caution regarding high false‐positive readings, they concluded that their modification of
the H2S test could be an effective tool for testing the microbial quality of drinking‐water
where more sophisticated methods are not available (Grant & Ziel, 1996).
It should be highlighted here, that Grant & Ziel (1996) have been to date the only
researchers who attempted to analyse the H2S test’s analytical specificity by testing with
pure cultured strains of sulphur reducing and non‐sulphur reducing bacteria. Sobsey et al.
(2002) have described using a mixed population of sixteen known isolates of soil bacteria,
originating from a geothermal region in Siberia (probably thermophilic bacteria), for
testing one of the commercially available H2S test kits (HACH Pathoscreen), to find out if
non‐faecal sulphur reducing bacteria trigger a reaction with the H2S test. Four out of the
sixteen strains triggered a positive reaction. Unfortunately, it was missed to describe the
type of organism used, to describe the sample size, or to mention if any controls (blank
tests) were performed during analysis.
Nevertheless, and similar to the research presented by Pathak et al. (2005), Sobsey et al.
(2002) suggested adding bile salts (e.g. sodium deoxycholate or taurocholate) to the
medium, as this is a common method to inhibit the growth of many non‐target
microorganisms. The inclusion of bile salts to the medium, at 0.5%, would eliminate
bacilli, Archaea and most other soil‐borne bacteria, and potentially lower the risk of
obtaining a false‐positive result (Sobsey et al., 2002). This observation has also been
supported by research from Tambekar et al. (2007), who replaced the detergent (Teepol)
component of Manja’s original formula with bile salts. Thus, the sensitivity of the
modified H2S test for faecal coliform (FC) bacteria increased to 87%, an increase of 5%
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compared to the original test formula. As discussed earlier, Gupta et al. (2008) reported
an H2S test sensitivity of 85% when detergent was replaced with bile salts. Thus, only
limited information is available on the bile tolerance of Gram‐negative bacteria, but it is
suggested that they are more resistant to bile compared to Gram‐positive bacteria
(Begley et al. 2005).
The major effect of bile salts in vivo is to function as a biological detergent by emulsifying
cell membrane of microorganisms, and therefore play an important role in physiological
immunity. Gram‐negative bacteria with a very high tolerance level to bile include species
of Campylobacter, E. coli, and Heliobacter, as well as Salmonella Typhimurium and
Salmonella Typhi. Salmonella Typhimurium can grow in medium containing a
concentration of up to 18% of bile. Crucially, all of these organisms are known to colonise
the human gastrointestinal system (Begley et al. 2005). Regarding Gram‐positive bacteria,
the level of tolerance to bile is usually much lower. An exception is Listeria
monocytogenes, which is able to grow in broth with 30% ox gall (Begley et al. 2005).
Additionally, a higher incubation temperature similar to body temperature may be
advantageous in limiting the growth of some soil‐ and water‐borne bacteria of natural
occurrence (Sobsey et al., 2002). Pillai et al. (1999) observed that an incubation
temperature of 37°C requires the shortest incubation time (only 18h) to turn the H2S test
black, representing a positive result. In contrast, Izadi et al. (2010) obtained the fastest
results at 45°C within 6h only. Izadi et al. (2010) and Hirulkar et al. (2006) demonstrated
that the efficacy of the test is significantly affected by temperature. As the incubation
time increased from 24 to 48 hours, the rate of positive tests also increased from 47% to
95% at room temperature, and by 63% to 96% at 37°C (Hirulkar et al., 2006). Most
organisms tested for in microbial drinking‐water analysis are mesophilic of origin and
therefore grow best at temperatures between 25‐40°C. In contrast, many sulphur‐
reducing bacteria (SRB) are either psychrophilic (they do not grow above 30°C) or
thermophilic (optimum growth at 55°C, with limited growth below 25°C) (Denyer & Baird,
2006). Interestingly, Manja et al. have tested the H2S test at ranges between 30°C to 37°C,
and describe this as ambient temperature. Certainly, this temperature range is not very
convenient for less temperate regions, and must be noted when assessing the usefulness
of the H2S test, and the data yielded from investigations.
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Yang et al. (2013) suggest that a smaller volume of the H2S test may lower the sensitivity,
but raise the specificity. Their simulation indicates that a smaller sample volume (i.e.
10ml/ 20ml) lowers the sensitivity of the H2S test, but raises its specificity. However, since
the H2S test is unable to detect < 5 cfu indicator organisms per 100mL, it is not fulfilling
the WHO guidelines for Drinking‐water Quality (Pathak et al., 2005). Nevertheless, a
lower price per test for less developed communities would mean that a greater number
of tests can be conducted at the same cost (Yang et al., 2013), which could represent a
significant advantage.
Importantly, the US Environmental Protection Agency (EPA) and the WHO do not
recommend the existing H2S test for measurement of water quality (McMahan et al.,
2012). The H2S test may certainly not be ideal for industrialised countries with
sophisticated and modern laboratory facilities, but the H2S test provides a useful
alternative for investigating a large number of water samples for faecal contamination in
a short duration, especially in low‐resource and emergency settings (ACF International,
2013; Kumar et al., 2012; Mosley et al., 2004). Moreover, the method may facilitate the
effective targeting of more costly methods in resource‐limited settings.
OECD & WHO (2003) point out that it has not been proven that the H2S test always
detects H2S‐producing bacteria exclusively related to faecal contamination. Therefore, the
H2S test might be a useful tool to screen water sources and drinking water for faecal
contamination. However, it is not currently recommended as a substitute for more
sophisticated and established microbiological parameters for human faecal pollution,
including bacteria such as E. coli (OECD & WHO, 2003). The WHO (2011) and Godfrey et
al. (2006), therefore, recommend a fundamental shift away from end‐product testing
towards alternative risk‐based strategies such as the water safety planning (WSP)
approach. Further evidence also suggests that E. coli is able to produce H2S, depending on
the source of (reduced) sulphur provided, and depending if it is incubated aerobically or
anaerobically (Lautrop et al., 1971). This can lead to ambiguity because a strain of E. coli
maybe classified as H2S producing dependent upon the method used (Lautrop et al.,
1971). In the past, most organisms tested for H2S production have been tested with triple‐
sugar‐iron (TSI) media, which certainly is not the ideal way due to multiple fermentative
reactions caused by the different forms of carbon available (Barrett & Clark, 1987). The
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other routine test for H2S production is often made with gelatine‐iron, peptone‐iron, or
lysine‐iron medium. However, in a clinical study conducted in Denmark, Lautrop et al.
(1971) isolated 26 different strains able to produce H2S. They highlight that in enteric
microbiology, E. coli is frequently reported to be as a H2S‐non‐producer, while at the
same time Salmonella spp. and Citrobacter spp. are positive. In contrast to these data,
Lautrop et al. (1971) reports that E. coli always produces H2S when cysteine or its reduced
form cystine (di‐sulphide) is given as sole organic sulphide source. Tetrathionate,
thiosulphate, ferrous‐chloride and pyruvate have similar effects on some E. coli strains
(Lautrop et al., 1971).
Darland & Davis (1974) isolated 200 H2S positive E. coli strains, and consequently argue
that H2S‐positive variants of E. coli are not as rare as previously thought. Maker &
Washington (1974) found 17 H2S positive E. coli strains, which interestingly all had a
resistance to tetracycline. Hidese et al. (2011) and Mihara et al. (2002) confirm these
findings, presenting evidence that E. coli possess genes coding for cysteine desulphurases,
as it is the case with most Enterobacteriaceae. Mihara et al. (2002) argues that cysteine
desulphurases are part of the initial stage of sulphur trafficking within prokaryotic cells.
More recent research indicates that H2S produced by enteric bacteria is used as signalling
molecule and as cytoprotectant (Mikami et al., 2011). The researchers highlight that for E.
coli to switch‐on sulphur transferase through the reduction of 3‐mercaptopyrovate,
thioredoxin (Trx), and dihydrolipoic acid (DHLA) are required; both of which are di‐
sulphides.
Adding to the findings of Darland & Davis (1974) and Lautrop et al. (1971), Farmer et al.
(1985) investigated the biochemical reactions of several Enterobacteriaceae and
identified among the known hydrogen sulphide producers C. freundii, M. morganii,
Proteus spp., Salmonella spp. also one strain of E. coli as being H2S positive (Farmer et al.,
1985). As noted by La Faou et al. (1990), the process of sulphur assimilation by bacteria
has not significantly been researched to date, and its importance in prokaryotes is not
fully understood. The researchers highlight that almost all bacterial strains are able to
express thiosulphate‐sulphur‐transferase, thiosulphate‐reductase, or S‐sulphocysteine
synthase. The critical point therefore is at which point bacteria become capable of
activating the necessary enzymes (La Faou et al., 1990). For example, E. coli begins to
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produce H2S in gelatine‐iron medium when ferrous‐chloride is added (Barrett & Clark,
1987). Also, Barbour et al. (1984) found out that most E. coli strains isolated from poultry
are H2S positive. Most bacteria outside the defined group of known sulphur‐reducing‐
bacteria (SRB) are able to assimilate tetrathionate, its reduced form thiosulphate,
sulphite, sulphur, or dimethylsuloxide, and further reduce these compounds into
hydrogen sulphide (Barrett & Clark, 1987).
The research summarised above indicates that there is an enormous pragmatic need for
the H2S test in remote, low‐resource, and emergency settings around the world. There is
a requirement for further assessment in the performance of the test with regards to the
type of water used, specificity and sample size; and that it might be possible to make the
H2S test specific for the detection of the faecal indicator bacterium E. coli. This would
constitute a singular advancement of the original test, where the lack of specificity is
described by many as one of the major limitations of the H2S test (Huang, et al., 2011;
OECD/WHO, 2003; Sobsey et al., 2002; Desmarchelier et al., 1992).
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2.9

Summary

Water scarcity already affects every continent on Earth, with around 1.2 billion people,
or almost one‐fifth of the world's population, living in areas of physical scarcity (UN,
2014). Much of sub‐Saharan Africa is impacted by the shortage of safe drinking water
and open shallow wells are still one of the main drinking water sources in many rural
areas. Drinking‐water scarcity is not limited to Africa, but is also an issue in much of Asia,
South America, and even in parts of North America (such as first nation reserves), and in
less economically developed parts of Eastern Europe. Consequently, inadequate water
and sanitation, and hygiene access is the major risk factor for diarrhoeal diseases,
leading to many deaths worldwide (Prüss‐Ustün et al., 2014).
Options for testing drinking water in professional laboratories for water‐borne
pathogens in such resource‐limited settings are often limited, or non‐existent. The need
for a rapid, low cost & easily readable test has been highlighted by non‐governmental
organisations to determine the microbiological quality of drinking water. Importantly,
the test must be able to be interpreted at a local level, by unskilled, illiterate and
technically unexperienced community members (Sobsey et al., 2002).
The international Guidelines for Drinking‐water Quality (GDWQ) set by WHO suggest
that there should be zero (0) colony‐forming‐units (cfu) of faecal indicator bacteria per
100ml of drinking‐water detectable (WHO, 2011).
Manja et al. (1982) developed a very cheap and easily applied H2S test which is
supposedly suitable for use in resource‐limited places. However, the original H2S test
formula is not specific to faecal indicator bacteria (FIB) as it only targets sulphur‐
reducing bacteria, some of which are non‐faecal in origin. Moreover, the sensitivity of
the original formula is with 24h to 48h similar to the sensitivity of comparable, but more
costly and technologically demanding products currently available. Also, the level of
false‐positive and false‐negative results is relatively high (Tambi et al., 2016; Huang, et
al., 2011; OECD/WHO, 2003; Sobsey et al., 2002; Nair et al., 2001; Desmarchelier et al.,
1992).
There is a need, therefore, to research modifications of the existing formula to increase
its sensitivity, and especially its specificity (Huang et al., 2011). Also, more research is
needed to define which microorganisms trigger a positive result in the H2S test, and
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under what conditions (McMahan et al., 2011). ‘Optimal conditions for conducting the
H2S test remain unclear. As the H2S test accuracy is low in a minority of studies, we
recommend that its performance be evaluated relative to standard methods, prior to its
operational deployment in a new setting’ (Wright et al., 2012, p. 94). Nair et al. (2001)
recommend that the H2S test would be good to identify microbial contamination in less‐
developed countries where drinking‐water guidelines are often more generous. Also,
the H2S test is primarily intended for remote and low‐resource paces where routine
sampling is difficult. Analysing the efficiency of the H2S test in assessing remote
community water supplies should be conducted (Nair et al., 2001). This is in alliance
with Mosley et al. who argue ‘the H2S test would be well suited to wider use, especially
in absence of water‐quality monitoring capabilities for remote islands’ (Mosley et al.,
2004, p. 393). According to ACF International (2013) ‘the use of the H2S test proved
valuable in the context of insecure environments in conducting household water quality
monitoring’. Furthermore, ‘a clear specific method would be required to establish the
optimum sample required’ (ACF International, 2013, p. 9). As mentioned by Peletz et al.
(2016) water‐quality monitoring in less‐developed countries is often constrained by the
absence of regulations or their enforcement, and by insufficient financial, human, and
logistical resources. To be feasible, monitoring programs must be focusing on improving
its cost‐effectiveness (Peletz et al. 2016).
As previously discussed in sub‐chapter 2.8.2, the lack of centralised laboratories
available in less‐developed countries highlights the need for rapid, simple, and low‐cost
test methods (CAWST, 2013). This need is especially important for rural and small
communities that are located in remote areas, and which cannot afford commercial
laboratory testing. ‘On‐site testing’ using with simplified tests have allowed drinking‐
water quality testing to be a possibility in less‐developed places (CAWST, 2013).
Also, due to its simplicity and to the fact that the H2S test is cheap and easy to read and
therefore needs no qualified laboratory staff to operate, the H2S test is promoted by
leading humanitarian organisation and institutes such as WHO, UNICEF, MedAir,
WaterAid, the Centre for Affordable Water and Sanitation Technology (CAWST), USAid,
Oxfam, the International Federation of the Red Cross and Red Crescent Societies (IFRC),
the Australian Red Cross, the Water Engineering and Development Centre (WEDC) at
Loughborough University, British‐based Tearfund, and Taller de Salud Campesina
‐ 72 ‐

(TASCA) especially for low‐resource settings and emergency situations (USAid, 2015;
MedAir, 2015; WaterAid, 2014; Australian Red Cross, 2012; ACE International, 2013;
CAWST, 2013; Bain et al., 2012; IFRC, 2011; Tearfund, 2011; WHO, 2010 & 2009;
UNICEF, 2008; Lira et al., 2008; Oxfam, 2006; Live & Learn Environmental Education,
2006; Mosley et al., 2004; WEDC, 1997).
Additionally, since the elements of safely managed drinking‐water should ideally all be
assessed on the household level as mentioned in sub‐chapters 2.2.1 & 2.9.1, the H2S test
could be due to its simplicity and low cost a solution to this issue. Integrated microbial
water quality testing is an advantage in household surveys, as it presents the ability to
link this information directly to the household characteristics and the type of water
source (WHO, 2017). The same is true for water safety planning (WSP), where water
quality monitoring is an integral part of the risk assessment and verification process, but
difficult to realise especially in rural, less‐developed, and low‐resource settings. This also
motivated the World Bank’s Water and Sanitation Program in India to extensively
promote the implementation of rural village water safety plans in combination with the
use of the H2S test for microbial water quality monitoring (World Bank, 2010a; World
Bank, 2010b)
Furthermore, the majority of research into low‐cost diagnostic tests in low‐resource
settings concludes that ‘one‐size‐fits‐all’ faecal indicator test that is ‘the best’ in any
setting does not exist (Murcott et al., 2015). In low‐resource and emergency settings, a
difficult ‘trade‐off’ must be made between cost, performance, and feasibility of any
method applied (Carter, 2015; Yang et al., 2013). Also, there’s a great need for the
development of low‐cost, technically simple, methods to detect faecal indicator
bacteria, and that can be applied on a community level (Tambi et al., 2016; Carter, 2015;
USAid, 2015; WaterAid, 2014; Gupta et al., 2008; Lira et al., 2008; Live & Learn
Environmental Education, 2006; Pathak et al., 2005; Mosley et al., 2004; Sobsey et al.,
2002; Pillai et al., 1999).
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2.9.1

Existing knowledge gaps

Based on the literature and evidence provided in the previous chapters, the following
knowledge gaps have been identified and summarised below. Since it is beyond the
scope and feasibility of this thesis to investigate all the knowledge gaps listed below,
only the knowledge gaps addressed in points one to five have been able to be
investigated.
i.

Little is known about the reliability of the H2S test in comparison to
internationally accepted and validated standard methods used for the
microbial analysis of drinking‐water.

ii.

The overall performance and optimal conditions for the H2S test is unclear,
particularly with regards to different environmental conditions, most
appropriate sample volume, most appropriate incubation temperature, time‐
to‐result, and its function when used with different kinds of waters
(unimproved vs. safely managed).

iii.

There is almost no research published about which specific organisms trigger
a positive reaction to the H2S test, and which organisms do not. It is
therefore important to evaluate the diagnostic potential and application of
this test with regards to faecal indicator bacteria and bacteria closely related.

iv.

There is a lack of research concerning modifications of the H2S test to
increase its diagnostic sensitivity and specificity, and lower its reaction time
to detect for faecal indicator bacteria. The reduced specificity for faecal
indicator organisms (particularly E. coli) is described as largest limitation with
regards to the performance of the H2S test.

v.

Sulphur reduction and assimilation by enteric bacteria is not well understood,
and needs to be further evaluated to improve the performance of the H2S
test.

vi.

There is a lack of knowledge about chemical cross‐reactions in the H2S test
that may invalidate results.
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vii.

At the time this thesis was written, no research could be identified
concerning the feasibility of the production, storage, application, reading,
and disposal of the H2S test in low‐resource and emergency settings.

viii.

Finally, data on the regrowth of faecal indicator bacteria (FIB) in tropical
environments is still inconclusive and requires further investigation, since the
survival and persistence of FIB in water bodies could lead to false‐positive
reactions (i.e. not indicative of recent faecal contamination episodes).
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Chapter 3
3

Materials and Methods

3.1

Study design

3.1.1 First part: Preliminary investigation into new and alternative
modification of the H2S test
In order to evaluate the performance of the original H2S test in terms of analytical and
evidence‐based (or diagnostic) specificity and visible reaction time to detect for faecal
indicator bacteria and faecal and environmental sulphate/ sulphur‐reducing bacteria
(SRB), the original test’s performance has been evaluated and rated against eight
different modifications in the first part of testing. Additionally, the river water used for
testing was analysed by conducting membrane filtration with nine different semi‐
selective and selective culture media to form a basis for comparison, in accordance to
the accepted standard method.
During the first part of testing (refer to chapter four for results) 81 samples of
unimproved surface water have been taken during 11 sample trips from the River Ouse
catchment in total (see figure 3.1 below). However, and, with regards to the sample size
displayed in the figures presented in chapter four, not all types of newly modified H2S
tests, respectively, the combinations of new H2S test modifications and the different
incubation temperatures (20°C/37°C/44°C) used were investigated with the total
number of water samples taken. This is simply justified by the logistics involved of
producing all the different types H2S tests, by the fact that this research constituted a
preliminary investigation to first assess what type of new H2S test modification in
combination with which sample volume and incubation temperature would be feasible
and logic to continue with. Also, the decision to analyse the different H2S test versions at
different temperatures was taken after sampling started, which explains the different
sample sizes (N=63/30/18). In addition, 14 samples have not been analysed (81–14 = 63)
due to extremely high readings of turbidity following heavy rain events and flooding at
the sampling location. The actual investigation and analysis of the diagnostic sensitivity
and specificity, and the reaction to pure cultured bacteria in comparison to different
concentrations have been investigated in chapters five and six instead.
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20°C

37°C

44°C

Scayness Hill

9

6

3

1

Pellingford Brook

8

6

3

1

Fletching Mill Bridge

8

6

3

2

Hempstead Mill

8

6

3

2

River Uck

8

6

3

2

Isfiled Bridge

8

6

3

2

East Chiltington

8

6

3

2

Bevern Bridge

8

7

3

2

Coppards Bridge

8

7

3

2

Sharps Bridge

8

7

3

2

81

63

30

18

Figure 3.1 Flowchart with sample points and number of samples taken

The sampling process continued as follows. First, 500ml samples of river water were
collected from each of the ten sites (refer to chapter 3.2) using sterile plastic bottles and
were analysed the same day in the nearby laboratory for environmental microbiology of
the University of Brighton by using membrane filtration (APHA, 2012). Each one of the
81 water samples taken was analysed for its microbial content by applying membrane
filtration and by using nine different selective and semi‐selective culture media (see sub‐
chapter 3.3.2 & 3.3.4). These included m‐FC and m‐Enterococcus medium, according to
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APHA’s standard methods; and Sulfate API medium used for the detection and
estimation of anaerobic and environmental sulphate‐reducing bacteria as
recommended by the American Petroleum Institute (1959).
Water from each of the sampling sites was used to test the original H2S test after Manja
et al. (1982) and each of the new H2S test’s modifications against each other. Controls in
form of blank test (H2S tests filled‐up with deionised and autoclaved water) were
prepared for each H2S test, and for each round of testing. Results from presumptive
identification on semi‐selective culture media were confirmed using bioMérieux’s API®
ID strips (20E™/ 20NE™/ 20A™/ 20Strep™) for multiple bacterial species (APHA, 2012).
Additionally, these data were used to establish an understanding of the original test’s
analytical specificities (reaction to a particular organism), by statistically correlating the
test performances (type of reaction [+/‐] and time‐to‐result), against the findings of the
culture plating analysis (number of cfu). This was achieved by applying Spearman rank
correlation (refer to sub‐chapter 3.4.1).
Results are expressed in terms of time taken to achieve a positive or negative test result,
in hours. If any of the H2S tests showed no reaction (no production of H2S resulting in
black precipitation) after 48 hours, respectively 72 hours maximum, the test was read
and recorded as negative. Weak and ambiguous H2S test reactions were recorded as
positive reaction when the H2S test showed at least some black precipitate indicating
the production of H2S. However, if a H2S test was just turbid, thus indicating growth of
bacteria, but produced no black precipitate after 48 hours, than the test result was
recorded as negative. This procedure was applied during all iterations of testing
throughout the whole project.
Further, the original H2S test and all newly modified H2S tests were investigated for their
performance in comparison to different temperature ranges (to assess the ideal
incubation time) by comparing the time taken for a positive reaction to occur at each of
three incubation temperatures (20°C, 37°C and 44°C). These temperatures were chosen
for the following reasons:
1. A fast and reliable reaction at ambient/ or room temperature (20°C) would
demonstrate that no additional incubator is needed for the tests to function.
2. 37°C is approximately human body temperature and is commonly the optimal
temperature for the growth of bacteria of human enteric origin.
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3. 44°C is commonly used as a more selective temperature for the growth of
enteric bacteria (e.g. faecal or ‘thermotolerant’ coliforms) that have a Topt. of
37°C.
By comparing the original H2S test against its modifications, followed by a rank‐
correlation analysis against semi‐selective culture plating by using unimproved sources
of water, and by tracking the reaction time, a first set of data has been established with
regards to the test’s analytical and evidence‐based specificity and time‐to‐result.

3.1.2 Second part: Demonstration of capability and assessment of
analytical specificity and sensitivity
During the second part of testing, the analytical sensitivity (method detection level or
limit of detection) and the analytical specificity, as well as the reaction time of all H2S
tests were measured. This was achieved by analysing the performance of each test in
the presence of pure‐cultured strains of enteric and non‐enteric sulphide‐, sulphate‐,
sulphur‐reducing, and H2S‐producing bacteria against the different tests at different
dilution rates, and by recording the exact time‐to‐result. The chosen bacterial strains
used during this project are outlined in sub‐chapter 3.3.6 below. Since the process of
sulphur assimilation and dissimilation by bacteria has rarely been studied nor is it
properly understood (refer to sub‐chapter 2.8.2 and La Faou et al., 1990), some
additional organisms which are suspected to produce H2S under certain circumstances,
such as Aeromonas hydrophila, different strains of E. coli, and V. cholerae have been
included in this study as stated above.
The pure cultures came from different sources (including the NCIMB, NCTC, ATCC,
University of Brighton collection, and isolates recovered from the River Ouse). These
have been re‐cultured in brain‐heart infusion broth (Oxoid CM1135), and stored in 10‐
15% glycerol at ‐80°C, until needed. Before each round of testing, the pure cultures have
been defrosted, and 0.1ml was inoculated into 100ml sterile brain‐heart infusion broth,
followed by a 24‐hour incubation period at the strain’s required temperature. After
incubation, a sample of 0.1ml of each pure culture has been placed in a culture tube
filled with 9.9ml sterile water to create a 1 x 10‐2 dilution. This step was repeated twice,
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to receive dilutions of pure cultures of 1 x 10‐2 / 10‐4 / 10‐6, respectively. Finally, each of
the three dilutions were further diluted by log2 (10‐2) when 0.1ml was pipetted in the
different H2S test culture tubes, which contained 9.9ml autoclaved water, creating final
concentration of 1 x 10‐4 / 10‐6 / 10‐8, respectively (for the approximate concentrations
of cfu for each level of dilution, see table 5.4). This step was not only being undertaken
to establish a precise concentration of a confirmed organism, but also to establish the
method detection level (MDL), the method range, and time needed for positive/ or
negative reaction for each pure cultured organism cited above.
The aim of this evaluation was to find out which organisms trigger which reaction
(positive or negative) in the original and modified versions of the H2S tests. Also, and
with regards to the main purpose of this study to define the performance of the H2S
method, it is the accepted standard to test for the ‘operational range’ (also referred to
as analytical specificity, accuracy, or single‐operator‐characteristic) of a new diagnostic
device or method. This step is undertaken using a range of culture collection strains of
enteric and non‐enteric/ environmental organisms (APHA, 2012). None of the studies
presented in the reviewed literature in the previous chapter attempted to evaluate
Manja’s original H2S test or any associated modification according to internationally
accepted quality control measures, which are usually standard operational procedures
in the medical, diagnostic, and pharmaceutical industry. A new test or diagnostic device
must always be evaluated against known test conditions first, and then against unknown
samples). With regards to APHA’s standard methods (APHA, 2012), a good quality
assurance programme is usually divided in the two parts, quality control (QC) and
quality assessment, with the first part consisting of following elements or steps: initial
demonstration of capability (IDC), defining the operational range plus establishing the
method detection level (MDL), an ongoing‐demonstration of capability (or also referred
to as laboratory control sample), followed by an laboratory‐fortified‐blank or laboratory
control standard (LCS), and lastly by analysing each sample at least twice to ensure
reproducibility. Defining the MDL is also the first step in any method validation process
(APHA, 2012). MDL and LCS consist of a known concentration of pertinent reagents and
target organisms that have been added to evaluate the laboratory performance of a
method, also referred to as single‐operator characteristics (APHA, 2012).

‐ 80 ‐

The serial dilution of artificially spiked water samples were used to analyse the analytical
sensitivity of these organisms to the tests, and to establish the method detection level
(MDL) of the H2S test and the modified versions. Similar to most chemical substances
and toxins were not the chemical or toxin itself causes the contamination or
intoxication, but the dose or quantity used to achieve a reaction. After the first steps of
initial demonstration of capability, the second part of testing has established the
operational range by verifying the identity of target and non‐target organisms due to
using pure‐cultured strains, and strains recently isolated from the sample area. The
recommended standard procedure followed during this study is that outlined by APHA’s
standard methods for the examination of water and waste water, which involve the
preparation of spiked samples with a mixed inoculum of a known amount of target
organisms. According to the method development instructions promoted by the UK
Environment Agency, the test sample or aliquot should contain 20‐50 different isolated
target organisms, non‐target organisms, and organisms closely related to the target
organism (Environment Agency, 2002). ISO 17994 (first published in 2004) which
specifies the evaluation procedure for comparing two methods with established
performance characteristics intended for the quantification of the same species of
microorganisms, is very similar (ISO, 2014). Though, this project followed the standard
methods for the examination of water and wastewater, which are partly based on the
recommendations by the US Environmental Protection Agency (EPA), and internationally
are more accepted; the reaction of unknown and environmental samples has been
additionally explored.

3.1.3 Third part: Validation of the original and modified version of the
H2S test
During the third part of testing, the H2S test and its modifications were tested with
unknown samples (EPA, 2009). This step was also necessary to assess how the original
H2S test and the modifications presented in this thesis function under different
environmental and field conditions, and especially with different types of water (in situ
vs. ex situ). Unimproved water samples were collected again from the sites stated in
sub‐chapter 3.2 along the course of the River Ouse in East Sussex, and from a limited
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number of rain harvesting points (located on top of Watts building at the University of
Brighton and in Seaford, East Sussex). Validation based on an evidence‐based
sensitivity/ specificity analysis has been conducted with the original H2S test, and the
modified versions presented here, against membrane filtration using the two semi‐
selective media m‐FC and m‐Enterococcus, as described by the standard methods for
the examination of water and wastewater (APHA, 2012). Each one of the different H2S
tests has been assessed at 20°C and at 37°C incubation temperature, to further analyse
the effect of the incubation temperature in relation to the reaction time.
The sample size was assessed by using the statistical software package ‘Select Statistics’
as stated in sub‐chapter 3.4 below. According to the sample size analysis, the
anticipated level of confidence (90%), and a power of at least 70%, the minimum sample
size to assess a representative negative and positive predictive value is a total
population of N=57. The total population assessed for each analysis (at 20°C & 37°C
incubation temperature) was N=80 (N=160 when combined), and the results can
therefore be regarded as conclusive and significant (Select Statistics, 2017).
This iteration of testing was important due to the need to validate the original H2S test
and any modifications against standard methods (as discussed in sub‐chapter 2.8.1). As
discussed in sub‐chapter 3.4.2 below, positive and negative predictive values are
necessary in a diagnostic setting, as they state the probabilities that an individual (or a
test) is truly positive given that it tested positive or truly negative given that it tested
negative. In this study, sensitivity marks the proportion of those H2S tests showing a
positive reaction and which correctly identified a water sample containing faecal
indicator bacteria. Specificity is the proportion of those H2S tests which show no
reaction (negative reaction) to a water sample which does not contain any faecal
indicator bacteria (zero cfu) in a 100ml sample (Peacock & Peacock, 2013). The
evidence‐based (diagnostic) sensitivity and specificity, respectively the PPV and NPV,
have been calculated with the help of MedCalc statistic software.

3.2

Sampling locations

The water samples used for the first and third part of testing were sampled from the
non‐tidal part of the River Ouse, located in the county of East Sussex, UK. The ten sites
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along the River Ouse, which have been chosen randomly, are: Scaynes Hill, Pellingford
Brook, Fletching Mill Bridge, Hempstead Mill, River Uck, Isfield Bridge, East Chiltington,
Bevern Bridge, Coppards Bridge, and Sharps Bridge. The River Ouse is known to have
high readings for faecal coliforms and other faecal organisms, as it is subject to diffuse
and point‐source agricultural run‐off and several point source discharges of final effluent
from municipal wastewater treatment works (Ouse & Adur River Trust, 2016).
Wastewater treatment plants in the catchment typically include secondary biological
treatment (with secondary sedimentation), but tertiary treatment is not used (Southern
Water, 2016).

3.3

Diagnostic methods

3.3.1 The original H2S test
The hydrogen‐sulphide test was prepared and utilised according to the original work by
Manja et al. (1982). It should be noted, the medium formula is almost identical to
Lyngby’s iron agar (peptone iron agar), and to iron sulphite agar (Atlas, 2010). The
original formula of the H2S test medium contains:


Bacteriological peptone 20 g,



Dipotassium hydrogen phosphate 1.5 g,



Ferric ammonium citrate 0.75 g,



Sodium thiosulphate 1.0 g,



Liquid detergent (Teepol) 1.0ml, and



Distilled/ deionised water 50ml.

First, 0.5ml of the medium is placed on any type of inert absorbent material (e.g. filter
paper or paper towel) that has been cut into strips beforehand. After drying, the paper
strips soaked with the medium are placed into an oven at 55°C for 30 min. After cooling
down, each strip is placed in a sterile 10ml plastic culture tube. At this point the test is
ready to be used. To perform the test, one sterile 10ml plastic culture tube was filled
with 10ml of water sample and placed in the dark at room (ambient) temperature (20°C)
for up to three days (72h) maximum. For each different version of the H2S test used, one
test tube was filled with 10ml of sterilised distilled water as a blank control. If the test
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was positive for bacteria capable of reducing sulphur, the tube contents will change
colour from a light yellow to black, usually in between 18h to 48h. The test tubes have
been examined for colour change every six to twelve hours. Tests in which the content
has remained light yellow without any production of black precipitate have been
recorded as negative result.

3.3.1.2

Modified H2S test formulae used in this study

In addressing one of the objectives of this project, to make the original version of the
H2S test more specific for faecal indicator organism, specifically E. coli, the original
media formula was modified, mainly by using selective reagents of which many have
been named above in sub‐chapter 2.8.2. Selective reagents thought to support or inhibit
the growth of certain bacteria, such as bile salts (i.e. sodium deoxycholate or
taurocholate), citric acid, dyes such as brilliant green, certain types of antibiotics
(specifically, gentamicin and penicillin G), and different kinds of (reduced‐) forms of
organic and inorganic sulphur compounds ( specifically, L‐cysteine, L‐cystine, D‐cysteine,
biotin, 2‐mercaptopyridine, tetrathionate, thiosulphate, taurine, pyruvate, and sodium
sulphate) have been added separately to the medium in different modifications. All
reagents used in this study were procured from either Fisher Science UK or Sigma‐
Aldrich® UK. The filter paper used for each of the various H2S tests was produced by
Fioroni S.A. in France. The bile salts (LP0055) and the bacteriological peptone (LP0037)
were manufactured by Oxoid™ and sold via Sigma‐Aldrich® UK.
Each of the modified H2S test formulae investigated in this study is described in table 3.1
below.

‐ 84 ‐

Table 3.1 Type of H2S test modifications incl. their formulae and reagents used
Type of H2S test

Reagents different to original
H2S test formula

Reaction intended

Reference

1

H2S test without
sodium thiosulphate,
but with L‐cysteine

Included: 2.0g L‐cysteine
Excluded: 1.0g Sodium
thiosulphate

Increased bioavailability of sulphur source
for many Enterobacteriaceae. Facilitating
cysteine desulphurases and enabling H2S
production.

Hidese et al. (2011);
Mihara & Esaki
(2002)

4, 5, 6

2

H2S test with added
L‐cysteine

Included: 0.25g L‐cysteine

Increased bioavailability of sulphur source
for many Enterobacteriaceae. Facilitating
cysteine desulphurases and enabling H2S
production.

Hidese et al. (2011);
Mihara & Esaki
(2002)

4, 5, 6

3

H2S test without
detergent, but with
added bile‐salts (2%)

Included: 1.0g bile salts
Excluded: 1ml liquid detergent

Increased selectivity through inhibiting the
growth of unwanted organisms.
Clostridium perfringens, E. coli, Listeria
monocytogenes, Salmonella spp. are
regarded as very bile tolerant.

Begley et al. (2005)

4, 5, 6

4

H2S test without
detergent, but with
added bile‐salts (6%)

Included: 3.0g bile salts
Excluded: 1ml liquid detergent

Increased selectivity through inhibiting the
growth of unwanted organisms.
Clostridium perfringens, E. coli, Listeria
monocytogenes, Salmonella spp. are
regarded as very bile tolerant.

Begley et al. (2005)

5, 6

5

H2S test with added
L‐cysteine and citric
acid

Included: 0.25g L‐cysteine, 0.2g
citric acid, 1.0g bile salts

Supports the growth of some Gram‐
negative, H2S producing, and coliform
bacteria.

Holt et al. (1994)

4, 5

6

H2S test with added
citric acid

Included: 0.2g citric acid

Supports the growth of some Gram‐
negative, H2S producing, and coliform

Holt et al. (1994)

4, 5

No.
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Test used
in chapter

bacteria.

H2S test with added
gentamicin

Increased: 1.5g to 3.0g
Dipotassium hydrogen
phosphate
Included: 0.005 gentamicin
Excluded: 1ml liquid detergent

Gentamicin is selective for Gram‐positive
bacteria, and only allows Streptococci
(groups A, B, C, D, and G) and Clostridium
spp. to be cultivated.

Atlas (2010)

H2S test modified for
the growth of
Salmonella sp.

Increased: 1.5g to 3.0g
Dipotassium hydrogen
phosphate
Included: 0.25g L‐cysteine, 4.0g
bismuth sulphite, 0.008g
brilliant green
Excluded: 1ml liquid detergent

Bismuth sulphite acts together with
brilliant green as a selective agent by
suppressing the growth of coliforms, whilst
permitting the growth of Salmonella spp.

Cook G. T. (1952)

4

9

H2S test with added
kanamycin and
vancomycin

Increased: 1.5g to 2.0g
Dipotassium hydrogen
phosphate
Included: 0.25g L‐cysteine,
0.05g kanamycin, 0.005g
vancomycin
Excluded: 1ml liquid detergent

Vancomycine is selective for many Gram‐
negative bacteria, and inhibits most Gram‐
positive and anaerobic bacteria.

Atlas (2010)

4

10

H2S test with added
penicillin G

Included: 0.25g L‐cysteine,
0.05g penicillin‐G
Excluded: 1ml liquid detergent

Penicillin‐G is selective for many Gram‐
negative bacteria, and inhibits most Gram‐
positive bacteria apart from E. faecalis and
E. faecium.

Atlas (2010)

4, 5, 6

7

8
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4, 5

11

12

13

14

15

H2S test with L‐
cysteine and 2‐
mercaptopyridine

Included: 0.25g L‐cysteine, 0.1g
2‐mercaptopyridine, 1.0g bile
salts
Excluded: 1ml liquid detergent

Mercaptopyridine supports the sulphur
transferase in E. coli.

Mikami et al. (2011)

5, 6

H2S test with added
L‐cystine

Included: 1.0g L‐cystine, 0.001g
biotin, 1.0g bile salts
Excluded: 1.0g Sodium
thiosulphate, 1ml liquid
detergent

L‐cystine is an organic sulphur source and
reduced form of L‐cysteine. Increased
bioavailability of sulphur source for many
Enterobacteriaceae. Facilitating cystine
desulphurases and enabling H2S
production.

Lautrop et al. (1971),
Jones‐Mortimer et
al. (1968), Tanner,
F.W. (1917)

5, 6

H2S test with added
D‐cysteine

Included: 0.1g D‐cysteine, 0.001
biotin, 1.0g bile salts
Excluded: 1.0g Sodium
thiosulphate, 1ml liquid
detergent

D‐cysteine is an organic sulphur source.
Increased bioavailability of sulphur source
for many Enterobacteriaceae. Facilitating
D‐cysteine desulphurases and enabling H2S
production.

Ellis et al. (1964)

5

H2S test with taurine
substituted for
sodium thiosulphate

Included: 0.75g Taurine, 1.0g
bile salts
Excluded: 1.0g Sodium
thiosulphate, 1ml liquid
detergent

Increased bioavailability of sulphur source
for many Enterobacteriaceae, enabling H2S
production.

Ellis et al. (1964),
Tanner, F.W. (1917)

5

H2S test with added
L‐methionine

Included: 1.0g L‐methionine,
0.001g biotin, 1.0g bile salts
Excluded: 1.0g Sodium
thiosulphate, 1ml liquid
detergent

L‐methionine is an organic sulphur source.
Increased bioavailability of sulphur source
for many Enterobacteriaceae, enabling H2S
production. Biotin stimulates desulfurases.

Ellis, R.J. (1966), Ellis
et al. (1964),
Delwiche E.A. (1951)

5
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16

H2S test with added
tetrathionate

Included: 1.0g Sodium
tetrathionate, 0.001g biotin,
1.0g bile salts
Excluded: 1.0g Sodium
thiosulphate, 1ml liquid
detergent

17

H2S test with added
pyruvate

Included: 0.5g Sodium pyruvate,
1.0g bile salts
Excluded: 1ml liquid detergent

Increased bioavailability of sulphur source
for many Enterobacteriaceae, supporting
H2S production.

Artman, M. (1956),
Delwiche E.A. (1951)

5

H2S test with added
L‐glutathione

1.0g L‐glutathione reduced, 0.5g
sodium pyruvate, 0.1g 2‐
mercaptopyridine, 1.0g bile
salts
Excluded: 1.0g Sodium
thiosulphate, 1ml liquid
detergent

L‐glutathione is an organic sulphur source.
Increased bioavailability of sulphur source
for many Enterobacteriaceae, enabling H2S
production.

Ellis, R.J. (1966), Ellis
et al. (1964)

5

H2S test with added
sodium sulphate and
pyruvate

Included: 1.5g Sodium sulphate,
0.05g sodium pyruvate, 1.0ml
bile salts
Excluded: 1.0g Sodium
thiosulphate, 1ml liquid
detergent

Increased bioavailability of sulphur source
for many Enterobacteriaceae, enabling H2S
production.

Ellis, R.J. (1966),
Delwiche E.A. (1951)

5

18

19

Increased bioavailability of sulphur source
for many Enterobacteriaceae. Facilitating
tetrathionate reductase enabling H2S
production in E. coli. Biotin stimulates
desulfurases.

Barrett & Clark
(1987), Lautrop et al.
(1971), Delwiche E.A.
(1951)

5
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20

H2S test with added
L‐cystine and L‐
glutathione

Included: 1.0g L‐cystine, 0.25g
L‐glutathione reduced, 0.001g
biotin, 1.0g bile salts
Excluded: 1.0g Sodium
thiosulphate, 1ml liquid
detergent

L‐glutathione is an organic sulphur source.
Increased bioavailability of sulphur source
for many Enterobacteriaceae, enabling H2S
production. Biotin stimulates desulfurases.

Kredich, N.M. (1971),
Jones‐Mortimer et
al. (1968), Ellis et al.
(1964), Delwiche E.A.
(1951)

5

21

H2S test with ferrous
chloride substituted
for ferrous citrate

Included: 0.75g Ferrous
chloride, 1.0g bile salts
Excluded: 0.75g Ferrous citrate,
1ml liquid detergent

Ferrous chloride can be more sensitive to
hydrogen sulphide as compared to ferrous
citrate.

Barrett & Clark
(1987)

5

22

H2S test with added
L‐cysteine and
pyruvate

Included: 1.0g L‐cysteine,
0.001g biotin, 0.5g sodium
pyruvate, 1.0g bile salts
Excluded: 1ml liquid detergent

Increased bioavailability of sulphur source
for many Enterobacteriaceae, supporting
H2S production.

Artman, M. (1956),
Delwiche E.A. (1951)

5
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3.3.2 Standard plate counts
Each sample of unimproved water (taken directly from the River Ouse) during the first
part of testing was analysed by using nine semi‐selective culture media as listed below,
and by using the membrane filtration technique and culture plating according to
standard methods (APHA, 2012). Specifically, the culture media used are listed below.










Aeromonas Isolation agar + ampicillin
Desoxycholate Citrate Lactose Sucrose (DCLS) agar No. 2
Eosin Methylene Blue (EMB) agar
Mannitol‐Salt agar
m‐Enterococcus agar
m‐FC agar
Reinforced Clostridial Medium (RCM)
Sulfate API agar + sodium lactate
Xylose Lysine Deoxycholate (XLD) agar

The culture media m‐Enterococcus and m‐FC were procured from Merck Millipore in
Germany; all other media were manufactured by Fluka® and procured from Sigma‐
Aldrich® UK.

3.3.3 Serial dilution
Water samples used for each of the different stages of testing were diluted by several
log‐reductions to analyse the analytical specificity and the reaction time of the tests.
Applying different dilution stages for investigating the limit of detection is considered a
vital step in diagnostic method development. There are several types of dilution
technique available, but the ‘volumetric dilution to a measured volume (a/c)’ type is
widely considered to be the most accurate method (APHA, 2012). The concentration of
bacterial cultures was determined by enumerating the bacterial cells produced by cell
division during a defined growth phase (Black, 2001). This measurement is defined by
the number of living (viable) bacteria per millilitre of a culture or sample. Dilution
factors for multiple volumetric dilutions are measured as the sum of individual dilutions.
The Miles and Misra method (or surface viable count method) was subsequently used to
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determine the number of colony forming units (cfu) in the diluted inoculum (Miles et al.,
1938).

3.3.4 Standard methods: membrane filtration
One of the preferred methods to concentrate bacteria in fresh‐, recreational‐, and
drinking water samples is the membrane filtration method (refer to sub‐chapter 2.6.1).
A water sample of between 0.1ml and 100ml (depending on the suspected level of
microbial contamination and turbidity) is pipetted into a filter cylinder; the same
quantity of Ringer’s (QSR) solution is added, and the sample is vacuum filtered through a
sterile cellulose filter (normally 0.45 µm in pore size). Given that the unimproved water
samples studied in this project have been taken from a lowland chalk river with multiple
diffuse and point sources of faecal pollution, a 1ml sample is regarded as the
appropriate sample volume with regards to standard methods (APHA, 2012). The filter
with the retained bacteria on its surface is subsequently transferred with sterilised
forceps from the filter cylinder onto an agar‐based culture plate (Black, 2001).
Depending on the bacterial species targeted, the medium is usually at least semi‐
selective to make identification of the organisms easier. The culture plates were
incubated aerobically (and in some cases anaerobically) at either 20°C, 37°C and/ or
44°C, usually for 18 to 48 hours, depending on the medium (APHA, 2012). Sulfate API
agar was incubated for at least 7 days minimum anaerobically. After incubation,
macroscopically visible colonies will have developed where bacteria have been retained
on the filter, and can thus be enumerated. The presence of more than one colony of
faecal indicator bacteria per 100ml of sample water indicates that the water can be
considered unsafe for human consumption (Black, 2001). As outlined above in sub‐
chapter 3.3.2 and with reference to the Standard Methods for the Examination of Water
and Wastewater (APHA, 2012), the membrane filtration method was carried‐out with
m‐FC and m‐Enterococcus culture medium, among seven additional culture media.
Since it was not the aim of this project to analyse the water for its appropriateness for
human consumption, but to identify and enumerate the indigenous bacteria within the
water as part of a method development and validation process, tests were designed to
target faecal indicator and sulphur/ sulphate‐reducing bacteria. It was considered
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important to obtain as accurate as possible an indication of which enteric and sulphur‐
reducing bacteria are present in the water sample, in order to support a better
understanding of the nature of the H2S test reactions when analysing an unimproved
source of water, and especially when validating two different analytical methods against
each other.

3.3.5 BioMérieux’s API® ID strips ‐ multiple biochemical identification
API® strips give accurate identifications based on an extensive database and are a
standardized and easy‐to‐use test system. The strip kits include strips that contain up to
20 biochemical tests. API® 20E™ biochemical tests include enzymatic tests for β‐
galactosidase; arginine dihydrolase; lysine decarboxylase; citrate utilisation; H2S
production; urease; tryptophan deaminase; indole production; acetoin production;
gelatinase; fermentation of glucose, mannitol, inositol, sorbitol, rhamnose, saccharose,
melibiose, amygdalin, and arabinose; and cytochrome‐oxidase (bioMérieux, 2015). The
API® 20 NE™ strip also includes tests for the reduction of nitrates to nitrides; the
reduction of nitrates to nitrogen; aesculin hydrolysis, assimilation of N‐acetyl‐
glucosamine, maltose, potassium gluconate, capric acid, adipic acid, malate, and
phenylacetic acid (bioMérieux, 2015). After incubating the inoculated strip tests for 24
to 48 hours, the results can be read out and interpreted with APIweb™. API®
identification strip test kits used in this project include API® 20 E™ for (facultative)
anaerobic enteric bacteria, API® 20 NE™ for (facultative) anaerobic non‐enteric bacteria,
and API® 20 A™ for anaerobic bacteria such as Clostridium spp. APIweb™ is an online
software containing all of the API® databases for a reliable automated interpretation of
API® strip results. BioMérieux’s API® ID strips were used during the first part of testing
to confirm the level of contamination of the unimproved river water samples.

3.3.6 Confirmed strains ‐ Culti‐Loops® and National Collection of Type
Cultures (NCTC)
Thermo Scientific Culti‐Loops™ (produced by Remel, US) are ready‐to‐use, disposable
bacteriological loops containing stabilised, preserved, viable bacteria in a unique gel
matrix, and are derived from the American Type Culture Collection (ATCC®). They are
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manufactured in an ISO‐certified facility using proprietary preservation technique,
ensuring enhanced recovery and reproducibility (Thermo Scientific, 2015). Culti‐Loops™
have mainly been used in this study, as this technique is cheaper and easier as
compared to ordering pure frozen or freeze‐dried (lyophilised) strains from a national
culture collection, which first need to be cultured and confirmed before they can be
used. Also, they allow consistent microbiological evaluation and are therefore an
excellent tool for quality and confirmation testing.
Most organisms were supplied in the form of Culti‐Loops® especially prepared for
quality control testing. Additionally, Campylobacter jejuni and Salmonella Typhimurium,
Staphylococcus aureus, Serratia marcescens, and Vibrio cholerae were supplied as frozen
cultures by Public Health England (National Collection of Type Cultures – NCTC) to test
for the analytical and evidence‐based specificity. The confirmed and pure cultured
strains used in this research are outlined in table 3.2 below.

Table 3.2 Pure cultured bacterial strains used within this project
Organism

Origin/ Type

Function/ Use

H2S positive

Reference

Aeromonas
hydrophila

Isolated from
the River Ouse

Common in
unimproved water.
Pathogenic
(opportunistic)

+

Holt et al.
(1994)

Campylobacter
jejuni

NC11168

Significant for public
health. Food/ water‐
borne pathogen

+

Holt et al.
(1994)

+

Holt et al.
(1994)

+

Holt et al.
(1994)

+

Holt et al.
(1994)

‐

Holt et al.
(1994)

‐

Holt et al.
(1994)

Citrobacter
freundii

ATCC® 8090™

Clostridium
difficile

ATCC® 9689™

Clostridium
perfringens

Isolated from
the River Ouse

Common in
unimproved water and
in the gastrointestinal
tract of endotherms
Common in
unimproved water.
Pathogenic
Common in
unimproved water.
Pathogenic

Enterococcus
faecalis

ATCC® 29212™

Internationally
accepted faecal
indicator organism

E. coli

NCIMB 10240/
ATCC® 23744™

Internationally
accepted faecal
indicator organism
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NCTC 12900

Significant for public
health. Highly
pathogenic

‐

Holt et al.
(1994)

NCTC 10418

Internationally
accepted faecal
indicator organism

‐

Holt et al.
(1994)

E. coli

NCTC 5933

Internationally
accepted faecal
indicator organism

‐

Holt et al.
(1994)

E. coli

Isolated from
the River Ouse

Internationally
accepted faecal
indicator organism

‐

Holt et al.
(1994)

+

Holt et al.
(1994)

+

Holt et al.
(1994)

+

Holt et al.
(1994)

E. coli O157:H7

E. coli

Edwardsiella
tarda

NCIMB 2056

Klebsiella
pneumoniae

Isolated from
the River Ouse

Common in the
gastrointestinal tract
of endotherms and
poikilothermics
Common in
unimproved water and
in the gastrointestinal
tract of endotherms

Proteus
mirabilis

ATCC® 43071

Common in
unimproved water and
in the gastrointestinal
tract of endotherms

Salmonella
enterica ssp.
enterica ser.
Enteritidis

ATCC® 13076™

Significant for public
health. Food/ water‐
borne pathogen

+

Holt et al.
(1994)

Salmonella
enterica ssp.
enterica ser.
Typhimurium

NC12023

Significant for public
health. Food/ water‐
borne pathogen

+

Holt et al.
(1994)

Serratia
marcescens

University of
Brighton,
School of
Pharmacy.
Strain
unknown.

Common in
unimproved water.
Pathogenic
(opportunistic)

+

Holt et al.
(1994)

Staphylococcus
aureus

NCTC 10788

Significant for public
health. Highly
pathogenic & often
antibiotic resistant

+

Holt et al.
(1994)

Vibrio cholerae
El Tor

NCTC 10256

Significant for public
health. Highly
pathogenic

‐

Holt et al.
(1994)
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Yersinia
enterocolitica

3.4

ATCC® 9610™

Common in the
gastrointestinal tract
of endotherms.
Pathogenic
(opportunistic)

+

Holt et al.
(1994)

Statistical analysis

All numerical results were analysed for inferences, correlations and associations, and
variances by applying inferential statistics such as the analysis of rank‐correlation
coefficients. Descriptive statistics, presented using bar charts, control charts (used in
quality control), fitted line plots, matrix plots, and box‐whisker plots were used for
graphic illustration of the results. Given that the data obtained are non‐parametric, tests
such as regression analysis cannot be used to measure variances. Therefore, inferential
statistics were used in this project, and include Spearman's rank correlation (or
Spearman's rho), and evidence‐based (or diagnostic) sensitivity and specificity analysis
by calculating positive predictive values (PPV) and negative predictive values (NPV),
which is a method mainly used for pharmaceutical diagnostic and screening test
development and validation. The exact meanings of the terms evidence‐based
sensitivity and specificity are defined in the following sub‐chapter 3.4.2.
All results from testing the original H2S test and its modifications were set in comparison
to the results revealed from culture plate counts with m‐FC and m‐Enterococcus
medium, according to standard methods. Thus, positive and negative controls were set
by comparing the reactions and the time need for it from each H2S test compared to the
results from conducting standard methods, consequently establishing ‘false‐positive’
and ‘false‐negative’ rates. The false‐positive (F/P) and false‐negative (F/N) rates are
displayed in the bar charts below each test’s description. As cfu of thermotolerant faecal
coliforms cultivated on m‐FC agar are usually enumerated after 18 hours to 48 hours, all
H2S tests (the original and its modifications) were recorded as negative when there is no
macroscopically discernible change of colour, meaning that no iron precipitation has
occurred. The limitation of this procedure is that some H2S tests (depending on the
organisms in the sample and the temperature of incubation) will show a positive
reaction after 48 hours. Therefore, tests might read as negative only within a certain
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time frame. However, a suitable timeframe must be applied to make the test usable in
the field, otherwise the method cannot be standardised and be regarded as reliable.
Additionally, and as mentioned above, for each experiment and for each H2S test, blank
tests filled up with autoclaved and deionised water were prepared for quality control
and to test for cross‐contamination.
Assuring the populations studied are significantly large to produce representative and
conclusive results, the sample sizes for the experiments presented in chapters four and
six were based on type one and type two error significance testing, with regards to the
sample size determination for comparative studies, as described by Peacock & Peacock
(2013). The sample sizes for both analysis in chapters four and five were assessed with
the help of the statistical software ‘Select Statistics’ developed by Select Statistics
Services in the UK (Select Statistics, 2017). Based on a confidence level of 90%, a power
value of 70% (can be any value above 50%), a likely sample proportion in group one of
60%, and a likely sample proportion of 40% in group two, a significant sample size as
recommended by the statistical software would be at least 57.

3.4.1 Box‐whisker plot analysis
In descriptive statistics, a box‐whisker plot is a method used for graphically describing
groups of numerical data through their quartiles. Box‐whisker plots may also have lines
extending vertically from the boxes (whiskers) indicating variability outside the upper
and lower quartiles. Outliers are represented by dots on either side of the minimum and
maximum value. The box‐whisker plots presented in chapter four show the minimum
time‐to‐reaction value of each H2S test investigated at the end of the left whisker, and
the maximum time‐to‐reaction on the end of the right whisker. The median time‐to‐
reaction of each H2S test investigated is shown by the line crossing vertically the box as
presented in Figure 3.2 below. Additionally, and to better differentiate the different
box‐whisker plots, the original H2S test has been highlighted in red colour. All H2S tests
investigated with a higher time‐to‐reaction compared to the original H2S test are
highlighted in blue colour, and all tests with a lower time‐to‐reaction are highlighted in
green colour (see figure 4.9 & 4.10).
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Figure 3.2 Structure of a box‐whisker plot as used
in this project (Source: Cribbd BETA, 2017)

3.4.2 Spearman’s rank correlation (or Spearman's rho)
Spearman's rank correlation coefficient or Spearman's rho (p) is a non‐parametric
technique of statistical dependence between two variables. It measures how well the
relationship between two variables can be described using a monotonic function. If
there are no repeated data values, a perfect Spearman correlation coefficient of +1 or
−1 occurs when each of the variables is a perfect monotone func on of the other. Also,
a rank correlation coefficient is a special type of bivariate correlation coefficient for
relating two ordinal scaled variables (De Muth, 2006).
In this study, Spearman’s rank correlation was used to define which kind of newly H2S
test modification responds best to which organism and to define the exact correlation of
the cause. As explained in sub‐chapter 3.3.1, this analysis was performed by correlating
the test performances (type of reaction [+/‐] and time‐to‐result), against the findings of
the culture plating analysis (number of cfu), to establish a statistical degree of
dependence. Referring to a correlation analysis of the time until a positive reaction was
read (time‐to‐result) in relation to the cfu count from the nine different (semi‐)selective
culture media used as part of the membrane filtration method.
The statistical software package Minitab® 17 (USA) was used to calculate the correlation
coefficient. Moreover, since most of the numerical data collected in this project are
ordinal, interval and ratio (i.e. time), normally distributed, and non‐parametric,
Spearman's rank correlation was the most appropriate test to analyse the resulting data
set for inferences and associations.
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3.4.3 Evidence‐based or diagnostic sensitivity and specificity analysis:
Positive (PPV) and negative (NPV) predictive value
Evidence‐based sensitivity and specificity are evaluators for a diagnostic test procedure,
and are statistical measures of the performance of a binary classification test (De Muth,
2006). Most diagnostic tests are not perfect, but the results of the tests are used to
increase or decrease the estimate of the likelihood of a health condition, disease, or
indicator organism occurring. This process is also called the refining probability, as it
helps to refine the probability of a given condition which leads to a decision about the
best approach to manage the condition (De Muth, 2006).
Measuring sensitivity and specificity is an evidence‐based method. Sensitivity (also
called the true positive rate) calculates the proportion of actual positives which are
correctly identified as such (e.g. the percentage of sick people who are correctly
identified as having the condition), also called Positive Predictive Value or (PPV) and is
complementary to the false negative rate or the Negative Predictive Value (NPV).
Specificity (also called the true negative rate) calculates the proportion of negatives
which are correctly identified as such (e.g. the percentage of healthy people who are
correctly identified as not having the condition) and is complementary to the false
positive rate (De Muth, 2006). This statistical method was used to validate the sensitivity
and specificity of the different H2S tests in comparison to standard methods used in
microbial drinking‐water analysis during the third part of testing (refer to chapter six).
Basically, it is used in relation to control charts for diagnostic quality control to confirm
which pure cultured organism reacts to which H2S test modifications, or respectively, to
prove if a certain organism affects a certain H2S test and for example triggers a positive
reaction. Positive and negative predictive values are helpful in a diagnostic setting as
they state the probabilities that an individual (or a test) is truly positive given that it is
tested positive, or truly negative given that it is tested negative (Peacock & Peacock,
2013).
Further, the PPV and NPV depend on the ‘prevalence of disease’ factor, which is the
proportion of disease (i.e. water samples containing ˃0 cfu) found to be aﬀec ng a
particular population (i.e. the H2S tests). In this study, it was calculated by comparing
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the number of contaminated water samples with the total number of H2S tests studied
(Peacock & Peacock, 2013).
The PPV and NPV are, according to Peacock & Peacock (2013), defined as follows:
Sensitivity:

true positive / (true positive + false negative)

Specificity:

true negative / (false positive + true negative)

Positive predictive value:

true positive / (true positive + false positive)

Negative predictive value:

true negative / (false negative + true negative)

Prevalence of disease:

(true positive + false negative) / grand total

To calculate the PPV and NPV (refer to chapter six), the statistical software MedCalc
(distributed by MedCalc Software bvba, US) was used.
To avoid any confusion with regards to the terminology used in this document, the
terms ‘specificity’ and ‘sensitivity’ used in this document refer by majority to the
‘evidence‐based’ or ‘diagnostic’ specificity and sensitivity derived from calculating
positive and negative predictive values (as done in chapter six). In absence of any
evidence‐based test statistics (calculation of the PPV/NPV) the author has referred to
the terms ‘analytical specificity’ to describe the H2S tests reactions to different
presumptive microbial reactions, and time‐to‐result when referring to the tests reaction
times.

3.5

The QUADAS tool

Whiting et al. (2003) determined that if the results of individual studies are biased or
incorrect, and these are synthesised or interpreted without any consideration of quality,
then the results of the review will also be biased or incorrect. Quality assessment is as
important in systematic and literature reviews of diagnostic studies as it is in any other
review. Therefore, Whiting et al. (2003) have developed the ‘QUADAS tool’ to evaluate
the assessment of diagnostic accuracy studies (see table 3.3 below). The table has been
modified for analysing research of the H2S test first by Wright et al. (2012) and then
again by the author.
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Table 3.3 The QUADAS tool for assessing comparable research into the H2S test
Item

Contents

Yes (%)

1

Were the water samples drawn from areas where
the H2S test would typically be deployed?

2

Does the author describe how water samples have
been chosen?



3

Were quality control procedures described for
thermotolerant coliforms and Enterococcus testing



4

Were water samples processed simultaneously
using the H2S test and standard methods?



5

Were all water samples tested for both H2S test
and faecal‐indicator bacteria?



6

Did the standard method tests remain the same,
regardless of the H2S test result?



7

Did the H2S test not form any part of standard
method test procedure?



8

Were H2S test procedures described in sufficient
detail to permit test replication?



9

Were standard methods test procedures described
in sufficient detail to permit test replication?



10

Were the H2S test results interpreted without
knowledge of the standard method results?



11

Were the standard methods results interpreted
without knowledge of the H2S test results?



12

Were the same sample details available during test
interpretation as would be available in practice?



13

Were H2S samples that changed colour only slightly
reported?



14

Were water samples for which no results were
presented explained?
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No (%)



Unclear (%)

Chapter 4
4

Preliminary investigation into new and alternative modification of
the H2S test, time‐to‐result, and their level of analytical specificity

4.1

Introduction

In this chapter, describing the first part of testing, the original H2S test was evaluated to
determine its operational range (test reaction: negative or positive compared to the
findings by the selective culture media used as part of the membrane filtration method)
and its reaction time against eight (out of 20 in total) newly developed H2S test
modifications (see table 3.1), in order to determine the type of reaction and the
analytical specificity of the newly developed H2S test modifications for detection of
faecal indicator bacteria and faecal sulphate/ sulphur‐reducing bacteria (SRB). With
reference to the Standard Methods for the Examination of Water and Wastewater, the
operational range is defined as the test’s ability to test for a certain and defined range of
organisms. The results from analysing the time‐to‐result have been set in correlation to
the counts of thermotolerant faecal coliforms, and faecal enterococci. This step is
important to highlight how the number of organisms influences the time‐to‐result for
the original H2S test and all newly created H2S test modifications.
Additionally, the river water used to analyse the H2S tests operational range and its
reaction time during this study was analysed by membrane filtration with nine different
semi‐selective and selective culture media to establish a preliminary degree of the
different H2S test’s operational ranges and of their analytical and evidence‐based
specificity and evidence‐based sensitivity, by statistically comparing the type of test
reactions (positive or negative test result after 48 hours) against the findings of the
culture plate analysis.

4.2

Time‐to‐result in comparison to thermotolerant faecal coliform and
faecal enterococci counts

This sub‐chapter compares the number of cfu of presumptive thermotolerant faecal
coliforms and faecal enterococci against the time‐to‐result of the original H2S test and of
eight newly developed modifications. This step is important to learn how the number of
organisms found in the sample water influences the time‐to‐result. Also, it is an
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indicator and proxy measure of how potentially contaminated the source water is.
Though and in theory, water intended for human consumption should not contain any
(zero) faecal indicator bacteria or other pathogens, this is often very difficult to realise in
less‐developed countries, where the limit is often more generous (refer to chapter two).
The volume of safely managed or potable water tested is usually 100ml. However, the
volume of surface or river water (as used for the examination of the H2S tests in this
chapter) is 10ml or 1ml with regards to standard methods (APHA, 2012). This is due to
the much higher number of particles found in the water (turbidity), which would block
the filter paper during the membrane filtration process; and due to the usually higher
count of organisms found in unimproved source water. Additionally, since all H2S test
tubes used in this analysis had a volume of 10ml, it is logical to compare the number of
cfu from the same volume of sample water.
The following four matrix plots (figures 4.1 – 4.4) represent the results from this
analysis. The included (in red) line of best fit or trend line gives an indication about the
relationship between the two variables (cfu and time‐to‐result), and shows if the
correlations is positive (rising), negative (falling), or null (uncorrelated).
Each of the H2S tests analysed, apart from the H2S test with brilliant green and bismuth
sulphide tested against faecal enterococci (figure 4.4), revealed a negative correlation
between the number of cfu and time‐to‐result. Though, all negative correlations of the
original H2S test and the modifies H2S tests are shaped by slightly different strength, it
indicates that there is a correlation between time‐to‐result and the number of cfu
developed by the two indicator organism groups faecal coliforms, and faecal
enterococci. Nevertheless, it should be highlighted that the negative correlation
presented here are merely weak. When the H2S tests were correlated against faecal
enterococci (figures 4.3 & 4.4) the correlations were slightly stronger. This is interesting
since faecal enterococci are H2S negative. In any case, they are associated with faecal
pollution, hence its use as indicator organism. However, as it will be shown in the
following chapter (chapter five) the majority of thermotolerant faecal coliforms are able
to produce H2S, which and at least would imply a stronger relationship and correlation.
These results therefore contribute to the question which indicator organism (E. coli or
enterococci) is more reliable, while referring to the discussion in sub‐chapter 2.8.
Anyhow, this is not the focus of this analysis, but rather to find out if there is a
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correlation between the counts of any indicators organisms, and how strong it is in
relation to the time‐to‐result.
With regards to the angle of the line of best fit and to the relationship of the two
variables measured (cfu/ time‐to‐result), the strongest relationship and correlation
observed between thermotolerant faecal coliforms counts and time‐to‐result is
determined by the H2S test with L‐cysteine and no thiosulphate, followed by the H2S
tests containing brilliant green and bismuth sulphide, L‐cysteine plus citric acid, and bile
salts. All these new H2S test modifications presented a higher correlation as compared
to the original H2S test.
In comparison and when looking at the H2S tests tested against faecal enterococci, the
strongest correlation was observed again by the H2S test containing L‐cysteine and no
thiosulphate, followed by the test containing bile salts, the original H2S test, and the test
containing L‐cysteine and citric acid. The H2S test modifications containing brilliant green
and bismuth sulphide, as well as the test containing citric acid presented the lowest
relationship or correlations respectively.
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Figure 4.1 Matrix plot presenting the comparison of four different H2S tests with regards to time‐to‐result correlated against the concentration of presumptive
thermotolerant faecal coliform counts (m‐FC/No. of cfu/10ml). A line of best fit (in red colour) is included in each plot to represent the trend of correlation.
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Figure 4.2 Matrix plot presenting the comparison of four different H2S tests with regards to time‐to‐result correlated against the concentration of presumptive
thermotolerant faecal coliform counts (m‐FC/No. of cfu/10ml). A line of best fit (in red colour) is included in each plot to represent the trend of correlation.
‐ 105 ‐

Number of cfu

Number of cfu

90
80
70
60
50
40
30
20
10
0

H2S test (Manja et al. 1982) at 20°C vs. membrane filtration with m‐
Enterococcus

90
80
70
60
50
40
30
20
10
0

20
30
Time‐to‐results in hours

40

10

50
N=81

H2S test with L‐cysteine/ no thiosulphate at 20°C vs. membrane
filtration with m‐Enterococcus

10

15

20
Time‐to‐results in hours

25

30
N=81

15

20

25

30

Time‐to‐results in hours

Number of cfu

Number of cfu

10

90
80
70
60
50
40
30
20
10
0

H2S test with bile salts instead detergent at 20°C vs. membrane
filtration with m‐Enterococcus

35

35

N=81

H2S test with L‐cysteine & thiosulphate at 20°C vs. membrane
filtration with m‐Enterococcus

100
90
80
70
60
50
40
30
20
10
0
10

20

30
Time‐to‐results in hours

40

50
N=81

Figure 4.3 Matrix plot presenting the comparison of four different H2S tests with regards to time‐to‐result correlated against the concentration of presumptive
faecal enterococci counts (m‐Enterococcus/No. of cfu/10ml). A line of best fit (in red colour) is included in each plot to represent the trend of correlation.
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Figure 4.4 Matrix plot presenting the comparison of four different H2S tests with regards to time‐to‐result correlated against the concentration of presumptive
faecal enterococci counts (m‐Enterococcus/No. of cfu/10ml). A line of best fit (in red colour) is included in each plot to represent the trend of correlation.
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4.3

Testing for time‐to‐result at different temperatures

The results from microbiological analysis of the water from the River Ouse catchment
set in comparison and correlation to the results of the nine different H2S test variants
was devised to determine the following points.
1. If the tests are actually showing a reaction and producing a valid and
reproducible result within a certain time (usually 12, 24 and 48 hours or less);
2. To analyse how long (in hours) it takes for each test to report a definitive positive
or negative result while considering and taking into account different
temperature ranges (20°C/37°C/44°C);
3. To compare the test’s outcome to the results from the semi‐selective culture
plates and API® strips to determine which organisms the tests might react or not
react.
These target questions were arrived upon in order to determine which modified version
of the H2S test could be a potential alternative and substitute to the H2S original test.
All H2S test modifications which have initially been chosen showed successful reactions
by the evolution of a black precipitate. At ambient temperature (20°C), the fastest H2S
tests in terms of time‐to‐result were the ones containing penicillin G, citric acid,
gentamicin, and bile salts instead of detergent (see Figure 4.5). In contrast, the
combination of brilliant green and bismuth sulphite proved not to be very selective, and
presented the longest time‐to‐result. None of the H2S test containing brilliant green and
bismuth sulphite showed any positive reaction below 24 hours of time.
The second fastest H2S test investigated under ambient temperatures was the H2S test
containing citric acid. Overall, 85.7% of all tests showed a positive reaction within 24
hours and all tests (100%) showed satisfactory results within 48 hours.
In total, four modified H2S formulae (the H2S test containing penicillin G, bile salts, the
H2S test containing citric acid, and the H2S test containing gentamicin) showed a faster
reaction (time‐to‐result) compared to the original H2S test (see Figure 4.5).
As previously stated, citric acid makes the culture medium more specific as relatively
few hydrogen‐sulphide producing bacteria are able to utilise citrate. According to
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Bergey’s Manuel of Determinative Bacteriology (Holt et al., 1994), common H2S
producing Gram‐negative enteric bacteria able to utilise citrate are Citrobacter spp.,
Proteus spp., Serratia spp., and some strains of Klebsiella spp. and Salmonella spp. The
antibiotic gentamicin is selective for Gram‐positive bacteria, and inclusion in growth
media only allows Streptococci (groups A, B, C, D, and G) and Clostridium spp. to be
cultivated (Drugs.com, 2015).
Through modifying one H2S test formula by taking out the inorganic sulphur source
thiosulphate and adding organic sulphur in the form of the amino acid L‐cysteine
resulted in a contra productive effect. As presented in Figure 4.5, only 1.6% of all tests
produced a result within 24 hours. However, 100% of the tests produced a positive
result and black precipitation within 48 hours. The data indicates that sodium
thiosulphate (inorganic sulphur) is more appropriate for enteric bacteria to utilise
compared to L‐cysteine (organic sulphur source). Also, none of the modified formulae
containing L‐cysteine showed a considerable faster reaction at ambient temperature
compared to the original H2S test formula.
All results conducted at ambient temperature (20°C) are presented in a bar chart in
Figure 4.5 below. The chart outlines the positive reactions of all H2S tests in percentages
within 12, 24, and 48 hours, by setting a reference to the original H2S test (red dotted
reference line).
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Figure 4.5 The original H2S test and its eight new modifications analysed for time‐to‐result at 20°C
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N=63

Since the original H2S test has been shown to yield positive results without an incubator
under ambient or room temperature conditions, and since this is the most convenient
way for rapid testing in the field, the modified H2S tests have been tested at different
temperatures (20°C/37°C/44°C).
Incubating at increased temperature (37°C), all H2S tests including the original H2S test
showed considerable improvement regarding their reaction time and sensitivity (see
Figure 4.6 below). The fastest test in terms of time‐to‐result was again the H2S test with
penicillin, followed by the one supplemented with L‐cysteine, and by the test
modification containing gentamicin. The next best performing test modifications in
terms of time‐to‐result were the H2S tests containing L‐cysteine, and the H2S test
containing gentamicin with a median time until positive reaction of 13.5 hours at 37°C
(Figure 4.10). The original H2S test had a median reaction time of 14 hours at 37°C.
Moreover, 100% of the tests showed a positive reaction within 24 hours (Figure 4.6).
The data presented in Figure 4.7 shows the results when the test was incubated at 20°C
and 37°C. Analysis of the data generated from incubating the original and the eight
modified H2S tests at 44°C revealed that the results were much less conclusive. As
presented in Figure 4.8, only the H2S test with L‐cysteine and citric acid showed, after
48hours, satisfactory results. Comparatively, all the other modified H2S test formulae
including the original test presented very irregular and inconclusive results. The original
H2S test presented 22.2% of positive reactions after 24 hours, with no improvement
after 48 hours (Figure 4.8). The reaction time was considerably longer compared to
culturing the H2S tests at 20°C and 37°C, and many tests showed no reaction at all. It is
suspected that this could be due to the fact that many non‐enteric sulphate‐reducing
organisms are not able to cultivate at such high temperatures. Many aquatic and
environmental bacteria are adapted to grow at lower temperatures, more reflective of
their native environment. The H2S test modification including penicillin G was due to
logistical reasons not tested at 44°C.
When comparing the median reaction times at 20°C for all modified tests (see Figure
4.9) to the average reaction times at 37°C (see Figure 4.10), the effect of the increased
temperature becomes quite clear. At 20°C, only four of the modified H2S tests (including
the H2S test containing penicillin G tested showed a faster reaction time when
compared to the original test formulae. At 37°C, this number increased to six modified
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H2S tests. Leaving the question, which of the modified H2S tests are actually more
specific for enteric and human faecal bacteria, and even more important, which tests
correlates best with faecal indicator bacteria?
Incubating at 37°C temperature resulted in the most promising results collected so far
with regards to time‐to‐result. As presented in Figure 4.6, 100% of the H2S tests
containing penicillin delivered positive results within 12 hours. Additionally, 33.3% of
the H2S test containing L‐cysteine and sodium thiosulphate and of the modified tests
containing gentamicin delivered results within 12 hours. Also, 30.0% of the H2S tests
containing L‐cysteine instead of thiosulphate, and 26.7% of the H2S test containing bile
salts instead of detergent showed positive results within 12 hours. In contrast, the
original H2S test achieved in 20.0% a positive result with 12 hours incubation time only.
The fastest reaction at 37°C was with 8.5 hours only presented by the H2S test
containing penicillin G. The H2S test containing gentamicin showed its fastest result after
only 9 hours only.
Results indicate that by adding selective agents such as antibiotics that the time for
getting a readable or positive reaction is decreased considerably. The results collected
so far suggest that the fastest reaction and best analytical sensitivity is achieved when
the H2S test is incubated at 37°C. The modified H2S test containing penicillin G
demonstrated a significantly lower time‐to‐result when compared to the original H2S
test, and could be a potential substitute to the original test. This modified test version is,
at least with regards to the test’s culture medium, more selective for certain organism
and allows much less microbial competition (refer to table 3.1). The H2S test containing
brilliant green and bismuth sulphite is toxic to certain bacterial species, and highly
selective for certain organisms, such as Salmonella spp., but demonstrated a poor
performance when set in contrast to the reaction time. Nevertheless, the results also
suggest that the original and all modified H2S tests, with the exception of the H2S test
containing brilliant green and bismuth sulphite, can be perfectly used at ambient
temperature (20°C). The only difference compared to an incubation temperature of
37°C is the increased time until a reaction can be read.
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Figure 4.6 The original H2S test and its eight new modifications analysed for time‐to‐result at 37°C
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Figure 4.7 The original H2S test and its eight new modifications analysed for time‐to‐result at 20°C & 37°C
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Figure 4.8 The original H2S test and its eight new modifications analysed for time‐to‐result at 44°C
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Figure 4.9 Median time‐to‐result at 20°C for all H2S tests (original H2S test [top] tested against the eight modified H2S tests). The original H2S is
presented in red colour, blue represents a higher time‐to‐reaction, and green colour a lower time‐to‐reaction when compared to the original test.
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4.4

Testing for analytical specificity: Semi‐selective plating and
Spearman’s rank correlation

Spearman rank correlation was conducted to assess positive reactions between
presumptive bacterial strains and certain test formulae with regards to the H2S test’s
analytical specificity. Basically and as described above in sub‐chapter 3.4.2, the time
until a positive reaction was read (time‐to‐result) correlated against the cfu count of
the nine different (semi‐)selective culture media used as part of the membrane
filtration method, while addressing the standard methods. Generally, a significance
level of 95% was anticipated (P < 0.05), but could not always be met. Due to the size of
the tables and the data, all tables with results of Spearman rank correlation have been
included in the appendices.
When correlating the number of presumptive faecal coliform colony‐forming‐units
from m‐FC culture medium with the modified H2S tests at different temperature
ranges (Appendix 3.1 – 3.3) it is evident that the most significant correlations above +/‐
0.5 or higher are observed at 37°C (see Appendix 3.2). Based upon these data, the H2S
test with L‐cysteine and thiosulphate, the H2S test with L‐cysteine and citric acid, and
the H2S test with penicillin appear to be the most promising adaptations tested.
When correlating the number of presumptive faecal enterococci cfu from m‐
Enterococcus culture medium with the modified H2S tests at different temperature
ranges (Appendices 3.4 – 3.6), it was observed that the most significant correlations
above +/‐ 0.5 or higher took place at 44°C (see Appendix 3.6). The H2S test with L‐
cysteine and thiosulphate and the H2S test with penicillin G seem to be the most
promising adaptations made ‐ when set into relation to faecal Enterococcus.
Unfortunately, the H2S test with L‐cysteine and thiosulphate was only significant at
44°C. Overall, correlations between the concentration of faecal Enterococcus and
positive results for the H2S tests are generally not significant, which partly could be
explain through the fact that faecal Enterococcus are not reducing sulphur. However,
faecal Enterococcus are resistant to penicillin G (Drugs.com, 2016), which could be the
reason for the increased specificity of the H2S test with penicillin at 20°C and 37°C.
Correlation between the number of presumptive Aeromonas spp. cfu using Aeromonas
Isolation medium with the modified H2S tests at different temperature ranges
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(Appendices 3.7 – 3.9), it was observed that the most significant correlations above +/‐
0.5 or higher took place at 20°C and 37°C (see Appendix 3.7 & 3.8). The H2S test with
penicillin G indicated the fastest results at 37°C, presenting the highest correlation
coefficients ( ‐0.617 & ‐0.880) off all investigated H2S test at 20°C and 37°C incubation
temperature. However, only the result observed at 37°C is with a P‐value of 0.021
significant. Despite the long time until a positive or negative result can be read, the H2S
test containing brilliant green and bismuth sulphide also showed a significant
correlation (0.003) with a correlation coefficient of –0.458 at 37°C.
After correlating the number of presumptive Clostridium spp. cfu from Clostridium
Reinforcement Medium (RCM) with the modified H2S tests at different temperature
ranges (Appendices 3.10 – 3.12), it was observed that the most significant correlations
above +/‐ 0.5 or higher took place at 37°C. The H2S test with penicillin G produced the
fastest results at 20°C and 37°C, demonstrating the highest correlation coefficients ( ‐
0.309 & ‐0.880) of all investigated test at 20°C and 37°C incubation temperature.
However, only the result observed at 37°C is with a P‐value of 0.021 significant again.
Next was the H2S test modified with L‐cysteine and thiosulphate, which presented a
correlation coefficient of ‐0.488 with a significant level of 0.040 at 44°C incubation
temperature.
When correlating the number of sulphate‐reducing bacteria cfu (predominantly
presumptive Desulfovibrio & Desulfobacter spp.) from API medium with the modified
H2S tests at different temperature ranges (Appendices 3.13 – 3.15), it was observed
that the most significant correlations above +/‐ 0.5 or higher took place at 20°C and
44°C (see Appendices 3.13 & 3.15). The H2S test with penicillin G worked best at 20°C,
presenting a correlation coefficient of ‐0.567. The modified H2S test containing brilliant
green and bismuth sulphide again showed a rather weak correlation with a correlation
coefficient of –0.357 at 37°C.
With regards to correlating the number of cfu from DCLS medium (mainly presumptive
Salmonella and Shigella spp.) with the modified H2S tests at different temperature
ranges (Appendices 3.16 – 3.18), it was observed that significant correlations above +/‐
0.5 or higher took place at all three temperature levels. The modified H2S test with
penicillin G showed the strongest reaction at 20°C, presenting a correlation coefficient
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of ‐0.926 being significant with 92% (P‐value 0.008). The H2S test containing brilliant
green and bismuth sulphide showed significant correlations at all three temperature
ranges, while the H2S test containing L‐cysteine (but no sodium thiosulphate) showed a
weak correlation at 37°C (‐0.474), and a stronger correlation (‐0.673) at 44°C. This
result indicates that the enteric bacteria Salmonella spp. and Shigella spp. could affect
test results, depending on the presence of an organic sulphur source in the test matrix.
When correlating the number of presumptive Staphylococcus spp. cfu from Mannitol‐
Salt agar with the modified H2S tests at different temperature ranges (Appendices 3.19
– 3.21), it was observed that the most significant correlations above +/‐ 0.5 or higher
took place at 20°C and 44°C. The H2S test with L‐cysteine and sodium thiosulphate has
similar results at 44°C with a correlation coefficient of ‐0.525 negatively skewed and a
significance of 97.5%.
After correlating the number of presumptive Salmonella and Shigella spp. cfu from XLD
medium with the modified H2S tests at different temperature ranges (Appendices 3.22
– 3.24), it was observed that the most significant correlations above +/‐ 0.5 or higher
took place at 20°C and 44°C produced again by the H2S test with penicillin with a
correlation coefficient of ‐0.617 and ‐0.638 respectively. However, it must be stated
that none of the results have a significance of 95% or above. The tests with the highest
significance in terms of specificity was the H2S test containing brilliant green and
bismuth sulphide, which had a P‐value of 0.000 at ambient temperature (20°C).
Almost all presumptive findings (cfu) from applying culture techniques were re‐
cultured on Lab‐Lemco agar base (Oxoid™ LP0017), and re‐cultured isolated single
colonies have been analysed for further confirmation with API® 20E and API® 20NE
strips (see sub‐chapter 3.2.4) for their biochemical reactions. The results from this
method have been confirmed using the APIweb™ software.
Overall, the results presented in this chapter indicate, that the sensitivity is much
greater than compared to the test’s specificity. The previous analysis using Spearman
rank correlation showed, apart from some modified tests, a rather weak correlation in
comparison to the results from the sensitivity analysis. The best results in terms of
specificity came from the modified H2S test containing penicillin G, from the modified
H2S test with L‐cysteine and sodium thiosulphate, and the modified H2S test containing
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brilliant green and bismuth sulphide. These modified tests mostly had higher negative
skewed correlation coefficients, as compared to the original H2S test. Apart from the
H2S test containing brilliant green and bismuth sulphide, all tests demonstrated a
higher sensitivity compared to the original test, as outlined in the previous sub‐
chapter. Despite the low number of tests conducted, the modified H2S test containing
penicillin demonstrates potential with regards to sensitivity and specificity. However,
the type of reaction strongly depends on the species of organisms found in the sample
water, and without applying molecular diagnostic techniques such as PCR‐analysis, it is
impossible to define and assess the whole microbial community present, and to set it
into relation to other variables or reaction results. This is a significant limitation of
applying culture based diagnostic methods. With this technique it is only possible to
assess culturable and viable organisms, which only represent a small fraction of the
organisms present in the sample.
It is not possible to establish a data set which is completely compatible to the
statistical test used to assess the data. For example, if a test showed no reaction after
48 hours, the result has been recorded as ‘negative’ in the spreadsheet. It is almost
impossible to watch the test for 48 hours non‐stop. Therefore, when tests changed
their colour in absence of the researcher (such as during the night) the reaction time
had to be estimated by taking into consideration the results of the other tests. This
method, however, creates values very similar, and without small differences needed to
prove a correlation. When applying the Spearman rank correlation test statistic, if too
many values are similar or have similar ranks, then it is much more difficult to establish
or suggest a correlation or to assess a pattern within the data.
Additionally, different kinds of organisms consequently produce different reactions
within the culture tubes. For example, strictly anaerobic and facultative anaerobic
bacteria start to react from the bottom of the tube (Figure 4.12 below) where the
oxygen level is the lowest. Whereas aerobic bacteria will be able to grow at the top of
the tube (Figure 4.11 below), where there is a higher concentration of available
oxygen. In contrast, microaerophilic organisms (aerobic bacteria tolerating 1‐2%
oxygen concentration only) are probably not growing at all in the H2S test or they need
much longer to cultivate. It was also observed that several reactions, probably caused
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by several different organisms, took place in one culture tube at the same time. For
example, the test would change colour simultaneously at the top and at the bottom of
the tube (Figure 4.14). Or a reaction was observed at the bottom and in the middle of
the tube, but always separately with a clear space in between (Figure 4.14). In fact,
almost all tests started from at the bottom of the test tube to blacken or to produce
precipitate, indicating that the organisms triggering the reaction are mostly anaerobic
or at least facultative anaerobic (e.g. faecal coliforms). These observations are similar
to the findings of Pillai et al. (1999) who reported that the H2S test starts to react from
the bottom of the culture tube.

Figure 4.11 H2S test starting to react from
the top of the culture tube, indicating the
possible growth of aerobic bacteria

Figure 4.12 H2S test starting to react from
the bottom of the culture tube, indicating
the possible growth of anaerobic bacteria
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Figure 4.13 H2S test reacting in the middle
and at the bottom of the culture tube only,
indicating the possible growth of two
different organisms

Figure 4.14 H2S test reacting at the top and
at the bottom of the culture tube only,
indicating the possible growth of one
anaerobic and one aerobic organism
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4.5

Summary of results



The analysis indicates that the test outcome depends primarily on the bacterial
composition in the sample water, on the cultivation time, on temperature and
on the medium used for the test. As reported in sub‐chapter 4.2, the time‐to‐
result factor is much greater compared to the analytical specificity of the H2S
test.



The analysis of testing for time‐to‐result compared to the counts of
presumptive thermotolerant faecal coliform and faecal enterococci indicated
that there is a correlation between time‐to‐result and the number of cfu
developed by the two indicator organism groups faecal coliforms, and faecal
enterococci. When the H2S tests were correlated against faecal enterococci
counts, the correlations were slightly stronger. The strongest agreement
between the counts of the two indicator groups and the different time‐to‐
result values was observed by the H2S test containing L‐cysteine, and by the H2S
test containing L‐cysteine plus citric acid. Therefore, this analysis reveals that
the H2S test’s time‐to‐result value could be an approximate indicator for the
level of microbial contamination present.



The analysis of testing for time‐to‐result compared to different temperatures
indicated that the incubation of all the different and analysed H2S test versions
at 37˚C instead of 20˚C temperature produces much faster results. Though, all
H2S test versions produced positive reactions at 20˚C, at 37˚C, and mostly at
44˚C incubation temperature, 37˚C incubation temperature presented the
fastest results with median results of between nine and seventeen hours
incubation time depending on the H2S test version.



As demonstrated by the Spearman’s rank correlation analysis, the best results
in terms of analytical specificity came from the modified H2S test containing
penicillin G, from the H2S test with L‐cysteine and sodium thiosulphate, and the
H2S test containing brilliant green and bismuth sulphide. These newly
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developed H2S test versions mostly had higher negative skewed correlation
coefficients, as compared to the original H2S test, and, apart from the H2S
modification containing brilliant green and bismuth sulphide, all tests
demonstrated a lower time‐to‐result compared to the original test. Therefore,
the following chapter focuses on testing each H2S test modification individually
with pure‐cultured strains of bacteria to find out exactly which bacteria trigger
a reaction, and which do not, and under which (environmental) conditions.


Despite the low number of tests conducted at this stage, the modified H2S test
containing penicillin G appeared to be very promising with regards to the very
short reaction time at 37°C incubation temperature and the analytical
specificity. Also, the addition of L‐cysteine and citric acid, and the replacement
of detergent by bile salts increase sensitivity and specificity. Thus, the
experimental data supports the recommendation by Huang et al. (2011) who
suggested using citric acid to increase the sensitivity of the original H2S test, but
did not investigate this possibility.
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Chapter 5
5

Demonstration of capability: assessment of analytical specificity
and sensitivity

5.1

Introduction

In chapter four, the original H2S test and eight new modifications of this test were
analysed against nine selective culture media to validate results against standard
methods, so as to investigate how feasible it is to increase the originals H2S test’s
performance and level of sensitivity and specificity.
Following the investigation of the original H2S test (Manja et al. 1982) against new
modifications presented in the previous chapters, this chapter discusses the ‘single‐
operator characteristics’ and ‘method detection level determination’, as outlined by
Standard Methods (APHA, 2012). This was achieved by testing the performance of
each H2S test by applying pure cultures of certain confirmed strains of known enteric
and non‐enteric sulphide‐, sulphate‐, sulphur‐reducing, and H2S‐producing bacteria to
the original and modified H2S tests, and by analysing the strength of the reaction and
the time until a positive reaction could be read. According to the literature available to
date, this is the first known attempt to analyse the reaction of the H2S test by applying
pure cultures of confirmed strains, rather than the frequently reported testing with
environmental samples containing unknown quantities of unknown organisms. Cross‐
contamination with and potential false results that could be attributed to the presence
of other organisms was herewith excluded, and for the first time, it is possible to see
which organisms are reacting to the H2S test specifically.
As discussed in chapter two, there are a large range of different aerobic, anaerobic,
and microaerophilic bacterial species that are able to reduce a source of sulphur and
convert it into hydrogen‐sulphide. Due to the conditions available for cultivation, it
was the assumption of the author that only a few of the confirmed and pure cultured
strains of hydrogen‐sulphide producing bacteria are actually able to growth in the
original H2S test or in its new modifications and produce a visual reaction within a
timeframe of maximum 48 hours at either ambient (20°C) or human body temperature
(37°C). Additionally, it is one of the aims of this study to find out if it is possible to
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make the H2S test, respectively, its new modifications specific for the detection of FIB
especially E. coli. In summary, 20 pure cultures of confirmed strains have been tested
against the original H2S test and 20 additional and new modifications developed by the
author. The results are presented and described in the following sub‐chapters.

5.2

Specificity: testing against pure cultures of confirmed strains

Results regarding the specificity of each H2S test, by applying pure cultures of
confirmed strains of known enteric and non‐enteric sulphide‐, sulphate‐, sulphur‐
reducing, and H2S‐producing bacteria to produce a positive reaction in the presence of
the original and modified H2S tests, are summarised in tables 5.1 and 5.2 below. These
data do not, however, consider sensitivity related data such as dilution rates and/or
reaction time, as these results are presented in sub‐chapters 5.3 and 5.4 below.
Analysing the data from testing 20 pure cultured strains against the original H2S test
and its 20 new modifications, the results reveal inter alia that the original H2S test’s
(Manja et al. 1982) positive reaction is triggered only when the sample contains
Citrobacter freundii, Proteus mirabilis, Salmonella Typhimurium, and to a weaker
extent E. coli NCTC 5933, and E. coli (River Ouse) tested in this work.
With regards to the positive reaction caused by the Citrobacter freundii, Proteus
mirabilis, and Salmonella Typhimurium strains only, the data shows that the original
H2S test developed by Manja et al. (1982) is not able to detect thermotolerant faecal
coliforms or FIB apart from Citrobacter freundii, which in some cases is regarded as
thermotolerant, but also ubiquitous in nature. Since only two strains of E. coli tested
weakly positive, the results regarding the specificity of the original H2S test’s reaction
to E. coli are a bit inconclusive, and perhaps require further testing with more different
strains. All of the tested E. coli strains (NCIMB 10240/ ATCC 23744; O157:H7 NCTC
12900; NCTC 10418; NCTC 5933; and one unclassified strain isolated from the River
Ouse in East Sussex) demonstrated the production of H2S from other sulphur sources
than thiosulphate, which is used in the original H2S test (see also sub‐chapter 5.2.1
below).
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In contrast, the modified H2S tests with the sulphur‐containing amino acids D‐cysteine,
L‐methionine, L‐glutathione, taurine, and pyruvate, plus the tests containing the
inorganic sulphur sources sodium sulphate, and tetrathionate showed mostly either no
(positive) result, or reacted very weakly only (see sub‐chapter 5.2.4 below).
Overall and among all H2S tests, Salmonella Typhimurium NCTC 12023/ ATCC® 14028™
followed by Proteus mirabilis ATCC® 43071™ and Citrobacter freundii ATCC® 8090™
presented the strongest and fastest positive reactions, and as mentioned above, were
the only organisms able to trigger a positive reaction with the original H2S test
developed by Manja et al. (1982), apart from two strains of E. coli which reacted
weakly only.
Confirming results from the previous chapter, the H2S test with bile salts presented
stronger results as the same test prepared with liquid detergent instead, as done by
Manja et al. (1982). Results came in even slightly faster (about one hour) when the
concentration of bile salts was (in a different test modification) increased from 2% to
6%. This is not surprising, as only few enteric bacteria including Salmonella spp. and E.
coli are known to tolerate such high levels of bile. Both H2S tests prepared with bile
salts instead of detergent yielded a positive reaction to Citrobacter freundii ATCC®
8090™, Proteus mirabilis ATCC® 43071™, and Salmonella Typhimurium NCTC 12023/
ATCC® 14028™ very similar to that demonstrated by the original H2S test, but reacted
additionally to most of the tested E. coli strains, apart from E. coli NCIMB 10240/ ATCC
23744 when tested with 6% bile. This finding has not been reported before, and
therefore contributes to the process of making the H2S test specific to FIB, by
simultaneously reducing cross‐reactions due to other organisms. Moreover, H2S tests
with added bile salts started to show positive reactions after 20 and 23 hours at
ambient temperature respectively, bringing it in line with techniques used in Standard
Methods (18‐24 hours for membrane filtration with m‐FC plus incubation at 44°C).
The following H2S‐producing organisms showed no reaction (i.e. no production of H2S
causing black precipitation) at any rate of dilution or stage of testing: Aeromonas
hydrophila (River Ouse), Edwardsiella tarda NCIMB 2056, Staphylococcus aureus NCTC
10788, Serratia marcescens, Vibrio cholerae NCTC 10256 el Tor, and Yersinia
enterocolitica ATCC® 9610™, and therefore can be excluded from further analysis.
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Clostridium perfringens (River Ouse) reacted to the H2S test which contained L‐cysteine
only. Positive reactions at ambient temperature were observed after between 22 and
40 hours, but growth was very slow, and the full reaction was not completed before 72
hours of incubation time. Klebsiella pneumoniae (River Ouse) reacted weakly after
between 40 and 46 hours to the H2S test which contained L‐cysteine only. Both,
Clostridium perfringens and Klebsiella pneumoniae showed no reaction to any other
H2S test modification.
The organisms A. hydrophila (River Ouse), C. perfringens (River Ouse), C. jejuni NCTC
11168 /ATCC® 700819™, E. faecalis ATCC® 29212™, S. aureus NCTC 10788, and S.
marcescens didn’t not showed a positive reaction to any of the tested H2S tests, incl.
the original H2S test, and therefore have been excluded from tables 5.1 and 5.2. This
finding is interesting, because all these strains apart from E. faecalis ATCC® 29212™ are
known to reduce sulphur into H2S (refer to table 3.2).
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Table 5.1 Reaction and H2S production of pure cultures of target and non-target organisms to the original H2S tests and its new
modifications – 1st part
Original
H2S test
(Manja et
al. 1982)

H2S test with
L-cysteine
instead of
thiosulphate

H2S test with
L-cysteine
and
thiosulphate

H2S test with
bile salts (2%)
instead of
detergent

H2S test with
bile salts (6%)
instead of
detergent

H2S test with
L-cysteine
and citric
acid

H2S test
with citric
acid

H2S test
with
gentamicin

H2S test
with
penicillin G

H2S test with Lcysteine and 2mercaptopyridine

C. difficile
ATCC® 9689™

‐

‐

‐

‐

‐

‐

‐

(+)

(+)

‐

C. freundii
ATCC® 8090™

(+)

+

+

+

+

+

+

+

+

+

E. coli
NCIMB 10240/
ATCC 23744

‐

‐

‐

‐

‐

‐

‐

‐

(+)

(+)

E. coli O157:H7
NCTC 12900

‐

+

+

+

(+)

(+)

‐

‐

(+)

+

E. coli
NCTC 10418

‐

(+)

(+)

+

+

‐

‐

‐

(+)

(+)

E. coli
NCTC 5933

(+)

(+)

+

+

+

‐

‐

+

+

+

E. coli
(River Ouse)

(+)

(+)

+

+

(+)

‐

‐

‐

E. tarda
NCIMB 2056

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

K. pneumoniae
(River Ouse)

‐

(+)

‐

‐

‐

‐

‐

‐

‐

‐

P. mirabilis
ATCC® 43071™

+

‐

+

+

+

+

+

+

+

+

Organism
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+

S. enterica
ATCC® 13076™

‐

(+)

+

+

+

+

(+)

(+)

+

+

S. Typhimurium
NCTC 12023/
ATCC® 14028™

+

+

+

+

+

‐

+

+

+

+

V. cholerae
NCTC 10256

‐

‐

‐

‐

‐

‐

‐

‐

‐

(+)

Y. enterocolitica
ATCC® 9610™

‐

+

‐

‐

‐

‐

‐

‐

‐

(+)

+ = H2S positive, (+) = H2S weakly positive, ‐ = H2S negative, organisms stated in red font are faecal indicator bacteria
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Table 5.2: Reaction and H2S production of pure cultures of target and non-target organisms to the original H2S tests and its new
modifications – 2nd part
H2S test
with Dcysteine

H2S test
with Lcystine

H2S test with
ferrous
chloride
instead of
ferrous citrate

C. difficile
ATCC® 9689™

‐

‐

‐

‐

‐

‐

‐

‐

C. freundii
ATCC® 8090™

(+)

+

(+)

‐

(+)

(+)

(+)

E. coli
NCIMB 10240/
ATCC 23744

‐

+

‐

‐

‐

‐

E. coli O157:H7
NCTC 12900

‐

+

(+)

‐

‐

E. coli
NCTC 10418

‐

(+)

‐

‐

E. coli
NCTC 5933

‐

+

‐

E. coli
(River Ouse)

‐

(+)

E. tarda
NCIMB 2056

‐

K. pneumoniae
(River Ouse)

‐

Organism

H2S test with
L-cysteine
and pyruvate

H2S test with
taurine instead
of thiosulphate

H2S test with
L-methionine

H2S test with
L-glutathione

H2S test
with
pyruvate

H2S test
with
sodium
sulphate
and
pyruvate

H2S test with
tetrathionate

H2S test with
L-cystine and
L-glutathione

‐

(+)

‐

(+)

‐

(+)

(+)

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

(+)

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐
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P. mirabilis
ATCC® 43071™

(+)

+

(+)

‐

(+)

(+)

(+)

+

+

(+)

‐

S. enterica
ATCC® 13076™

(+)

+

+

‐

(+)

(+)

‐

‐

(+)

(+)

‐

S. Typhimurium
NCTC 12023/
ATCC® 14028™

(+)

+

(+)

‐

(+)

(+)

‐

(+)

(+)

‐

‐

V. cholerae
NCTC 10256

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

Y. enterocolitica
ATCC® 9610™

‐

‐

‐

‐

‐

‐

‐

(+)

‐

‐

‐

+ = H2S positive, (+) = H2S weakly positive, ‐ = H2S negative, organisms stated in red font are faecal indicator bacteria
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5.2.1 Target organisms
This sub‐chapter focuses on the target organism E. coli, and presents the times required
until positive reactions can be read, compared to the different dilution rates (1 x 10‐4/10‐
/10‐8, see table 5.5 below for exact concentrations of cfu) from the concentrated pure

6

culture, derived from all cultured for 24 hours in brain‐heart‐infusion broth. As
mentioned above, all of the tested E. coli strains (NCIMB 10240/ ATCC 23744; O157:H7
NCTC 12900; NCTC 10418; NCTC 5933; and one unclassified strain isolated from the
River Ouse in East Sussex) demonstrated the production of H2S from other sulphur
sources than thiosulphate, which is used in the original H2S test (see Table 5.1 above
and Figures 5.1 – 5.10 below). The preferred sources of (organic) sulphur are the amino
acids L‐cysteine and its oxidised disulphide‐bond L‐cystine. When L‐cysteine was
provided in combination with 2‐mercaptopyridine and tested in the presence of E. coli
NCTC 5933, readable results were observed at ambient temperature after only 18 hours.
These findings are important because it is almost universally accepted that E. coli is
usually not able to produce H2S (Madigan et al., 2009; Holt et al., 1994). According to
Bergey’s Manual of Determinative Bacteriology the bacterial genus Escherichia is
generally not able to produce H2S (Holt et al., 1994). However and as presented in this
chapter, the E. coli strains used in this study all produced H2S when an organic sulphur
source was available. Moreover, L‐cystine produced clearer and faster results as
compared to L‐cysteine.
In contrast to the research conducted by Gram et al. (1987) and Colwell (1970) and
presented in sub‐chapter 2.8.2, it was not observed that a modified H2S test containing
L‐cysteine or L‐cystine is able to detect for contamination with V. cholerae.
In contrast, the modified H2S tests containing the organic sulphur compounds D‐
cysteine, L‐methionine, L‐glutathione, taurine, and pyruvate plus the tests containing
the inorganic sulphur sources sodium sulphate and tetrathionate showed mostly either
no positive result, or only reacted very weakly. The H2S test containing L‐glutathione
reacted weakly in the presence of Citrobacter freundii ATCC® 8090™ only. However, no
other organism tested was observed to be capable of reducing this amino acid to H2S.
Also, using ferrous chloride instead of ferrous citrate, as suggested by Barrett & Clark
(1987) yielded no convincing results. Only Citrobacter freundii ATCC® 8090™, E. coli
O157:H7 NCTC 12900, Proteus mirabilis ATCC® 43071™, and Salmonella Typhimurium
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NCTC 12023/ ATCC® 14028™ triggered some very weak reaction (see Tables 5.1, 5.2, and
5.3 below).
When L‐cysteine was combined with pyruvate, a positive reaction could not be
observed. The modified H2S test containing these two reagents showed no reaction at
all to any organisms used in this study. Though many organisms including E. coli (but not
Campylobacter jejuni NCTC 11168, Clostridium difficile ATCC® 9689™, Staphylococcus
aureus NCTC 10788, Serratia marcescens, Vibrio cholerae NCTC 10256, and Yersinia
enterocolitica ATCC® 9610™) reacted positively to L‐cysteine and produced a black
precipitate or H2S respectively; and Citrobacter freundii ATCC® 8090™, Proteus mirabilis
ATCC® 43071™, as well as Salmonella enterica ATCC® 13076™/ Typhimurium NCTC
12023 reacted moderately or weakly to pyruvate, when both reagents were combined,
the reduction of pyruvate was inhibited. Bearing in mind, that Clostridium difficile is
anaerobic, and Campylobacter jejuni is microaerophilic, the possibility of a positive
reaction or of cultivation under aerobic conditions in general is fairly limited.
A similar reaction as to the combination of L‐cysteine and pyruvate has also been
observed when its reduced form L‐cystine was combined with L‐glutathione, as no
(positive) reaction could be observed at all. The H2S test with added L‐cystine delivered
fast and strongly readable results when tested with bacteria from the family of
Enterobacteriaceae particularly, whereas the H2S test with L‐glutathione showed no
reaction to any organism used in this study. Since L‐glutathione can be synthesised from
L‐cysteine, and L‐cystine is the reduced form of L‐cysteine, it is interesting to see that
when both reagents are combined, the positive effect of the reaction of L‐cystine does
not occur. All organisms used in this study were capable of producing H2S, due to the
dissimilative reduction of various sulphur compounds is summarised in tables 5.3 and
5.4 below in sub‐chapter 5.2.4. The data presented in Figures 5.1 – 5.8 show that each E.
coli strain was able to trigger a positive reaction or not, and the time needed to read this
positive reaction, at three different dilution rates.
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Figure 5.1 Reaction and H2S‐production of E. coli ATCC 23744 (NCIMB 10240) at ambient
temperature (20°C) compared to different H2S test versions and dilution rates (104/106/108) –
1st part
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Figure 5.2 Reaction and H2S‐production of E. coli ATCC 23744 (NCIMB 10240) at ambient
temperature (20°C) compared to different H2S test versions and dilution rates (104/106/108) –
2nd part
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Figure 5.3 Reaction and H2S‐production of E. coli O157:H7 NCTC 12900 at ambient
temperature (20°C) compared to different H2S test versions and dilution rates (104/106/108) –
1st part
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Figure 5.4 Reaction and H2S‐production of E. coli O157:H7 NCTC 12900 at ambient
temperature (20°C) compared to different H2S test versions and dilution rates (104/106/108) –
2nd part
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Figure 5.5 Reaction and H2S‐production of E. coli NCTC 10418 at ambient temperature
(20°C) compared to different H2S test versions and dilution rates (104/106/108) – 1st part
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Figure 5.6 Reaction and H2S‐production of E. coli NCTC 10418 at ambient temperature
(20°C) compared to different H2S test versions and dilution rates (104/106/108) – 2nd part
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Figure 5.7 Reaction and H2S‐production of E. coli NCTC 5933 at ambient temperature
(20°C) compared to different H2S test versions and dilution rates (104/106/108)
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Figure 5.8 Reaction and H2S‐production of E. coli NCTC 5933
Continuation from Figure 5.7
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Figure 5.9 Reaction and H2S‐production of E. coli (isolated from the River Ouse) at ambient
temperature (20°C) compared to different H2S test versions and dilution rates (104/106/108)
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Figure 5.10 Reaction and H2S‐production of E. coli (isolated from the River Ouse)
Continuation from Figure 5.9
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5.2.2 Non‐target organisms
Similar to the previous sub‐chapter, this sub‐chapter focuses entirely on the non‐target
organisms investigated in this study. The times needed until positive reactions can be
read, compared to the different dilution rates (1 x 10‐4/10‐6/10‐8) from the concentrated
pure culture (all cultured for 24 hours in brain‐heart‐infusion broth) will be presented
and discussed. Given that it was not convenient to present all results caused by all
organisms used (and many of them showed no positive reaction at any stage of testing),
only the results caused by the three most reactive and reliable organisms (Salmonella
Typhimurium NCTC 12023/ ATCC® 14028™, Proteus mirabilis ATCC® 43071™, and
Citrobacter freundii ATCC® 8090™) are presented below.
Figures 5.10 – 5.15 present for each strain if the H2S test and its modifications were able
to trigger a positive reaction, and the time need to read this positive reaction, at three
different dilution rates, so as to determine the minimum thresholds of the tests. The
time values presented are the mean reading of all replicates. Further, the number of
colony‐forming‐units (cfu) confirmed for each dilution rate will be further explored
below in sub‐chapter 5.4.
When comparing the data presented in Figures 5.11 and 5.12 below, the reactions
caused by the different organisms compared to the different H2S tests used, it is evident
that Citrobacter freundii ATCC® 8090™ is able to reduce a large range of different
sulphur sources into hydrogen sulphite (H2S), apart from pyruvate and L‐glutathione
(see Figure 5.11 & 5.12). Whenever pyruvate or L‐glutathione was added to the H2S
test’s growth medium, no positive reaction was observed. In contrast, Salmonella
Typhimurium ATCC® 14028™ and Proteus mirabilis ATCC® 43071™ mainly produced H2S
from organic sulphur sources such as L‐cysteine and L‐cystine, and from thiosulphate
(inorganic). Neither organism was able to produce H2S from D‐cysteine, taurine,
tetrathionate, L‐methionine, or L‐glutathione. The modified H2S test containing bile salts
instead of detergent produced on average the fastest positive reaction observed (21
hours on average). Overall, Salmonella Typhimurium ATCC® 14028™ had an average
reaction time of only 20 hours (when analysed at a dilution factor 1 x 10‐4), and seems to
be the organism able to reduce sulphur compounds into H2S the fastest (see figures 5.15
& 5.16).
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Figure 5.11 Reaction and H2S‐production of Citrobacter freundii ATCC 9080 at ambient
temperature (20°C) compared to different H2S test versions and dilution rates (104/106/108)
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Figure 5.12 Reaction and H2S‐production of Citrobacter freundii ATCC 9080
Continuation from Figure 5.11
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Figure 5.13 Reaction and H2S‐production of Proteus mirabilis ATCC 43071 at ambient
temperature (20°C) compared to different H2S test versions and dilution rates (104/106/108)
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Figure 5.14 Reaction and H2S‐production of Proteus mirabilis ATCC 43071
Continuation from Figure 5.13
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Figure 5.15 Reaction and H2S‐production of Salmonella Typhimurium ATCC 14028 at ambient
temperature (20°C) compared to different H2S test versions and dilution rates (104/106/108)
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Figure 5.16 Reaction and H2S‐production of Salmonella Typhimurium ATCC 14028
Continuation from Figure 5.15
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5.2.3 Biochemical reactions involving different types of sulphur‐
containing compounds
This sub‐chapter focuses exclusively on the (biochemical) reaction of the 20 different
organisms used with regards to the production of H2S due to dissimilative reduction of
pure or mixed inorganic and organic sulphur compounds. The findings presented in
tables 5.3 and 5.4 are derived from table 5.1 (presented above), and have been
separated by inorganic and organic sulphur sources. The results presented here are
identical to the findings presented in table 5.1 above, but are displayed so as to highlight
the H2S test’s reactions to the different sulphur sources only and separately. As reported
by La Faou et al. (1990) in sub‐chapter 2.8.2, the assimilation of sulphur by prokaryotes
is not fully understood. Hence, the data must be investigated cautiously.
The combination of sodium sulphate and pyruvate, followed by tetrathionate, resulted
in the weakest production of H2S, and therefore into the weakest observable reactions
overall. The inorganic compound thiosulphate seemed to be the preferred sulphate
compound for a dissimilative reduction into H2S by most organisms tested in this study.
Additionally, thiosulphate was the only inorganic sulphur source, which at least
delivered a weak reaction caused by E. coli NCTC 5933 and the unidentified E. coli strain
isolated from the River Ouse as presented in table 5.3 below.

Table 5.3 Dissimilative reduction of inorganic sulphur
compounds/ source and H2S production
Inorganic sulphur compounds/ source

Sodium Sulphate
+
Pyruvate

Thiosulphate

A. hydrophila
(River Ouse)

‐

‐

‐

C. difficile
ATCC® 9689™

‐

‐

(+)

C. perfringens
(River Ouse)

‐

‐

‐

Organism
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Tetrathionate

C. freundii
ATCC® 8090™

‐

(+)

(+)

C. jejuni
NCTC 11168
/ATCC® 700819™

‐

‐

‐

E. coli
NCIMB 10240/
ATCC 23744

‐

‐

‐

E. coli O157:H7
NCTC 12900

‐

‐

‐

E. coli
NCTC 10418

‐

‐

‐

E. coli
NCTC 5933

‐

(+)

‐

E. coli
(River Ouse)

‐

(+)

‐

E. faecalis
ATCC® 29212™

‐

‐

‐

E. tarda
NCIMB 2056

‐

‐

‐

K. pneumoniae
(River Ouse)

‐

‐

‐

P. mirabilis
ATCC® 43071™

+

+

(+)

S. aureus
NCTC 10788

‐

‐

‐

S. marcescens

‐

‐

‐

S. enterica
ATCC® 13076™

(+)

‐

(+)

S. Typhimurium
NCTC 12023/
ATCC® 14028™

(+)

+

‐

V. cholerae
NCTC 10256

‐

‐

‐

Y. enterocolitica
ATCC® 9610™

‐

‐

‐

+
= H2S positive
(+)
= H2S weakly positive
‐
= H2S negative
Organisms stated in red font are faecal indicator bacteria.

146

Table 5.4 Dissimilative reduction of organic sulphur compounds/ sources and H2S production
Organic sulphur compounds/ source

L‐cysteine

L‐cysteine
+
thiosulphate

L‐cysteine
+
pyruvate

L‐cysteine
+
2‐mercaptopyridine

L‐cystine

L‐cystine
+
L‐glutathione

D‐cysteine

L‐glutathione

L‐methionine

pyruvate

taurine

A. hydrophila
(River Ouse)

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

C. difficile
ATCC® 9689™

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

C. perfringens
(River Ouse)

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

C. freundii
ATCC® 8090™

+

+

‐

+

+

(+)

(+)

(+)

(+)

(+)

(+)

C. jejuni
NCTC 11168
/ATCC®
700819™

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

E. coli
NCIMB 10240/
ATCC 23744

‐

‐

‐

+

+

‐

‐

‐

‐

‐

‐

+

+

‐

+

+

‐

‐

‐

‐

‐

‐

(+)

(+)

‐

(+)

+

‐

‐

‐

‐

‐

‐

Organism

E. coli O157:H7
NCTC 12900
E. coli
NCTC 10418
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E. coli
NCTC 5933
E. coli
(River Ouse)

(+)

+

‐

+

+

‐

‐

‐

‐

‐

‐

(+)

+

‐

+

+

‐

‐

‐

‐

‐

‐

E. faecalis
ATCC® 29212™

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

E. tarda
NCIMB 2056

‐

‐

‐

‐

‐

‐

‐

‐

‐

(+)

‐

(+)

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

+

+

‐

(+)

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

+

‐

+

+

‐

(+)

‐

(+)

‐

(+)

+

+

‐

+

(+)

‐

(+)

‐

(+)

(+)

(+)

‐

‐

‐

(+)

(+)

‐

‐

‐

‐

‐

‐

+

‐

‐

(+)

(+)

‐

‐

‐

‐

(+)

‐

K. pneumoniae
(River Ouse)
P. mirabilis
ATCC® 43071™
S. aureus
NCTC 10788
S. marcescens
S. enterica
ATCC® 13076™
S. Typhimurium
NCTC 12023/
ATCC® 14028™
V. cholerae
NCTC 10256
Y. enterocolitica
ATCC® 9610™

+
= H2S positive
(+)
= H2S weakly positive
‐
= H2S negative
Organisms stated in red font are faecal indicator bacteria.
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5.3

Sensitivity: assessment of reaction time when tested with pure
cultures

Reaction time (thus the time needed until the production H2S could be visibly observed
by a black precipitate) of pure cultures compared to mixed cultures (undiluted raw
water from the River Ouse as used in the previous trial of testing) at ambient
temperature is considerably longer. Apart from E. coli O157:H7 NCTC 12900, Proteus
mirabilis ATCC® 43071™, and Salmonella Typhimurium ATCC® 14028™ which mostly
started to show a positive reaction after +/‐ 20 hours at a dilution rate of 1 x 10‐4
(approx. 42.025 – 28.900 cfu, see table 5.5 below). All other organisms tested had
reaction times between 24 and 48 hours at ambient temperature when tested with a
pure culture diluted at 1 x 10‐4. However, this finding is not necessarily surprising when
considering that unimproved or unprocessed water usually contains a large number of
different organisms, which possibly could trigger a positive test reaction.
At ambient temperature (20°C), the H2S tests producing the fastest reactions are the H2S
test containing L‐cysteine and 2‐mercaptopyridine instead of thiosulphate (with an
average time until positive reaction of 28.6 hours), the original H2S test (with an average
time until positive reaction of 29 hours), the H2S test containing L‐cysteine and
thiosulphate (with an average time until positive reaction of 29.2 hours), followed by the
H2S test containing L‐cystine instead of thiosulphate (with an average time until positive
reaction of 31.2 hours.
Nevertheless, the original H2S test developed by Manja et al. (1982) showed no positive
reaction when tested with any of the E. coli strains used in this study. As mentioned
above, the original H2S test only shows a positive reaction to Citrobacter freundii,
Proteus mirabilis, and Salmonella spp. Therefore, when the reactions triggered by these
three organisms only are taken for comparison, the fasted reacting tests are the H2S test
containing bile salts instead of detergent (with an average time until positive reaction of
21.7 hours), the H2S test containing L‐cysteine and 2‐mercaptopyridine instead of
thiosulphate (with an average time until positive reaction of 23 hours), and the H2S test
containing penicillin G instead of detergent (with an average time until positive reaction
of 24.3 hours). The original test needs on average at least 29 hours to produce a positive
reaction, when the freshly cultivated culture is diluted to 1 x 10‐4 accordingly. When the
culture is diluted to a concentration of 1 x 10‐8 (approx. 1 cfu), the time until a positive
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reaction can be observed to increase by approximately 20 hours. It has been observed,
that for each level of dilution the time until a positive reaction can be observed goes up
by approximately five hours (table 5.5).

5.4

Sensitivity: serial dilutions and limit of detection

Results regarding the original and modified H2S test’s sensitivity (time‐to‐reaction) are
displayed in table 5.5. Only organisms showing at least one positive reaction to one of
the H2S test variants were included. H2S test modifications which have not triggered any
positive reaction, were excluded from the analysis.
The analysis of sensitivity and the limit of detection of the original H2S test and its newly
developed modifications indicate that the original H2S test (Manja. et al., 1982) triggers
a positive (visible) reaction in at least 48 hours when inoculated with a sample
containing at least one cell/ cfu when tested with C. freundii ATCC 8090 and S.
Typhimurium ATCC 13076. For E. coli, the most sensitive results came from the modified
H2S test containing penicillin G, the H2S test containing L‐cysteine and 2‐
mercaptopyridine, and from the H2S test containing L‐cystine as sole organic sulphur
source. These three modifications of the original H2S test reacted positively to all five
pure cultured strains of E. coli used in this study. Moreover, all E. coli strains (apart from
E. coli ATCC 23744) revealed a limit of detection as low as one cfu when used with the
H2S tests containing penicillin or L‐cysteine + 2‐mercaptopyridine either (refer to table
5.5). The modified H2S test containing L‐cystine had a low sensitivity, as only the
unclassified E. coli strain isolated from the River Ouse and E. coli O157:H7 NCTC 12900
reacted positively to one cfu.
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Table 5.5 Type of reaction in comparison to organism, concentration, and time

Organism

E. coli ATCC
23744

E. coli NCTC
10418

E. coli NCTC 5933

E. coli (River
Ouse)

E. coli O157:H7

No. of cfu

H2S test (Manja et al.
1982)

H2S test with L‐
cysteine instead of
thiosulphate

H2S test with L‐
cysteine and
thiosulphate

H2S test with bile salts
(2%)

H2S test with bile salts
(6%)

Type of reaction and
time (hours)

Type of reaction and
time (hours)

Type of reaction and
time (hours)

Type of reaction and time
(hours)

Type of reaction and time
(hours)

< 12

12

18

24

48

< 12

12

18

24

48

< 12

12

18

24

48

< 12

12

18

24

48

< 12

12

18

24

4
8

4,761

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

69

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

1,225

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

35

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

250,000

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

+

+

‐

‐

‐

+

+

‐

‐

‐

+

+

500

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

+

+

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

15,625

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

+

+

‐

‐

‐

+

+

‐

‐

‐

‐

‐

125

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

42,025

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

+

+

‐

‐

‐

+

+

‐

‐

‐

‐

+
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NCTC 12900

C. freundii ATCC
8090

P. mirabilis ATCC
43071

S. Typhimurium
ATCC 13076

205

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

420

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

+

+

‐

‐

‐

+

+

20

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

+

+

1

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

36,100

‐

‐

+

+

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

+

+

‐

‐

‐

+

+

90

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

+

+

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

28,900

‐

‐

+

+

+

‐

‐

‐

+

+

‐

‐

‐

+

+

‐

‐

‐

+

+

‐

‐

‐

+

+

170

‐

‐

‐

+

+

‐

‐

‐

‐

+

‐

‐

‐

+

+

‐

‐

‐

+

+

‐

‐

‐

+

+

1

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

+ = H2S positive, (+) = H2S weakly positive, ‐ = H2S negative, organisms stated in red font are faecal indicator bacteria
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Table 5.5 Continuation

Organism

E. coli ATCC
23744

E. coli NCTC
10418

E. coli NCTC 5933

E. coli (River
Ouse)

E. coli O157:H7

No. of cfu

H2S test with L‐
cysteine and citric acid

H2S test with penicillin

H2S test with L‐
cysteine and 2‐
mercaptopyridine

H2S test with D‐
cysteine

H2S test with L‐cystine

Type of reaction and
time (hours)

Type of reaction and
time (hours)

Type of reaction and
time (hours)

Type of reaction and time
(hours)

Type of reaction and time
(hours)

< 12

12

18

24

48

< 12

12

18

24

48

< 12

12

18

24

48

< 12

12

18

24

48

< 12

12

18

24

4
8

4,761

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

69

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

1,225

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

35

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

250,000

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

+

+

+

‐

‐

‐

‐

‐

‐

‐

‐

+

+

500

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

1

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

15,625

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

125

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

42,025

‐

‐

‐

‐

+

‐

‐

‐

+

+

‐

‐

+

+

+

‐

‐

‐

‐

‐

‐

‐

+

+

+
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NCTC 12900

C. freundii ATCC
8090

P. mirabilis ATCC
43071

S. Typhimurium
ATCC 13076

205

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

1

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

‐

420

‐

‐

‐

+

+

‐

‐

‐

‐

+

‐

‐

‐

+

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

20

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

1

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

‐

‐

‐

‐

‐

+

36,100

‐

‐

‐

+

+

‐

‐

‐

+

+

‐

‐

‐

+

+

‐

‐

‐

+

+

‐

‐

‐

+

+

90

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

1

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐

‐

‐

‐

+

‐
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5.5

Summary of results

This summary of results highlights the most significant findings from the research
described in this chapter.


All of the tested E. coli strains demonstrated the production of H2S from other
sulphur sources than thiosulphate, which is used in the original H2S test. The
preferred sources of sulphur for these organisms are the amino acids L‐cysteine
and its reduced form L‐cystine, with regards to findings presented in this
chapter. The test variant containing L‐cysteine in combination with 2‐
mercaptopyridine tested in the presence of E. coli NCTC 5933 delivered readable
results at ambient temperature after only 18 hours. These novel findings are
important when it is considered that strains of E. coli are usually not considered
able to produce H2S. However, the E. coli strains used in this study all produced
H2S when an organic sulphur source was available, but not inorganic ones.
Moreover, L‐cystine produced clearer and faster results as compared to L‐
cysteine.



Confirming results from the previous chapter, the modified H2S test with added
bile salts presented stronger results as the same test prepared with liquid
detergent instead, as performed by Manja et al. (1982). Results were even
slightly faster when the concentration of bile salts was (in a different test
modification) increased from 2% to 6%. Both modified H2S tests prepared with
bile salts instead of detergent showed a positive reaction to Citrobacter freundii,
Proteus mirabilis, and Salmonella Typhimurium very similar to that presented for
the original H2S test, but reacted additionally to all of the tested E. coli strains. At
the time of writing this thesis, this finding has not been reported before, and
therefore contributes to the process of making the H2S test specific to FIB, by
simultaneously reducing cross‐reactions by other organisms. Moreover, H2S tests
with bile salts started to show positive reactions after 20 and 23 hours at
ambient temperature respectively, bringing it in line with techniques used in
Standard Methods (18‐24 hours for membrane filtration with m‐FC plus
incubation at 44°C). Nevertheless, the reaction or interaction of many organisms
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to bile is not very well understood yet, according to Begley et al. (2005) as
reported above.


When assessing the reaction time of the different test modifications in the
presence of pure cultured bacteria compared to mixed cultures (as found in
unimproved water from the River Ouse) at 20°C temperature, the pure cultures
needed considerably longer to trigger a positive reaction. Apart from E. coli
O157:H7 NCTC 12900, Proteus mirabilis, and Salmonella Typhimurium which
mostly started to show a positive reaction after +/‐ 20 hours at a dilution of 1 x
10‐4. All other bacteria tested had reaction times between 24 and 48 hours at
20°C temperature when tested with a pure culture diluted at 1 x 10‐4.



At 20°C incubation temperature, the H2S tests producing the fastest reactions
were the modifications containing L‐cysteine and 2‐mercaptopyridine instead of
sodium thiosulphate (28.6 hours), the original H2S test (29 hours), the H2S test
containing L‐cysteine and sodium thiosulphate (29.2 hours), followed by the H2S
test containing L‐cysteine instead of sodium thiosulphate (31.2 hours).



The results generated in this work suggests that the most sensitive and specific
modification is the H2S test containing penicillin G, as it reacted positively to all
five E. coli strains used within this study, at a potential threshold of detection as
low as one cfu (apart from E. coli ATCC 23744, which has with 69 cfu per
inoculum a slightly higher limit of detection). Additionally, the addition of
penicillin G inhibits the growth of many other H2S‐producing bacteria.



At this point of analysis, the modified H2S test formulae containing either L‐
cysteine and 2‐mercaptopyridine or L‐cystine as sole sulphur source, combined
with either bile salts or penicillin G as selective agent against organisms of non‐
faecal origin, are suggested as the most selective and specific, and therefore
most promising modifications and alternatives to the original H2S test formula
developed by Manja et al. (1982).
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Chapter 6
6

Validation of the original and modified version of the H2S test
against the internationally accepted standard methods for the
microbial assessment of drinking‐water

6.1

Introduction

Previous chapters have focussed on several key points: the feasibility of reducing the
time‐to‐result and increasing the analytical specificity of the H2S test. This was
undertaken against a range of confirmed control bacterial isolates, and involved
improving on the formulation of the test media. These adaptations were designed to
align to the internationally accepted standards aiming at determining the ‘single‐
operator characteristics’ and ‘method detection level’, as outlined by Standard Methods
(APHA, 2012).
The next phase of the research involved evaluating the performance of the original H2S
test and its variants against water samples of unknown microbial and chemical
composition from the environment. This is in compliance with ‘standard methods’ for
the examination of water and wastewater (APHA, 2012; EPA, 2009). This step was
necessary to assess how the original H2S test and its new modifications function under
different environmental and field conditions, and especially with different types of
waters: unimproved vs. improved.
Unimproved water samples were collected again from the sites mentioned above (see
sub‐chapter 3.1) at the River Ouse in East Sussex, and from a number of rain harvesting
points. Validation based on a diagnostic sensitivity/specificity analysis was conducted
with the original H2S test, against the new modifications, and against the standard
membrane filtration method using the two semi‐selective culture media, m‐FC and m‐
Enterococcus, as described by the standard methods for the examination of water and
wastewater (APHA, 2012).
The complete results from the positive‐predictive (PPV) and the negative‐predictive
value (NPV) analysis can be found in appendixes 6.1 – 6.32, and are summarised in
figures 6.1 – 6.4 below. Unfortunately, and since many data points have the same or
similar values, many data points in figures 6.1 – 6.4 are overlapping. The results from
the standard methods analysis (membrane filtration with m‐FC and m‐Enterococcus
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medium) are outlined in figures 6.5 and 6.6 (without the five outliers above 8.000
cfu/100ml). Due to limited space available within figures 6.1 – 6.4, the different H2S
tests analysed have been given a number instead the full type name. The different types
of H2S tests can be identified with the following numbers:
1. Original H2S test
2. H2S test with L‐cysteine/ no thiosulphate
3. H2S test with L‐cysteine and thiosulphate
4. H2S test with 2% bile salts instead of detergent
5. H2S test with 6% bile salts instead of detergent
6. H2S test with L‐cystine instead of thiosulphate
7. H2S test with penicillin G
8. H2S test with 2‐mercaptopyridine

6.2 Diagnostic sensitivity versus diagnostic specificity of the H2S tests
analysed at 20°C against membrane filtration with m‐FC
The analysis of the diagnostic sensitivity and the diagnostic specificity of the eight H2S
tests, tested at an incubation temperature of 20˚C, against the membrane filtration
method with m‐FC culture medium (standard method), demonstrated that all H2S test
versions, including the original H2S test, showed a diagnostic specificity of 100% and a
positive‐predictive value (PPV) of 100% (see figure 6.1 & table 6.1 below). Since the
specificity reflects the ‘true negative’ value, these results reveal that all H2S test version
analysed at ambient temperature can predict the absence of any thermotolerant faecal
coliforms as accurate as the membrane filtration method with m‐FC culture medium.
Thus, when the membrane filtration method showed a negative result, all different H2S
tests showed a negative result.
Moreover, the H2S test with 2% bile salts instead of detergent (No. 4) and the H2S test
with L‐cystine (No. 8) instead of thiosulphate as sulphur source, demonstrated a
diagnostic sensitivity and specificity of both 100%. This shows that these H2S test
modifications are as accurate and reliable as the membrane filtration method with m‐FC
– a commonly accepted standard method. In comparison, the lowest overall
performance when compared to standard methods was demonstrated by the H2S test
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modification with 2‐mercaptopyridine (No. 7) which revealed a sensitivity of 84.2% and
a negative‐predictive value (NPV) of 25% only, which indicates that there is a 15.8%
chance that if this test version shows a negative result, it isn’t truly negative according
to standard methods.
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Figure 6.1 Diagnostic sensitivity versus diagnostic specificity of the H2S tests analysed at 20°C
against membrane filtration with m‐FC

Table 6.1 Comparison of diagnostic sensitivity, diagnostic specificity, positive‐predictive, and
negative‐predictive values against membrane filtration with m‐FC and against different H2S
tests modifications incubated at 20˚C
No.

20˚C

H2S test

Sensitivity %

Specificity %

PPV %

NPV %

1

Original H2S test

97.4

100

100

66.7

2

H2S test with L‐cysteine/
no thiosulphate

92.1

100

100

40.0

3

H2S test with L‐cysteine &
thiosulphate

97.4

100

100

66.7

4

H2S test with bile salts 2%

100

100

100

100

5

H2S test with bile salts 6%

94.7

100

100

50

6

H2S test with penicillin G

97.4

100

100

66.7

7

H2S test with 2‐
mercaptopyridine

84.2

100

100

25.0

8

H2S test with L‐cystine

100

100

100

100
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The original H2S test (No. 1), the H2S test with L‐cysteine and thiosulphate (No. 3), and
the H2S test with penicillin G revealed after the H2S test with bile salts the second‐best
performance when compared against standard methods, presenting a sensitivity of
97.4% and a NPV of 66.7%.
Overall, this analysis demonstrated that the H2S test modifications with 2% bile salts,
and the H2S test with L‐cystine tested at 20˚C temperature are as reliable in detecting
and excluding the contamination with thermotolerant faecal coliforms in water as the
membrane filtration method with m‐FC culture medium, performed at 44˚C incubation
temperature. These two H2S test modifications could be an energy and equipment
saving, and therefore money saving alternative in low‐resource settings, where fully
equipped laboratories with incubators are rare to find.
It also showed that a H2S test modification containing 2% bile salts instead of detergent
is more reliable as the original H2S test developed by Manja et al. (1982) when
performed at ambient temperature. In addition, it was demonstrated that the diagnostic
sensitivity and the negative‐predictive value were generally much lower as compared to
the specificity and the positive‐predictive value, and therefore reflecting a higher
correlation to the ‘true negative’ value as to the ‘true positive’ value.
It should be considered, that the disease prevalence for the H2S test versions incubated
at 20˚C and compared against membrane filtration with m‐FC was 95% (see appendices
6.1 – 6.32). The relatively low level of negative results obtained by membrane filtration
with m‐FC from the tested water samples (refer to figures 6.5 and 6.6 below) could be a
reason for the very high level of specificity, but could also be totally unrelated to the
findings obtained. The confidence intervals for all H2S test modifications analysed in this
sub‐chapter are between 91.6% and 100% (see appendices 6.1 – 6.32), and the results,
therefore, can be regarded as statistically significant.
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6.3 Diagnostic sensitivity versus diagnostic specificity of the H2S tests
analysed at 37°C against membrane filtration with m‐FC
The analysis of the diagnostic sensitivity and the diagnostic specificity of the eight H2S
tests, tested at an incubation temperature of 37˚C, against the membrane filtration
method with m‐FC culture medium, demonstrated that most H2S test versions, including
the original H2S test, showed a diagnostic specificity of 100% and a positive‐predictive
value (PPV) of 100%, apart from the H2S test containing 6% bile salts (No. 5), which only
presented a specificity of 50% and a PPV value of 97.4 (see figure 6.2 & table 6.2 below).
Since the specificity reflects the ‘true negative’ value, these results reveal that most H2S
test versions analysed at 37˚C incubation temperature can predict the absence of any
thermotolerant faecal coliforms as accurate as the membrane filtration method with m‐
FC culture medium. Therefore, when the membrane filtration method showed a
negative result, all different H2S test versions, apart from the H2S test with 6% bile
showed a negative result.
Interestingly, it was observed that, compared to the H2S tests performed at 20˚C (see
previous sub‐chapter), the diagnostic sensitivity increased considerably at 37˚C
incubation temperature for most of the different H2S test modifications. The H2S test
with 2% bile salts (No. 4) and the H2S test with L‐cystine (No. 8) demonstrated again a
diagnostic sensitivity and specificity of 100%, and all, apart from the H2S test containing
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Figure 6.2 Diagnostic sensitivity versus diagnostic specificity of the H2S tests analysed at 37°C
against membrane filtration with m‐FC
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Table 6.2 Comparison of diagnostic sensitivity, diagnostic specificity, positive‐predictive, and
negative‐predictive values against membrane filtration with m‐FC and against different H2S
tests modifications incubated at 37˚C
No.

37˚C

H2S test

Sensitivity %

Specificity %

PPV %

NPV %

1

Original H2S test

55.3

100

100

10.5

2

H2S test with L‐cysteine/ no
thiosulphate

97.4

100

100

66.7

3

H2S test with L‐cysteine &
thiosulphate

100

100

100

100

4

H2S test with bile salts 2%

100

100

100

100

5

H2S test with bile salts 6%

100

50

97.4

100

6

H2S test with penicillin G

100

100

100

100

7

H2S test with 2‐
mercaptopyridine

100

100

100

100

8

H2S test with L‐cystine

100

100

100

100

L‐cysteine and the original H2S test demonstrated at 37˚C a level of sensitivity of only
55.3%. Consequently, the original H2S test seems to have a lower diagnostic sensitivity
and a lower negative‐predictive value of only 10.5% at 37˚C when compared to
membrane filtration with m‐FC culture medium. The lowest overall performance when
compared to standard methods was demonstrated therefore by the original H2S test.
Overall, this analysis demonstrated that it is possible to increase the sensitivity of all the
newly developed H2S test modifications, apart from the original H2S, which showed a
lower diagnostic sensitivity at 37˚C. Also, all newly developed H2S test modifications are
as reliable in detecting and excluding the contamination with thermotolerant faecal
coliforms in water, when performed at 37˚C, as the membrane filtration method with
m‐FC culture medium, performed at 44˚C incubation temperature.
Since with regards to the results presented in chapter five, the H2S test with 2% bile salts
and the H2S test with penicillin G presented the highest analytical specificity to E. coli,
these two H2S test modifications so far show the best overall performance, and a much
better performance as compared to the original H2S test. Additionally, both H2S test
modifications have the lowest time‐to‐result values, as outlined in chapter four.
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6.4 Diagnostic sensitivity versus diagnostic specificity of the H2S tests
analysed at 20°C against membrane filtration with m‐Enterococcus
The analysis of the diagnostic sensitivity and the diagnostic specificity of the eight H2S
tests, tested at an incubation temperature of 20˚C, against the membrane filtration
method with m‐Enterococcus culture medium, demonstrated that all H2S test versions,
including the original H2S test, showed a diagnostic sensitivity of 100% and a negative‐
predictive value (NPV) of 100% (see figure 6.3 & table 6.3 below). Since the sensitivity
reflects the ‘true positive’ value, these results reveal that all H2S test versions performed
at 20˚C incubation temperature can predict the contamination with faecal enterococci
as accurate as the membrane filtration method with m‐Enterococcus culture medium.
Therefore, when the membrane filtration method showed a positive result, all different
H2S test versions demonstrated a positive result.
Interestingly, it was observed that, compared to the H2S tests compared against
membrane filtration with m‐FC culture medium (see previous two sub‐chapter), the
diagnostic sensitivity increased considerably to a value of 100%, and the diagnostic
specificity declined extremely. This pattern of performance could be explained by the
fact that faecal enterococci are not able to produce H2S gas (see chapter five & Holt et
al., 1994). However, and as explained in the literature review, faecal enterococci such as
Enterococcus faecalis indicate the contamination of water with faecal matter, same as
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Figure 6.3 Diagnostic sensitivity versus diagnostic specificity of the H2S tests analysed at 20°C
against membrane filtration with m‐Enterococcus
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Table 6.3 Comparison of diagnostic sensitivity, diagnostic specificity, positive‐predictive, and
negative‐predictive values against membrane filtration with m‐Enterococcus and against
different H2S tests modifications incubated at 20˚C
No.

H2S test

Sensitivity %

Specificity %

PPV %

NPV %

1

Original H2S test

100

33.3

83.8

100

2

H2S test with L‐cysteine/ no
thiosulphate

100

55.6

88.6

100

3

H2S test with L‐cysteine &
thiosulphate

100

33.3

83.8

100

4

H2S test with bile salts 2%

100

22.2

81.6

100

5

H2S test with bile salts 6%

100

44.4

86.1

100

6

H2S test with penicillin G

100

33.3

83.8

100

7

H2S test with 2‐
mercaptopyridine

100

88.9

96.9

100

8

H2S test with L‐cystine

100

22.2

81.6

100

20˚C

thermotolerant faecal coliforms and most H2S producing bacteria. On the other side,
when the membrane filtration method with m‐Enterococcus detects no viable cultures,
it does not necessarily mean that the H2S test method does the same, simply because
the function of the H2S test is not related to the biochemical reactions of faecal
enterococci.
The specificity, which has an impact on the positive‐predictive value, was generally low.
The highest specificity was performed by the H2S test with 2‐mercaptopyridine with
88.9% and a PPV of 96.6% (No.7), followed by the H2S test containing L‐cysteine instead
of thiosulphate with 55.6% and a PPV of 88.6% (No. 2). The original H2S test
demonstrated at 20˚C a level of specificity of only 33.3%. Consequently, the original H2S
test seems to have a lower diagnostic specificity and a lower PPV value of only 83.8% at
20˚C when compared to membrane filtration with m‐Enterococcus culture medium. The
lowest overall performance when compared to standard methods was demonstrated by
the H2S test with 2% bile salts and the H2S test with L‐cystine; the same two H2S test
versions which demonstrated one of the best performances when compared against
membrane filtration with m‐FC culture medium (see previous two sub‐chapters).
Overall, this analysis demonstrated that the eight H2S test versions analysed, including
the original H2S test, present a diagnostic sensitivity of 100%, and consequently a NPV
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value of 100% when performed at 20°C and compared against membrane filtration with
m‐Enterococcus. This means that any of the eight H2S tests will indicate the
contamination of water with faecal enterococci, but not its absence. Nevertheless, when
performed at 20°C, all H2S test versions performances correlate much higher with
standard methods testing for faecal coliforms (incl. E. coli) instead with faecal
enterococci, because most faecal coliforms do produce H2S depending on the source of
sulphur available.

6.5 Diagnostic sensitivity versus diagnostic specificity of the H2S tests
analysed at 37°C against membrane filtration with m‐Enterococcus
The analysis of the diagnostic sensitivity and the diagnostic specificity of the eight H2S
tests, tested at an incubation temperature of 37˚C, against the membrane filtration
method with m‐Enterococcus culture medium, demonstrated that most H2S test
versions showed a diagnostic sensitivity of 100% and a negative‐predictive value (NPV)
of 100%. The only H2S test version which don’t revealed a diagnostic sensitivity of 100%
was the original H2S test with 67.7% diagnostic sensitivity only (see figure 6.4 & table 6.4
below). Since the sensitivity reflects the ‘true positive’ value, these results reveal that
most H2S test versions performed at 37˚C incubation temperature can predict the
contamination with faecal enterococci as accurate as the membrane filtration method
with m‐Enterococcus culture medium, except the original H2S test.
Similarly to the previous sub‐chapter, it was observed that, compared to the H2S tests
compared against membrane filtration with m‐FC culture medium (see sub‐chapters 6.2
& 6.3), the diagnostic sensitivity increased considerably to a value of 100%, and the
diagnostic specificity declined extremely. As explained before, this pattern of
performance could be explained by the fact that faecal enterococci are not able to
produce H2S gas (see chapter five & Holt et al., 1994). However, and as explained in the
literature review, faecal enterococci such as Enterococcus faecalis indicate the
contamination of water with faecal matter, same as thermotolerant faecal coliforms and
most H2S producing bacteria. On the other side, when the membrane filtration method
with m‐Enterococcus detects no viable cultures, it does not necessarily mean that the
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Figure 6.4 Diagnostic sensitivity versus diagnostic specificity of the H2S tests analysed at 37°C
against membrane filtration with m‐Enterococcus

Table 6.4 Comparison of diagnostic sensitivity, diagnostic specificity, positive‐predictive, and
negative‐predictive values against membrane filtration with m‐Enterococcus and against
different H2S tests modifications incubated at 37˚C
No.

H2S test

Sensitivity %

Specificity %

PPV %

NPV %

1

Original H2S test

67.7

100

100

47.4

2

H2S test with L‐cysteine/ no
thiosulphate

100

33.3

83.8

100

3

H2S test with L‐cysteine &
thiosulphate

100

22.2

81.6

100

4

H2S test with bile salts 2%

100

22.2

81.6

100

5

H2S test with bile salts 6%

100

44.4

86.1

100

6

H2S test with penicillin G

100

22.2

81.6

100

7

H2S test with 2‐
mercaptopyridine

100

22.2

81.6

100

8

H2S test with L‐cystine

100

22.2

81.6

100

37˚C

H2S test method does the same, simply because the function of the H2S test is not
related to the biochemical reactions of faecal enterococci. What is interesting compared
to the previous analysis, where the different H2S tests were performed at 20°C, is that
the original H2S test decreased its diagnostic sensitivity from 100% to 67.7% (see tables
6.3 & 6.4), but at the same time increased its diagnostic specificity from 33.3% to 100%,
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which consequently increased also its PPV value to 100% and lowered its NPV value to
47.4%. This means that the original H2S test is at 37°C more suitable to detect the
absence of faecal contamination in water, than its presence.
The specificity was generally low, but even lower than compared to the previous
analysis. As highlighted above, the highest specificity was performed by the original H2S
test with 100% and a PPV of 100% (No.1), followed by the H2S test containing 6% bile
salts instead of detergent with 44.4% and a PPV of 86.1% (No. 5), and the H2S test with
L‐cysteine instead of thiosulphate with 33.3% and a PPV of 83.8%. The lowest overall
performance when compared to standard methods was demonstrated by the H2S test
with 2% bile salts, the H2S test with L‐cysteine and thiosulphate, the H2S test with
penicillin G, the H2S test containing 2‐mercaptopyridine, and the H2S test with L‐cystine;
the same H2S test versions which demonstrated one of the best performances when
compared against membrane filtration with m‐FC culture medium (see sub‐chapters 6.2
& 6.3).
In summary, this analysis demonstrated that seven out of eight H2S test versions
analysed, presented a diagnostic sensitivity of 100%, and consequently a NPV value of
100% when performed at 37°C and compared against membrane filtration with m‐
Enterococcus. Nevertheless, the results from analysing the different H2S test
modifications at two different temperatures (20°C & 37°C) against two separate
standard methods (membrane filtration with m‐FC & m‐Enterococci culture medium)
revealed that the lowest correlation in terms of diagnostic sensitivity and specificity
were found when compared against m‐Enterococci, especially when the different H2S
tests were performed at 37°C incubation temperature.
Comparing all four analyses in this chapter, the results reveal that the H2S tests
performed at 37°C and compared against membrane filtration with m‐FC culture
medium presented the highest correlation with standard methods. Moreover, the H2S
test with 2% bile salts, and the H2S test with L‐cystine are with 100% diagnostic
sensitivity and specificity at 20°C and at 37°C as reliable as the widely accepted standard
methods. Additionally, they are also much more energy and price efficient, and don’t
rely on a laboratory to perform.
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Figure 6.5 Histogram of cfu counts according to standard methods tested with m‐FC and m‐Enterococcus
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Figure 6.6 Histogram of cfu counts according to standard methods tested with m‐FC and m‐Enterococcus (Without the five outliers above 8.000 cfu/100ml)

6.6

Summary of results



The analysis of the previous sub‐chapters revealed, that the eight different H2S
test versions, and their diagnostic sensitivity and specificity, correlated best with
membrane filtration performed with m‐FC culture medium. This was for both of
the H2S test incubation temperatures of 20˚C and 37˚C examined. Though, the
highest correlation by most H2S test versions was observed at 37˚C incubation
temperature, which would require the use of an incubator in the field.
The higher correlation of the diagnostic specificity and sensitivity when
compared to standard methods testing for thermotolerant faecal coliforms (m‐
FC) instead for standard methods testing for faecal enterococci (m‐Enterococcus)
is likely explained by the finding in chapter five of this thesis, as the majority of
faecal coliforms produces H2S depending on the type of sulphur available. In
contrast, faecal enterococci do not produce H2S. However, both types of
organisms are classified as faecal indicator bacteria (FIB), as explained in the
literature review.



The H2S test with L‐cysteine and thiosulphate, the H2S test with 2% bile salts
instead of detergent, the H2S test with penicillin G, the H2S test with 2‐
mercaptopyridine, and the H2S test with L‐cystine instead of thiosulphate are
with 100% diagnostic sensitivity and specificity at 37°C as reliable as the widely
accepted standard methods performed with m‐FC culture medium. However,
only the H2S test with 2% bile salts instead of detergent and the H2S test with L‐
cystine are as reliable as standard methods at both 20°C and 37°C incubation
temperature, and can therefore also be performed at lower temperature
without compromising its reliability. Overall, these two H2S test modifications
have demonstrated the best performance in terms of diagnostic specificity and
sensitivity. Both H2S test modifications can be regarded as reliable as standard
methods, and both H2S test modifications presented a higher diagnostic
sensitivity and specificity as compared to the original H2S test developed by
Manja et al. (1982). In addition, both H2S test modifications have the lowest
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time‐to‐result values, as outlined in chapter four, and are also much more energy
and cost efficient, and don’t rely on a laboratory to perform when compared to
standard methods.


In summary, this analysis demonstrated that it is possible to improve, and
therefore increase the diagnostic sensitivity and specificity of original H2S test,
when the test’s media formula contains 2% bile salts instead of detergent and L‐
cystine as sulphur source; and to use these two H2S test modifications as a
substitute for standard methods in places where these cannot be performed.
With regards to whether differences in diagnostic sensitivity and specificity
across the 32 separate analyses (see appendixes 6.1 – 6.32) are statistically
significant, significance testing has been conducted (refer to chapter 3.4). It
should be noted that marginal improvements in sensitivity or specificity may not
be statistically significant. However, the sample size of N=80 for each
temperature analysis (20˚C & 37˚C), are considered as sufficient and significant.
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Chapter 7
7

Discussion

7.1

Foreword

The scarcity of fresh and drinkable, and therefore safely managed water already affects
every continent on Earth, with around 1.2 billion people, or almost one‐fifth of the
world's population, living in areas of physical water scarcity (UN, 2014). For example, as
much of sub‐Saharan Africa is impacted by the shortage of potable water, unprotected
shallow wells and other open water sources such as lakes and rivers still remain as the
main drinking water sources in many rural areas. Moreover, the scarcity of potable
water is accelerated by the shortage (or in most cases absence) of laboratory facilities,
diagnostic equipment, adequate finances, or qualified lab technicians who would be
able to assess drinking‐water safety (Sobsey et al., 2002). Also, this is one of the reasons
which explain the high number of infections with diarrhoeal diseases in economically
less‐developed places (WHO & UN‐WATER, 2010).
Therefore, and irrespective from the fact that the international community agreed in
2015 to ‘…ensure availability of water for all’ until 2030 (UN, 2015), it is vital to develop
and to deliver simple to operate and affordable diagnostic and/or screening tools to
analyse microbial drinking‐water quality in low‐resource settings. The H2S test is a
promising start into the right direction. The test is easy to produce and the reagents are
available in most places; it does not need any cooling or additional energy sources for
incubation; it is affordable even for the very poor, and the test can be performed and
read even by illiterate people.
The H2S test is promoted by leading humanitarian organisation such as UNICEF and
Oxfam especially for analysing drinking‐water safety in low‐resource settings and
emergency situations (ACF International, 2013; Bain et al., 2012; UNICEF, 2008; Oxfam,
2006). The South Pacific Applied Geoscience Commission (SOPAC) supported by WHO
Pacific Region argued ‘The significant advantages of the H2S test compared to other
conventional microbial and indicator bacteria analyses is that it is very low in cost and
does not require sophisticated equipment to manufacture or carry out the analyses’
(Mosley et al., 2005, p. 17). This perception is also shared with other researcher such as
Toranzos (1991), who highlighted the low cost and simplicity of the H2S test and claims,
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that this diagnostic method is an excellent candidate for tropical and less‐developed
places – by ignoring the possibility of regrowth of indicator bacteria especially in warmer
climates. Though, the evidence is still inconclusive at the current stage (see chapter 2.7).
The International Federation of the Red Cross (IFRC) highlights, that during programme
implementation, simple water quality tests (such as the H2S test) are good ways to
trigger filter use and to demonstrate an improvement in water quality (IFRC, 2011).
When cyclone Evan hit the South Pacific islands in 2012, the H2S test was promoted and
distributed by the Australian, Fiji, and Samoa Red Cross societies as part of their rescue
and recovery mission and to improve the water and sanitation situation (Australian Red
Cross, 2012). As highlighted by Mosley et al. (2004) ‘the H2S test would be well suited to
wider use, especially in absence of water‐quality monitoring capabilities for remote
islands’…’as it is inexpensive and enables communities with minimal training to test their
own water supplies without outside assistance’ (Mosley et al., 2004, p. 393). Also,
‘incorporation of field‐based testing into operational monitoring or surveillance could
reduce the burden on organisations and agencies currently tasked with monitoring small
supplies and point‐sources’ (Crocker & Bartram, 2014, p. 7344).
Nevertheless, the H2S test in its original form has not been as successful as expected,
and is not a solution for all microbial drinking‐water issues. The reviewed literature in
chapter two has presented many examples why the original H2S test is limited in its
performance, and especially in its ability to detect organisms of faecal origin (i.e.
thermotolerant faecal coliforms and faecal Enterococcus) only. The main disadvantage
of this presence/absence method is the relatively high level of false‐positive and false‐
negative results (Sobsey et al., 2002; OECD/WHO, 2003; Huang, et al., 2011). Thus, this
issue is linked to the test’s limited specificity to detect faecal indicator bacteria. Due to
the test’s media formula, which contains a sulphate source (thiosulphate), and of its
function to trigger the production of H2S, the test targets sulphate‐ and sulphur‐
reducing bacteria, which are more related to environmental conditions as to the human
intestines. In fact, sulphate‐reducing bacteria are very common in open fresh water
sources and in their sediments (Maier et al., 2000) as discussed above in sub‐chapter
2.5.6.
Hence, the original H2S test has no ability to distinguish between human specific and
environmental sulphate and sulphur reducing bacteria, and at the current stage could
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be more contra‐productive due to its high level of false‐positive and false‐negative
results. In contrast, this method has an enormous potential due to its simplicity, its
cheap production costs, and its energy self‐sufficiency and could partly be a solution to
many drinking‐water hygiene issues in places where sophisticated laboratory analysis
are not feasible.
Therefore, that there is a need to modify the existing formula to increase its sensitivity,
and especially its specificity (Huang et al., 2011). A modified formula with a confirmed
and high specificity could make a huge impact and could contribute to increase drinking‐
water quality in economically less‐developed places, and consequently reduce the
number of diarrhoeal diseases. Also, due to its visual and easy to read colour change,
the test would contribute to more hygiene awareness among the effected population.
However, and as cited above in sub‐chapter 2.8.1 ‘optimal conditions for conducting the
test remain unclear’ (Wright et al., 2012, p. 94) furthermore, ‘More laboratory and field
studies are required to assess the reliability of the H2S method as an alternative method
of traditional indicators (Shahryari at el., 2014, p. 53).
The modifications of the H2S test’s culture medium, and the assessment of the test’s
performance in terms of diagnostic sensitivity and specificity, are discussed in the
following sub‐chapters.

7.2

Performance of the original H2S test and of some new modifications

The analysis of the performance of the original H2S test and of some of the new
modifications indicates that the test outcome depends primarily on the bacterial
composition in the sample water, on the cultivation time, on temperature and on the
culture medium used for the H2S test. As reported in sub‐chapter 4.3, the sensitivity in
terms of time‐to‐result is much greater than compared to the H2S test’s analytical
specificity. Using the Spearman rank correlation coefficient to analyse inferences some
modified H2S test versions, demonstrated a rather weak correlation in comparison to
the results from the sensitivity analysis. The best results in terms of analytical specificity
came from the modified H2S test containing penicillin G, from the modified H2S test with
L‐cysteine and sodium thiosulphate, and the modified H2S test containing brilliant green
and bismuth sulphide. These modified tests mostly had higher negative skewed
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correlation coefficients as compared to the original H2S test, and they all (apart from the
H2S modification containing brilliant green and bismuth sulphide) demonstrated a
higher sensitivity compared to the original test. The combination of brilliant green and
bismuth sulphite proved to be not only highly selective, but also inhibits most organisms
apart from few enteric bacteria including Salmonella spp. (George & Ayres, 1953). Since
the numbers of presumptive colony counts for Salmonella spp. have generally been
fairly low in the sampled surface water compared to other organisms (colony counts will
be analysed in the next sub‐chapter), and since Salmonella spp. is not the fastest
growing bacteria this result was not so surprising.
The H2S test modification containing bile salts instead of detergent as selective agent
also presented a higher sensitivity in terms of time‐to‐result. When tested at ambient
temperature (20°C) (see figure 4.5), at 44°C (incubation temperature for thermotolerant
faecal coliforms) (see figure 4.8), and at 37°C (see figure 4.6), the time until a positive
test reaction was observed was considerably lower compared to the original H2S test
developed by Manja et al. (1982).
Additionally, the H2S test containing bile salts instead of detergent was one of few test
modifications (incl. the test modification with L‐cysteine and citric acid) which sowed
satisfactory results (positive reaction within 48 hours) at 44°C. Nevertheless, the
incubation temperature of 20°C and especially 37°C presented the most reliable and
continues results among the original H2S test and all newly developed H2S test
modifications.
Since there are different kinds of detergents and since Manja et al. (1982) did not
specify which kind of detergent is used best for its test, using any kind of detergent will
negatively affect the test outcome and will make it difficult to maintain the quality of
the test. The effect of anionic detergent is very similar to bile salts, though the process is
different (Jameson & Emberley, 1958). Detergents attach, depending on the electrical
charge, to surfaces and in some cases, dissolve them (Glassman, 1948). In contrast, bile
salts produce a toxic reaction by inhibiting mainly Gram‐positive organisms. The reagent
‘bile‐salt’ is therefore more reliable and more selective, but also more expensive in its
pure form, and is more difficult to obtain in resource‐low settings. An alternative could
be to use ox gall, which contains bile salts in high quantities. However, this seems not
very feasible and hygienic. Nevertheless, it also depends on which bile salt or mix of bile
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salts is used (e.g. sodium deoxycholate or taurocholate) and how much of it (Luyt et al.,
2012). As mentioned before, the reaction or interaction of many organisms to bile is not
very well understood yet, according to Begley et al. (2005).
The analysis of testing for time‐to‐result compared to the counts of presumptive
thermotolerant faecal coliform and faecal enterococci indicated that there is a
correlation between time‐to‐result and the number of cfu developed by the two
indicator organism groups faecal coliforms, and faecal enterococci. It was demonstrated
that the majority of cfu counts below 50 per 100ml lead to a much longer time‐to result
value, usually between 25 and 40 hours, depending on the H2S test version (see figures
4.1 – 4.4). It is therefore that the H2S test should at least be examined for 48 hours,
especially when performed at temperatures below 37˚C. When the H2S tests were
correlated against faecal enterococci counts, the correlations were slightly stronger,
depending on the H2S test version and excluding the H2S test with brilliant green &
bismuth sulphide which showed no correlation to faecal enterococci at all. This finding
leads to the ongoing question which indicator organism is used best as a reliable
indicator for the contamination of water by faecal matter. However, since it is not the
aim of this thesis to answer this question, and since both organisms are accepted
indicators for faecal contamination, it is more important that the results suggest a
correlation to both indicator organisms. This shows that the H2S test can be used to
examine the microbial quality of water intended for human consumption.
Previous studies conducted by Weppelmann et al. (2014), Khush et al. (2013), and Gupta
et al. (2007) have made an attempt to correlate the percentage of positive H2S test
reactions to faecal coliform counts collected through membrane filtration with m‐FC
culture medium (Khush et al., 2013 used HiChrome Coliform medium, which is not in
line with standard methods). These studies demonstrated a correlation with faecal
coliforms depending on the cfu counts, but no study so far has compared the
performance of the original H2S test and its new modifications against faecal
enterococci, which are also an expected faecal indicator organism.
The strongest agreement between the counts of the two indicator groups and the
different time‐to‐result values was observed by the H2S test containing L‐cysteine, and
by the H2S test containing L‐cysteine plus citric acid. Therefore, this analysis reveals that
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the H2S test’s time‐to‐result value could be an approximate indicator for the level of
microbial contamination present.
The analysis of testing for time‐to‐result compared to different temperatures indicated
that the incubation of all the different and analysed H2S test versions at 37˚C instead of
20˚C temperature produces much faster results. Though, all H2S test versions produced
positive reactions at 20˚C, at 37˚C, and mostly at 44˚C incubation temperature, 37˚C
incubation temperature presented the fastest results with median results of between
nine and seventeen hours incubation time depending on the H2S test version. Since
membrane filtration with the semi‐selective media m‐FC or m‐Enterococcus takes 48
hours before a result can be read, this finding is particularly interesting and can be
regarded as a major improvement of the H2S test method. Nevertheless, and as
mentioned above, any H2S test which shows no reaction should at least be examined for
48 hours, especially when low counts of bacteria can be expected.
When following the incubation process of inoculated H2S tests visually, it was observed
that most tests started to blacken from the bottom of the culture tube indicating mainly
anaerobic or at least facultative‐anaerobic activity. These observations are similar to the
findings of Pillai et al. (1999) who reported that the H2S test starts to react from the
bottom of the culture tube. Since there is also a weak correlation with Clostridium spp.,
which is ubiquitous in the environment and known for its ability to reduce sulphur, it
was proposed, that Clostridium spp. could be a dominating organism responsible for
triggering positive test outcomes. However, this was not confirmed when testing with
pure cultured C. difficile and C. perfringens, as further discussed in the following
chapter.

7.3

Testing with pure cultured strains of bacteria

Assessing the data from testing 20 pure cultured strains against the original H2S test and
its 20 new modifications, the results reveal that the original H2S test’s positive reaction
is triggered only when the sample contains Citrobacter freundii, Proteus mirabilis,
and/or Salmonella enterica and Typhimurium.
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Given time and laboratory constraints, it was not possible to investigate all test
permutations with all known sulphur‐reducing bacteria or bacteria to be suspected to
may reduce sulphur and produce hydrogen‐sulphide. In regards to the culture
conditions and nutrition available, in combination with limited temperature and time
available, possibilities of interference by other organisms not included in this study are
possible, but are estimated to be relatively low. For example, (elemental) sulphur‐
reducing bacteria (SRBs) such as e.g. Desulfurobacterium, of the family of
Desulfurobacteriaceae, which even under ideal anaerobic laboratory conditions need a
minimum of 10 days culture, are extremely unlikely to produce a positive reaction under
much poorer growth conditions, as provided by the H2S test. Additionally, most
chemolithotrophs, psychrophiles and thermophiles, as well as and obligate anaerobic
organisms (e.g. Clostridium spp.) can be excluded from producing any positive reaction
in a H2S test. Not to forget, that different temperatures promote different organisms
(Denyer & Baird, 2006). Therefore, based upon the relationship between the
microorganism and its natural habitat, it is reasonable to assume that the H2S test
incubated at 37°C is more likely to show a faster and positive reaction to enteric
bacteria, whereas ambient or lower temperatures are more favourable to the
cultivation of environmental organisms.
With regards to the positive reaction (visible production of H2S due to its reaction with
ferrous citrate and consequent formation of black precipitate) caused by the three
bacterial strains Citrobacter freundii, Proteus mirabilis, and Salmonella Typhimurium
only, it shows that the original H2S test is not able to detect thermotolerant faecal
coliforms or FIB apart from Citrobacter freundii, which also is an organism commonly
found in the aquatic and soil environment.
All of the tested E. coli strains demonstrated the production of H2S from other sulphur
sources than thiosulphate, as used in the H2S test developed by Manja et al. (1982). The
preferred sources of sulphur are the amino acids L‐cysteine and L‐cystine. L‐cysteine in
combination with 2‐mercaptopyridine tested with E. coli NCTC 5933 which produced
readable results at ambient temperature (20°C) after 18 hours only.
These novel findings are interesting since it is mostly accepted that E. coli (for all strains)
are usually not able to produce H2S (Holt et al., 1994). However, the E. coli strains used
in this study all produced H2S when an organic sulphur source (and no inorganic one)
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was available. Moreover, L‐cystine produced clearer and faster results as compared to L‐
cysteine. In addition, these results confirm research done by Hidese et al. (2011), Mihara
et al. (2002), Darland & Davis (1974), and Lautrop et al. (1971) (refer to sub‐chapter
2.8.2) who all suggested that E. coli is able to produce H2S from L‐cysteine.
These findings are, again, partly in line with research published by Lautrop et al. (1971),
referred to in sub‐chapter 2.8.2. The authors state that E. coli always produces H2S when
L‐cysteine or its reduced form L‐cystine is given as sole organic sulphur source. However,
Lautrop et al. (1971) also argued that tetrathionate, thiosulphate, and pyruvate have
similar effects on some E. coli strains, but a positive reaction (the production of H2S)
produced by these reagents was not recorded with any of the five E. coli strains used.
It should be noted too, that Mihara et al. (2002) used L‐cysteine in combination with 3‐
mercaptopyridine (3MP) to trigger the bacteria’s enzyme ATP sulfurylase and the
production of H2S by E. coli. In this study, 2‐mercaptopyridine (2MP) was used only, but
the same positive effect could be observed as described by Mihara et al. (2002).
Though, the addition of L‐cysteine seems to benefit the level of specificity for E. coli, this
effect was not observed when testing the modified H2S test containing L‐cysteine with
pure cultured V. cholerae (el Tor strain NCTC 10256). Gram et al. (1987) and Colwell
(1970) suggested that L‐cysteine would be utilised by Vibrionaceae to produce H2S.
However, under the growth conditions provided by the H2S test, this effect was not
observed (refer to sub‐chapter 2.8.2).
The modified H2S tests containing the organic sulphur compounds D‐cysteine, L‐
methionine, L‐glutathione, taurine, and pyruvate plus the tests containing the inorganic
sulphur sources sodium sulphate and tetrathionate showed mostly either no (positive)
result (black precipitate due to the production of H2S), or reacted very weakly only. The
H2S test containing L‐glutathione reacted weakly to Citrobacter freundii ATCC® 8090™
only, but no other organism was observed reducing this amino acid to H2S. Also, using
ferrous chloride instead of ferrous citrate, as suggested by Barrett & Clark (1987)
delivered no convincing results. Only Citrobacter freundii, E. coli O157:H7 NCTC 12900,
Proteus mirabilis, and Salmonella Typhimurium triggered some very weak reaction.
When L‐cysteine was combined with pyruvate, no positive reaction could be observed.
The modified H2S test containing these two sulphur‐containing reagents showed no
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production of H2S by any organisms assessed in this study. Though many organisms
including E. coli (but not Campylobacter jejuni, Clostridium difficile, Staphylococcus
aureus, Serratia marcescens, Vibrio cholerae, and Yersinia enterocolitica) reacted
positively to L‐cysteine and produced a black precipitate or H2S respectively; and
Citrobacter freundii, Proteus mirabilis, as well as Salmonella enterica & Typhimurium
reacted at least weakly to pyruvate, when both reagents got combined, the reduction of
pyruvate was inhibited.
A similar reaction as to the combination of L‐cysteine and pyruvate has also been
observed when its reduced form L‐cystine was combined with L‐glutathione, as no
(positive) reaction could be observed at all. The H2S test with L‐cystine only delivered
fast and strong results when tested with bacteria from the family of Enterobacteriaceae
particularly, whereas the H2S test with L‐glutathione showed no reaction with any
organism used in this study.
Overall and among all H2S tests, Salmonella Typhimurium NCTC 12023/ ATCC® 14028™
followed by Proteus mirabilis ATCC® 43071™ and Citrobacter freundii ATCC® 8090™
presented the fastest positive reactions, and as reported above, were the only
organisms able to trigger a positive reaction with the original H2S test developed by
Manja et al. (1982).
Confirming the results from chapter four, the modified H2S test with added bile salts
presented more reliable results as the same test prepared with liquid detergent instead,
as done by Manja et al. (1982). Results were even slightly faster when the concentration
of bile salts was (in a different test modification) increased from 2% to 6%. Both
modified H2S tests prepared with bile salts instead of detergent showed a positive
reaction to Citrobacter freundii, Proteus mirabilis, and Salmonella Typhimurium very
similar to the original H2S test, but reacted additionally to all of the tested E. coli strains.
This finding has not been reported before, and therefore contributes to the process of
making the H2S test specific to FIB, by simultaneously reducing cross‐reactions by other
organisms. Moreover, H2S tests with bile salts started to show positive reactions after 20
and 23 hours at ambient temperature respectively, bringing it in line with techniques
used in Standard Methods (18‐24 hours for membrane filtration with m‐FC plus
incubation at 44°C). Further, the reaction or interaction of many organisms to bile is not
very well understood yet, according to Begley et al. (2005) mentioned above.
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As mentioned in sub‐chapter 2.8.1, Gupta et al. (2008), Tambekar et al. (2007), and
Pathak et al. (2005) argued that a modified version of the original H2S test with bile salts
may would provide increased reaction levels than the use of standardised coliform tests
(i.e. MPN or multiple tube fermentation [MTF] method), which has also been suggested
by Luyt et al. (2012) and Sobsey et al. (2002). These authors argued that the specificity
of the H2S test for E. coli could be improved by adding bile salts such as taurocholate or
deoxycholate to the test medium. However, correlating the reaction of the H2S test with
results from MPN does not have the same confirmatory value as testing with pure
cultured and confirmed strains, and more importantly, without any false results caused
by microbial cross‐reactions. Consequently, Luyt et al. (2012), Gupta et al. (2008),
Tambekar et al. (2007), Pathak et al. (2005), and Sobsey et al. (2002) cannot exclude the
possibility that their results are caused by a different or unknown organism.
Analysis of the reaction time of the tests in the presence of pure cultures compared to
mixed cultures (undiluted water from the River Ouse as used in the first trial of testing)
at ambient temperature is considerably longer. Apart from E. coli O157:H7 NCTC 12900,
Proteus mirabilis, and Salmonella Typhimurium which mostly started to show a positive
reaction after +/‐ 20 hours at a dilution of 1 x 10‐4. All other organisms tested had
reaction times between 24 and 48 hours at ambient (20°C) temperature when tested
with a pure culture diluted at 1 x 10‐4. However, this finding is not surprising when
considering that unimproved or unprocessed river water usually contains a large volume
of different and unidentified organisms, which possibly could trigger a positive test
reaction.
At ambient temperature, the H2S tests producing the fastest reactions are the variants
containing L‐cysteine and 2‐mercaptopyridine instead of thiosulphate (28.6 hours), the
original H2S test (29 hours), the H2S test containing L‐cysteine and thiosulphate (29.2
hours), followed by the H2S test containing L‐cysteine instead of thiosulphate (31.2
hours). Nevertheless, the original H2S test developed by Manja et al. (1982) yielded no
positive reaction when tested with any of the E. coli strains used in this study. As
mentioned above, the original H2S test only shows a positive reaction to Citrobacter
freundii, Proteus mirabilis, and Salmonella Typhimurium. Therefore, when the reactions
triggered by these three organisms only are taken into comparison, the fasted tests are
the H2S test containing bile salts instead of detergent (21.7 hours), the H2S test
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containing L‐cysteine and 2‐mercaptopyridine instead of thiosulphate (23 hours), and
the H2S test containing penicillin G instead of detergent (24.3 hours). The original test
needs on average at least 29 hours to produce H2S, or a positive reaction respectively.
Results regarding the sensitivity and limit of detection of the original H2S test and its
newly developed modifications indicate that the original H2S test reacts positively only
when tested with an inoculum of at least one cfu containing C. freundii and S.
Typhimurium. When considering only the five strains of E. coli analysed in this study, the
most sensitive H2S tests are the ones containing either penicillin G (instead of detergent)
and L‐cysteine and 2‐mercaptopyridine (instead of thiosulphate), followed by the H2S
test containing L‐cystine. The data generated in this work suggests that the most
sensitive modification is the H2S test containing penicillin G, as it reacted positively to all
five E. coli strains used within this study, at a potential threshold of detection as low as
one cfu (apart from E. coli ATCC 23744, which has with 69 cfu per inoculum a slightly
higher limit of detection).
Results presented here are consistent with the findings of Grant & Ziel (1996), who
analysed the sensitivity of the original H2S test by using the pure cultured strains C.
freundii ATCC 8090, S. Typhimurium ATCC 14028, and P. mirabilis ATCC 13315.
According to their data, C. freundii, S. Typhimurium, and P. mirabilis all triggered a
positive reaction in less than 48 hours with cell counts of 2 and below. In contrast, E. coli
ATCC 25922, E. cloacae ATCC 23355, and K. pneumoniae ATCC 13883 were all negative.
Since Grant & Ziel (1996) have been to date the only researchers who attempted to
analyse the H2S test’s specificity by testing with pure cultures, results from other
scholars regarding the minimum number of cells/ cfu needed for a H2S test’s positive
reaction (Izadi et al., 2010; Tambekar et al., 2007; Gupta et al., 2007) Hirulkar &
Tambekar 2006; Nair et al., 2001; Pillai et al., 1999; Martins et al., 1997; have not been
taken into consideration. All other sensitivity related research that has been conducted
with fresh water samples containing unknown organisms in unknown concentrations
therefore could be regarded as biased. As previously described, it is more or less
impossible to account for all viable types of bacteria and their concentration from a
fresh water sample. Additionally when testing mixed cultures, it is impossible to say
which of the organism has caused which reaction. It is therefore that in method
development and quality assurance (QA) pure cultures are used only to establish the
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limit of detection of a new method. Someone might argue that pure strains are biased,
because they don’t reflect the complex microbial ecology present in fresh water
sources. However, this approach is against any biological quality control and method
testing protocol, which clearly state that only pure strains can be used for method
testing; including standard methods (APHA, 2012).
Finally, the following organisms showed no visible reaction (production of H2S) at any
stage of testing: Aeromonas hydrophila, Edwardsiella tarda, Staphylococcus aureus,
Serratia marcescens, Vibrio cholerae el Tor, and Yersinia enterocolitica, and therefore
can be excluded from further analysis. Clostridium perfringens reacted to the H2S test
which contained L‐cysteine only. Reaction at ambient temperature started at between
22 and 40 hours, but growth was very slow, and a full reaction was not completed
before 72 hours of incubation time. Klebsiella pneumoniae reacted weakly after
between 40 and 46 hours to the modification containing L‐cysteine only. Neither
Clostridium perfringens nor Klebsiella pneumoniae showed a reaction to any other H2S
test modification.
These findings are in contrast to the findings of Martins et al. (1997), Grant & Ziel
(1996), and Castillo et al. (1994) who all argue, and with regards to finding Clostridium
spp. in their analysed raw water samples, that Clostridium spp. could be the cause of the
H2S test’s positive reaction. Nevertheless, as they both conducted the analysis by trying
to analyse all organisms in a raw water sample, and not using sterile water inoculated
with a known volume of pure cultures as done in this study, they are hardly able to
make a suggestion regarding which organism was the cause of a positive test reaction
(refer to sub‐chapter 2.8.1). As this is the first study to date approaching the
performance and validation of the H2S test and its modifications with a known volume
of pure cultured strains in direct comparison with accepted international method
validation protocols, it is not possible to make a proper comparison to the studies
conducted previously.
With regards to the research and data presented in this chapter, it can be concluded
that the modified H2S tests with a culture medium containing L‐cysteine (but no
thiosulphate), L‐cysteine in combination with 2‐mercaptopyridine (2MP), L‐cystine, and
penicillin G are suited best to detect various strains of E. coli, and might therefore be
appropriate to specifically detect to the presence of FIB. Additionally, the newly
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modified H2S test containing penicillin G indicated the highest sensitivity. The modified
H2S test formulae containing either L‐cysteine and 2‐mercaptopyridine or L‐cystine as
sole sulphur source, combined with either bile salts or penicillin G as selective agent
against organisms of non‐faecal origin, are suggested as the most selective and specific,
and therefore most promising surrogates to the original H2S test formula developed by
Manja et al. (1982).

7.4

Validation against accepted international standard methods

The analysis of the validation against accepted international standard methods
(membrane filtration with m‐FC and/or m‐Enterococcus medium) revealed, that the
eight different H2S test versions, and their diagnostic sensitivity and specificity,
correlated best with membrane filtration performed with m‐FC culture medium. This
was for both of the H2S test incubation temperatures of 20˚C and 37˚C examined.
Though, the highest correlation by most H2S test versions was observed at 37˚C
incubation temperature, which would require the use of an incubator in the field.
This finding is in contrast to the findings presented in chapter four, where a slightly
higher correlation was observed with faecal enterococci. However, the difference when
compared to faecal enterococci was only marginally, and in this analysis the conclusion
is based on the calculation of positive‐ and negative‐predictive values, which was not
done in chapter four. Since both organism groups are accepted as faecal indicators for
the microbial examination of water, the discussion of which indicator organism is best
should not be part of this analysis, and requires further research. As mentioned before,
it is much more important that the results reveal that most of the new H2S test versions
(including the original H2S test) do correlate with faecal contamination in water.
The higher correlation of the diagnostic specificity and sensitivity when compared to
standard methods testing for thermotolerant faecal coliforms (m‐FC) instead for
standard methods testing for faecal enterococci (m‐Enterococcus) is likely explained by
the finding in chapter five of this thesis, as the majority of faecal coliforms produces H2S
depending on the type of sulphur available. In contrast, faecal enterococci do not
produce H2S. However, both types of organisms are classified as faecal indicator bacteria
(FIB), as explained in the literature review.
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The H2S test with L‐cysteine and thiosulphate, the H2S test with 2% bile salts instead of
detergent, the H2S test with penicillin G, the H2S test with 2‐mercaptopyridine, and the
H2S test with L‐cystine instead of thiosulphate are with 100% diagnostic sensitivity and
specificity at 37°C as reliable as the widely accepted standard methods performed with
m‐FC culture medium. However, only the H2S test with 2% bile salts instead of detergent
and the H2S test with L‐cystine are as reliable as standard methods at both 20°C and
37°C incubation temperature, and can therefore also be performed at lower
temperature without compromising its reliability. Therefore, these two H2S test
modifications have demonstrated the best performance in terms of diagnostic
specificity and sensitivity. Both H2S test modifications can be regarded as reliable as
standard methods, and both H2S test modifications presented a higher diagnostic
sensitivity and specificity as compared to the original H2S test developed by Manja et al.
(1982). In addition, both H2S test modifications have the lowest time‐to‐result values, as
outlined in chapter four, and are also much more energy and cost efficient, and don’t
rely on a laboratory to perform when compared to standard methods.
This analysis therefore demonstrated that it is possible to improve, and therefore
increase the diagnostic sensitivity and specificity of original H2S test, when the test’s
media formula contains 2% bile salts or penicillin G instead of detergent; and L‐cysteine,
L‐cystine, or 2‐mercaptopyridine as sulphur source; and to use H2S test modifications
with these reagents as a substitute for standard methods in places where these cannot
be performed. Moreover, and as outlined above, penicillin G inhibits most Gram‐
positive and non‐enteric organisms, which makes it very selective for faecal coliforms
incl. E. coli.
When focusing on aspects such as volume and culture media, one should also address
the cost implications. All H2S tests prepared for this research had a sample volume,
respectively a culture tube volume, of 10ml. A sample volume of less than 10ml is
difficult to realise when developing a field test based on a culture tube. Additionally,
preliminary experiments not published in this thesis suggested an increased time‐to‐
result, and of cause a higher cost due to a larger culture tube and the double amount of
culture media and filter paper needed. Consequently, a H2S test with a volume of 20ml
instead of 10ml would be twice as much in cost. Mosley et al. (2004) also suggested the
use of 10ml sample volume when using the H2S test, but did not justify his decision.
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Mentioned before, Yang et al. (2012) compared as part of a meta‐analysis the H2S test
volumes of 10ml/20ml/100ml. They concluded, based on their simulation against
membrane filtration, that a lower sample volume (10ml/20ml) would be less sensitive
but more specific to faecal indicator bacteria as compared to 100ml.
On the other side, bile salts (especially when bought in large quantities) are much
cheaper to buy as penicillin G, which is relatively expensive. Moreover, since it is an
antibiotic and therefore a controlled pharmaceutical substance, additional certificates or
licences might be needed to buy it. From the different forms of sulphur examined in this
study is 2‐mercaptopyridine by far the most expensive one, and the most difficult one to
buy. In contrast, L‐cysteine, L‐cystine, taurine and other forms of sulphur are relatively
affordable and easy to buy in most countries.
All the H2S test modifications validated against membrane filtration with m‐FC medium
revealed a very high level of diagnostic specificity, and a slightly lower, but still high level
of sensitivity. Respectively, the diagnostic specificity was for all newly developed H2S
test versions 100% (excluding the H2S test with 6% bile tested at 37˚C), and the
diagnostic sensitivity was at least between 84.2% and 100%, taking both temperature
ranges (20˚C & 37˚C) into consideration. The H2S tests validated against membrane
filtration with m‐Enterococcus medium revealed very high level of diagnostic sensitivity,
but a very low level of specificity. These results support again the question of which
indicator bacteria is used best to indicate contamination of drinking‐water with human
and/or animal faeces.
In relation to the published literature, Weppelmann et al. (2014) observed a sensitivity
of 64.9% and a specificity of 93.3%, respectively a PPV of 81.9 and a NPV of 85.3 when
testing with the Pathoscreen™ H2S test (20ml sample volume; produced by Hach
Company, CO) against membrane filtration with m‐FC agar at 25°C ‐ 29°C (refer to sub‐
chapter 2.8.1). Therefore, the Pathoscreen™ H2S test compared to all the new H2S test
modifications outlined above exhibits a much lower diagnostic sensitivity, and a lower
level of diagnostic specificity. Nevertheless, there are no data available on the validation
of the operational range of the Pathoscreen™ H2S test, nor on the exact formula of the
medium. Therefore, a comparison of this commercially produced H2S test against other
variations or modifications of the H2S test is of limited scientific value.
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McMahan et al. (2012) tested a modified protocol for the Pathoscreen™ H2S test. They
used a 100ml sample volume with the MPN method, versus spread plating on a range of
different selective culture media, and against terminal restriction fragment length
polymorphisms molecular analysis (TRFLP). They detected an average sensitivity of 100%
and a specificity of 80% using their modified Pathoscreen™ H2S test. However, the total
number of natural water samples from a comparable open water source was only n=12,
which may not be an adequate sample number. Also, the McMahan et al. (2012) study is
difficult to compare to this study, since none of the methods used and described in
McMahan’s paper are internationally accepted standard methods for the examination
of drinking‐water. The issues concerning the Pathoscreen™ H2S test have been
mentioned in the previous paragraph.
Huang et al. (2011) tested the original H2S test against membrane filtration and
suggested a sensitivity of between 66% and 88%, and a specificity of between 72% and
100%. This suggests a higher level of specificity, and a lower level of sensitivity when
compared to the results gathered from this study. The authors only referred to testing
for total coliforms incl. E. coli, but not the type of culture medium used. Since drinking‐
water should be tested by standard methods for thermotolerant faecal coliforms (with
m‐FC medium only), the results presented in their paper are not comparable to this
study.
In contrast, Gupta et al. (2007) tested the H2S test as prepared by Manja et al. with the
addition of 2% bile salts (No. 3) against standard methods. They suggested a level of
sensitivity of between 62% and 76%, and a specificity of 97% when the H2S test is read
after 24h. Interestingly, when the H2S tests are read at 48h, the sensitivity goes up to
between 82% and 93%, but the specificity drops to 80% respectively when compared
against standard methods. After 72h, their level of specificity was down to 58%. This
could be an indication of the production of H2S by other organisms than indicator
bacteria or faecal coliforms.
The analytical and diagnostic specificity of the H2S test and its modifications citied in all
previous studies in the literature review when compared with standard methods, was
much lower compared to the diagnostic sensitivity. However, this study found the
difference when the performance of the H2S test and its modifications where compared
to membrane filtration with m‐FC medium. Nevertheless, since analysing the various
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H2S tests with pure cultured and confirmed strains, we know now that at least all
versions tested in this study react positively to enteric and coliform bacteria only, and
not to any organisms outside these groups. Therefore, it can carefully be assumed that
the modified H2S tests are as reliable as most internationally accepted methods testing
for total coliforms.
When referring back to two of the three research questions for this study (i.e. ‘would a
modified version of the original H2S test be able to provide a higher level of sensitivity
and specificity; and ‘can the original H2S test and/or a modification of the original H2S
test be considered a substitute for membrane filtration testing for faecal coliforms and
faecal Enterococci (standard methods)’), evidence from this study suggests that the
answer is not straightforward. Especially the two modified H2S tests with 2% bile salts,
and with L‐cystine, revealed an increase in sensitivity when compared to the original H2S
test performed at 20˚C. However, no significant increase in terms of specificity could be
observed, since this generally was 100% for all H2S test versions apart from the H2S test
with 6% bile salts. The validation of the H2S tests against standard methods revealed a
generally high level of agreement (>90%), and a very high level of specificity (Ø100%),
when correlating the results to presumptive thermotolerant faecal coliform counts. This
might indicate that the newly developed H2S test modifications are able to detect, with
reasonable certainty, contamination by faecal matter in water. The aim of this study was
to assess compliance of the modifications of the H2S test to an accepted standard
method and to faecally derived contamination in water, rather than to investigate the
most suitable indicator organism for detecting microbial contamination in drinking‐
water (refer to sub‐chapter 2.5).
Furthermore, it was shown that some of the newly modified versions of the H2S test are
yielding positive results only to Citrobacter freundii, Proteus mirabilis, and Salmonella
spp., and to some strains of E. coli, including the pathogenic ones. From these data, it
can be concluded that the original H2S test and some of its newly developed
modifications are not an ideal substitute for membrane filtration with semi‐selective m‐
FC culture medium. However, certain new modified formulations developed during this
thesis, especially the H2S test with 2% bile salts and the H2S test with L‐cystine, should at
least be regarded as viable alternative methods where none other are available as
screening tests for microbial contamination in unimproved water sources in emergency
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or rural settings. According to the WHO Guidelines for Drinking‐Water Quality, no
Enterobacteriaceae should be present in safely managed water sources at all, the new
modified H2S test versions can be regarded as diagnostic tests when applied to safely
managed water sources (portable water) only (WHO, 2011).

7.5

Limitations of this study

As with most diagnostic devices, the kind of reaction by the H2S test strongly depends
on the kind of organisms found in the sample water, and without applying molecular
diagnostic techniques such as PCR‐analysis, it is impossible to define and assess the
whole microbial community present, and to set it into relation to any other variable or
reaction. Referring to chapter four and six, this is a significant limitation of applying
culture based diagnostic methods to environmental samples (i.e. unprocessed water).
With this technique it is only possible to assess culturable and viable organism, which
only represent a small fraction of the organisms present in the sample.
To overcome this limitation, the author has analysed the performance of the original
and modified H2S tests with pure cultured and confirmed bacterial strains (see chapter
five). Of cause, the experiments in this study have been conducted under ideal
laboratory conditions and don’t reflect the complex microbial ecology usually found in
open and groundwater. However, any other approach would be against any biological
quality control and method testing protocol, which all clearly state that only pure strains
can be used for method testing; including standard methods (APHA, 2012). The main
reason for this approach is simply, that with a sample containing unknown organisms, it
is consequently impossible to assess which organism has caused a reaction or which
hasn’t. Also, cross‐reactions and microbial competition by unknown organisms are
extremely difficult to assess and to take into consideration when assessing a new
method.
As mentioned above, the diagnostic performance of the different H2S test version
examined in this study have been evaluated under ideal laboratory conditions using
water samples from a temperate and European region by a skilled researcher, which all
might not reflect the conditions or the environment in a tropical and less‐developed
country where the H2S test is intended to be used in. However, and apart from a
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different microbial ecology in tropical countries and the lack of skilled laboratory
technicians, there is not much difference in the actual use of the H2S test in e.g. Europe
or sub‐Saharan Africa. In any case, the test would not be performed right next to the
river or well, but in some kind of controlled environment (tent, hut, house, or simple
laboratory). Additionally, if the H2S test would be performed by using an incubator,
there would be zero difference in the test environment, as the incubation temperature
(which obviously is set and controlled, for a set amount of time) would be the same to
any other place. One of the major limitations not assessed within this study however, is
the use of the H2S test by an unskilled person. The feasibility of applying the H2S test in
low‐resource settings by unskilled people should be examined in a follow‐up study
therefore.
Additionally, it is not always easy to establish a data set which is completely compatible
to the statistical test used to assess the data. For example, if a test showed no reaction
after 48 hours, the result has been recorded as ‘negative’ in the spreadsheet. It is almost
impossible to watch the test for 48 hours non‐stop. Therefore, and when tests changed
their colour in absence of the researcher (such as during the night) the reaction time
was estimated by taking into consideration the results of the other tests. This method
however creates values very similar and without small differences needed to prove a
correlation. Therefore, the author of this study was committed as possible (by often
spending the night in the laboratory) to observe the various H2S tests in trial with only
little interruption.
When applying the Spearman rank correlation test statistic, the data obviously gets
ranked and correlated. However, if too many values are similar or have similar ranks,
then it is much more difficult to establish or suggest a correlation or to assess a pattern
within the data. Nevertheless, the procedure was only applied in exceptional cases.
Mentioned above, different kinds of organisms consequently produce different
reactions within the test’s culture tubes. For example, strictly anaerobic and facultative
anaerobic bacteria start to react from the bottom of the culture tube where the oxygen
level is the lowest. Whereas bacteria tolerant to high oxygen levels (aerobic bacteria)
prefer to grow at the top of the culture tube where most of the oxygen is found (refer to
figures 4.10 – 4.13). In contrast, aerophilic organisms (aerobic bacteria tolerating 1‐2%
oxygen concentration only) are probably not growing at all in the H2S tests or they need
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much longer to cultivate. It was also observed that several reactions, probably caused by
several different organisms, took place in one H2S test at the same time. For example,
the culture tube would change colour simultaneously at the top and at the bottom of
the tube. Or a reaction was observed at the bottom and in the middle of the tube, but
always separately with a clear space in between. In fact, almost all tests started from at
the bottom of the test’s culture tube to blacken or to produce precipitate, indicating
that the organisms triggering the reaction are mostly anaerobic or at least facultative
anaerobic.
The number of H2S tests analysed against confirmed and pure cultured strains during
the second part of testing, and possibly one of the limitations of this research, was with
n=6 relatively low. However, this can be justified simply by the logistics and preparations
of the experiment involved, as for this part of the research more than 3,360 H2S tests in
total had to be produced. Moreover, testing and validating against 20 different
organisms (Gram positive/negative and aerobic/anaerobic) including five strains of E.
coli, is believed to be a robust dataset on which to base conclusions from the work.
However, it must be stated that more pure culture and confirmed strains should be
tested against the different sulphur sources used in this study to get a much clearer
picture of the desulfurase activity of organic and inorganic sulphur compounds. Most of
the research done on this particular subject has been proved to be flawed by
subsequent research. For example, the perception that E. coli is unable to produce H2S.
New diagnostic and enzymatic methods are available which can validate this, and as
organisms constantly evolve and adapt to new habitats and environments, biochemical
properties should be assessed routinely.
The low 95% confidence interval is likely to be caused by the low number of water
samples (n=8) which tested negative by membrane filtration for thermotolerant faecal
coliforms. The number of water samples which tested positive for faecal coliforms was
considerably higher (n=152), which could lead to a skewed result. Nevertheless, this
limitation is difficult to overcome when sampling randomly. Also, and with regards to
the analysis of sample size, which revealed a minimum number of 57 samples to be
significant, the total number of samples tested was with N=80 representable. The
results for testing for faecal enterococci are more balanced with a higher number of
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water samples tested negative (n=36) compared to a lower number of positive samples
(n=144).
Further, and with regards to the sample sizes used for the preliminary analysis in
chapter four, the sample size of N=30 for the 37˚C analysis and the sample size of N=18
for the 44˚C analysis represent a low sample power, and since below 57 can be
considered as non‐significant, when it is estimated that group one has a sample
proportion 60% and group two of 40%. However, if we anticipate a proportion of 80% in
group one and 20% in group two, the sample size would shrink to 5 only, which would
make these analyses significant (Select Statistics, 2017).
The low sample size was mainly a result of the logistics involved, given the large number
of different H2S test versions tested simultaneously, at different incubation
temperatures, and the need for blank tests to be produced. However, and according to
Peacock & Peacock (2013), even small sample sizes or studies are justified, as they do
add and contribute to the pool of knowledge, lead to further research, and can be
combined with other small studies in a meta‐analysis.
With regards to the QUADAS tool (table 3.3) introduced in sub‐chapter 3.3, it was not
possible (due to the lack of finances available) to test the original H2S test and its newly
created modifications with samples drawn from areas where the H2S test would
typically be deployed. Nevertheless, the original H2S test and its modifications have
been analysed for their performance with pure cultured bacteria, according to
international validation protocols, which should substitute for this step.
Last, the choice of ‘gold standard’ or standard methods used in this study can have an
effect on the results obtained from this research. The standard methods used for this
research have been defined by APHA (2012) and the WHO (2011), and are the most
accepted ones worldwide. However, and since many previous studies on the H2S test
outlined in the literature review in chapter two used different test methods to assess
the comparable performance of the H2S test to other methods, the actual performance
of the different H2S test versions need to be considered on a case‐by‐case basis. This is
also the case for different environmental test conditions (tropical vs. temperate).
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7.6

Recommendations for further research

More pure culture and confirmed strains should be tested against the different sulphur
sources not used in this study, to get a much clearer picture of the desulfurase activity
of organic and inorganic sulphur compounds.
The author has tested the H2S test with an unusually large range of enteric and non‐
enteric organisms, but still reactions by other bacteria not analysed cannot be excluded.
Therefore, additional research should focus on testing the most promising (in terms of
sensitivity and specificity) H2S test modifications: H2S test containing 2% bile salts
instead of detergent, the H2S test with penicillin G, and the H2S test with L‐cysteine and
2‐mercaptopyridine with other organisms non used in this study.
Diniz et al. (2002) evaluated the capacity for anaerobic decolourisation of the sulfonated
azo dye Congo red by a strain of the sulphate‐reducing bacterium (SRB) Desulfovibrio
alaskensis. Testing a further modification of the H2S test with a medium containing
Congo red would be worth trying out.
Due to the lack of finances available for the research, it was not possible to test the
original H2S test and especially its new modifications in a less‐developed or tropical
setting. It is recommended that this step should be prioritised in a follow‐up study. Also,
it may should be investigated how feasible it is to prepare the H2S test under local or
field conditions, as this would be more sustainable and cheaper compared to importing
ready‐made H2S tests produced by a multi‐national company.
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7.7

Conclusions

In conclusion, it can be summarised that there is generally a gap between the level of
diagnostic sensitivity and specificity, depending on the type of water, the incubation
time and temperature, and the type of standard method used for comparison. However,
while concluding the results from this study only, the newly created H2S test with 2%
bile salts and the H2S test with L‐cystine revealed a better overall performance at both
20°C and 37°C when compared to the original H2S test. These two H2S test modifications
therefore can be regarded as an improvement when analysing the microbial quality of
drinking‐water in low‐resource settings. Also, these two new versions of the H2S test
revealed a lower time‐to‐result value, and consequently needed less time for a positive
reaction to take place, as highlighted in chapter four.
Addressing the research questions for this study (i.e. ‘would a modified version of the
original H2S test be able to provide a higher level of sensitivity and specificity; and ‘can
the original H2S test and/or a modification of the original H2S test be considered a
substitute for membrane filtration testing for faecal coliforms and faecal Enterococcus’),
evidence from this study indicates that the answer is yes. Especially the two modified
H2S tests with 2% bile salts, and with L‐cystine, revealed an increase in sensitivity when
compared to the original H2S test. Surprisingly, the H2S tests with 2% bile salts and with
L‐cystine demonstrated a diagnostic sensitivity and specificity of 100% when compared
against the standard method testing for presumptive thermotolerant faecal coliforms.
Thus, no significant increase in terms of diagnostic specificity could be observed when
testing for faecal coliforms, as the specificity generally was 100%. However, the
validation of the H2S tests against membrane filtration testing for faecal coliforms
revealed an increase in the diagnostic sensitivity, which in many cases was 100% when
the newly created H2S test were incubated at 37°C. This suggests that the newly
developed H2S test modifications are able to detect, with high certainty, contamination
by faecal matter in water. Interestingly, when the modified H2S test were compared
against membrane filtration testing for faecal enterococci, the results were completely
opposite, demonstrating in most cases a diagnostic sensitivity of 100%, but a much
lower diagnostic specificity of between 22.2% and 88.9%.
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Nevertheless, the aim of this study is to assess compliance of the modifications of the
H2S test to an internationally accepted standard method and to faecally derived
contamination in water, rather than to investigate the most suitable indicator organism
for detecting microbial contamination in drinking‐water. Regarding the third research
question ‘which specific organisms trigger a positive H2S test reaction’ it can be
concluded that from the 20 pure cultured strains tested, only Citrobacter freundii,
Proteus mirabilis, and Salmonella spp. show a positive reaction when tested with the
original H2S test developed by Manja et al. (1982). Further, it was shown in chapter five
that the H2S test containing 2% bile salts instead of detergent, the H2S test with
penicillin G, and the H2S test with L‐cysteine and 2‐mercaptopyridine react positive not
only to Citrobacter freundii, Proteus mirabilis, and Salmonella spp., but also to five
different strains of E. coli, including pathogenic E. coli O157:H7. Therefore and for the
first time, modified H2S tests have been successfully developed for the detection of the
faecal‐indicator bacteria E. coli, including one of its pathogenic strains.
It therefore can be concluded carefully that the original H2S test and some of its newly
developed modifications are according to their performance not an ideal substitute for
membrane filtration with semi‐selective m‐FC or m‐Enterococcus culture medium, apart
from the modified H2S tests containing either 2% bile salts or L‐cystine, as these two H2S
tests presented a sensitivity and specificity of both 100% when compared against m‐FC
culture medium.
The newly developed versions of the H2S test, especially the H2S test with 2% bile salts,
the H2S test with penicillin G, the H2S test with L‐cysteine and 2‐mercaptopyridine, and
the H2S test with L‐cystine, should at least be regarded as alternative methods and as
screening test where no other methods are available, suitable, or feasible. Since
according to WHO’s Guidelines for drinking‐water Quality no Enterobacteriaceae should
be present in improved water sources at all, the new modified H2S test versions can be
regarded as diagnostic tests when applied to safely managed water sources (portable
water) only. Nevertheless and as mentioned before in chapter two, the majority of
research into low‐cost diagnostic tests in low‐resource settings concludes that ‘one‐size‐
fits‐all’ faecal indicator test that is ‘the best’ in any setting does not exists (Murcott et
al., 2015).
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Finally, this study has for the first time produced a list of which bacteria (out of the 20
bacteria analysed) can utilise which specific form of (reduced‐) sulphur compound (refer
to chapter five). This knowledge about the bacteria’s biochemical properties is
important for the future assessment and confirmation of these organisms, and also has
the potential for further development of similar diagnostic or screening tests. The major
finding resulting out of the enhanced understanding of the utilisation of the different
sulphur compounds is unarguable that the faecal‐indicator bacterium E. coli is able to
produce H2S, when the amino acids L‐cysteine or L‐cystine are present in the culture
medium.
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Appendix 1: Sulphur and sulphate reducing bacteria

Organism

Gram stain

Respiration

Habitat

Sulphur
reduction

Sulphide/
Sulphate
reduction

Aesculin
hydrolysis

Utilises

Acetivibrio ethanolgignens

N

Obligate anaerobic

H/A

+

‐

‐

F, G, GA, M, ML

Acidithiobacillus spp.

N

Facultative aerobic

E

+

‐

‐

Carbohydrates

Actinobacillus
lignieresii/haemophilus
pleuropneumoniae

N

Facultative aerobic

H/A

+

‐

‐

F, G, M

Aeromonas sobria/salmonicida/
veronii

N

Facultative anaerobic

H/A/E

+

‐

‐

GA, M

Aeromonas hydrophila

N

Facultative anaerobic

H/A/E

+

‐

+

GA, M

Alcaligenes faecalis

N

Obligate aerobic

A/E

+

‐

‐

Acetate, F, G,
H₂

Anaerovibrio lipolytica

N

Obligate aerobic

H/A/E

+

‐

‐

Glycerol

Arthrobacter (some strains)

P

Obligate aerobic

H/A/E

+

‐

‐

Aromatic
substrates,
biotin, pyridine

Bacillus megaterium (some strains)

P

Obligate aerobic

A/E

+

‐

+

G

Bacteroides fragiles/vulgatus

N

Obligate anaerobic

H/A

+

‐

+

G, L, ML

Brucella abdorius

N

Facultative anaerobic

A

+

‐

‐

G, Nitrogen

Budvicia aquatica

N

Facultative anaerobic

E

+

‐

‐

A, L, X

Campylobacter
concisus/mucosalis/sputorum

N

Facultative anaerobic

H/A

+

+

‐

Amino acids,
fumarate, H₂,
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Chromobacterium violaceum

N

Facultative anaerobic

E

+

‐

‐

G

Citrobacter freundii/budvicia

N

Facultative anaerobic

H/A/E

+

‐

‐

A, C, G, M, T, X
Peptone,
carbohydrates,
saccharose

Clostridium spp.

P

Obligate anaerobic

H/A/E

+

+

‐

Corynebacterium spp.

P

Facultative anaerobic

H/A/E

C

‐

‐

G, F, M

Cytophaga aprica/columnaris/
latercula/lyticasaccharophila

N

Facultative anaerobic

E

+

‐

‐

Nitrogen

Dactylosporangium
aurantiacum/thailandense

P

Obligate anaerobic

E

+

‐

‐

A, F, G, GL, L, X

Edwardsiella tarda

N

Facultative anaerobic

H/A

+

‐

‐

G, M, ML

Enterococcus avium

P

Facultative anaerobic

H/A

+

‐

+

M, L, S

Enterococcus malodoratus

P

Facultative anaerobic

H/A

+

‐

+

M, L, R, S, SO

Enterococcus faecalis

P

Facultative anaerobic

H/A

‐

‐

+

M, L, S

Erysipelothrix rhusiopathiae

P

Facultative anaerobic

A

+

‐

‐

F, G, GL, L

Erwinia carotovora/chrysthem/
cypripedi/nigrifluence/psidii/quercin
a/rhaponticii/rubrifaciens/salicis/tra
cheiphila

N

Facultative aerobic

E

C

‐

(+)

A, C, F, L, M, R,
S, SO, X

Escherichia coli (17 strains)

N

Facultative anaerobic

H/A

(+)

‐

(+)

A, G, L, M, ML,
T, X

Eubacterium lentum

N

Obligate anaerobe

Flavobacterium (4 strains)

N

Obligate aerobe

A/E

(+)

‐

(+)

G, M

Flexibacter canadensis

N

Facultative anaerobic

E

+

‐

‐

Nitrogen
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Francisella spp.

N

Obligate aerobe

H/A

C

‐

‐

‐

Fusobacterium spp.

N

Obligate aerobe

H/A

+

‐

‐

Peptone,
carbohydrates

Haemophilus haemolyticus/
parahaemolyticus/parainfluenzae/
paraphrohaemolyticus/
paraphrophilus

N

Facultative anaerobic

H/A

+

‐

‐

F, G

Obligate aerobe

E

‐

+

‐

Halophilic,
phototroph

Halobacterium spp. (archaeon)
Hyphomicrobium coagulans

N

Facultative anaerobic

E

+

‐

‐

Methanol

Klebsiella pneumonia

N

Facultative anaerobic

H/A/E

C

‐

+

A, C, L, M, ML,
R, S, SO, T, X

Leminorella grimontii/richardii

N

Facultative anaerobic

H

+

‐

‐

A, C, G, X

Listeria spp.

P

Facultative anaerobic

H/A/E

C

‐

+

G

Lysobacter brunescens

N

Obligate aerobic

E

+

‐

‐

Chitin,
polysaccharides

Microbacterium arborescens/
laevaniformans

P

Obligate aerobic

H/A/E

+

‐

‐

G, S

Pasteurella aerogenes/multocida

N

Facultative anaerobic

H/A

+

‐

‐

A, G, M, ML, S, X

Peptostreptococcus spp.

P

Obligate anaerobic

H/A

+

‐

‐

Peptone

Porphyromonas spp.

N

Obligate anaerobic

H

+

‐

‐

Peptone, yeast
extract

Pragia fontium

N

Facultative anaerobic

E

+

‐

(+)

C, G

Proteus mirabilis

N

Facultative anaerobic

H/A/E

+

‐

‐

G, T, X

Proteus vulgaris

N

Facultative anaerobic

H/A/E

+

‐

+

G, T, X
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H/A/E

+

‐

‐

Acrylamide,
aromatic
substrates

H

+

‐

‐

‐

Obligate anaerobe

H/A

+

‐

‐

G, F, M, ML, S,
T, X

N

Facultative anaerobic

H/A

+

‐

‐

A, C, G, M, T, X

Selenomonas ruminantium

N

Obligate anaerobe

H/A

+

‐

‐

A, G, L, M, S

Serratia entomophila/marcescens/
ficaria/fonticola/grimesli/
liquefaciens/odorifera

N

Facultative anaerobic

H/A/E

‐

‐

+

A, C, G, L, R, T, X

Shewanella putrefaciens

N

Facultative anaerobic

A/ME

(+)

‐

‐

Fe(III), Mn(IV),
Tc(VII), U, V(V)

Sphaerophorus varians/necrophorus

N

Obligate anaerobic

H/A

+

‐

‐

Staphylococcus spp.

P

Facultative anaerobic

H/A/E

+

‐

‐

F, NaCl, Nitrate

Streptomyces spp.

P

Obligate aerobe

E

+

‐

(+)

M, S, R

Vagococcus salmoninarum

P

Facultative anaerobic

A/E

+

‐

‐

G

Veillonella spp.

N

Obligate anaerobic

H/A

+

‐

Wolinella succinogenes

N

Facultative anaerobic

H/A

+

‐

‐

Fumarate,
Nitrate

Xanthomonas
axonopodis/campestris

N

Obligate aerobe

E

P

‐

+

T

Yersinia enterocolitica

N

Facultative anaerobic

H/A

+

‐

(+)

A, M, S, SO, T

Rhodococcus spp.

P

Obligate aerobic

Rothia dentocariosa

P

Facultative anaerobic

Ruminobacter spp.

N

Salmonella spp.
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L

Yersinia intermedia/
pseudotuberculosis

N

Facultative anaerobic

H/A

‐

‐

+

A, M, S, SO, T

Zymomonas mobilis

N

Facultative anaerobe

E

+

‐

‐

F, G, S

Desulfobacterium spp.

N

Obligate anaerobic

E

T

+

‐

Formate, H₂, L,
ethanol

Desulfobacter spp.

N

Obligate anaerobic

E

T

+

‐

Acetate

Desulfobulbus spp.

N

Facultative anaerobic

E

T

+

‐

Desulfococcus spp.

N

Obligate anaerobic

E

T

+

‐

Desulfohalobiaceae spp.

N

Obligate anaerobic

E

‐

+

‐

L

Desulfomicrobiaceae spp.

N

Obligate anaerobic

E

‐

+

‐

L

Desulfomicrobium spp.

N

Facultative anaerobic

H/A/E

+

+

‐

H₂, malate, L

Desulfomonile spp.

N

Obligate anaerobic

E

T

+

‐

L

Desulfonema spp.

N

Obligate anaerobic

E

‐

+

‐

Acetate

Desulfonatronumaceae spp.

N

Obligate anaerobic

E

‐

+

‐

L

Propionate, H₂,
L, ethanol
Ethanol, L,
formate

Desulfosarcina spp.

N

Obligate anaerobic

E

T

+

‐

Benzoate,
ethanol,
formate,
fumarate, L,

Desulfosporosinus spp.

P

Obligate anaerobic

E

‐

+

‐

L

Desulfurella spp.

N

Obligate anaerobic

E

+

‐

‐

Acetate

Desulfuromonas spp.

N

Obligate anaerobic

E

‐

+

‐

H₂, L, ethanol

Desulfotomaculum spp.

P

Obligate anaerobic

A/E

T

+

‐

H₂, L
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Desulfovibrio i.e.
Desulfomonas spp.
Bilophila wadsworthia,
Desulfovibrio intestinales &
Desulfovibrio piger

N

Obligate anaerobic

H/A/E

+

+

‐

H₂, malate, L,
ethanol

Syntrophobacterales

N

Obligate anaerobic

A/E

‐

+

‐

Fatty acids

Thermodesulfobacter spp.

N

Facultative anaerobic

E

‐

+

‐

H₂, L

Sulphur reduction C = Can only use cysteine as sulphur source – cysteine desulfurase, P = Peptone, SS = Sodium Sulphate (Na2SO4) or elemental sulphate, T = Thiosulphate / Carbon
source: A = Arabinose, C = Citrate, F = Fructose, G = Glucose, GA = Galactose, L = Lactose, M = Mannose, ML = Maltose, R = Raffinose, RI = Ribose, SO = Sorbitol, S = Sucrose, T =
Trehalose, X = Xylose
Gram stain: N = Negative, P = Positive / Habitat: H = Human, A = Animal, E = Environmental, ME = Marine Environment
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Appendix 2: Comparison matrix of tests/field laboratories used for drinking water hygiene in low-resource settings

Type

Trade name

Manufacturer

Function
/Process

Focus
organism(s)

MF: membrane
filtration

Incubation
time

Suitable for
Price per
low-resource
test/plate*/unit˟ settings
*plate 20ml

*Yes, but needs
a lab

CHROMagar™ ECC

CHROMagar

Coliforms /E.coli

Chromogenic
enzyme
substrate, MF

24h

£ 1,02

*Yes

CHROMagar™ Liquid
ECC

CHROMagar

Coliforms /E.coli

Chromogenic
enzyme
substrate, MF

24h

£ 1,66

*Yes

Chromocult®
Coliform

EMD Chemicals

Coliforms /E.coli

Chromogenic
enzyme
substrate, MF

24h

£ 1,51

*Yes

Coliscan® Easygel

Micrology labs

Coliforms /E.coli

Chromogenic
enzyme
substrate, MF

24h

£ 1,26 – 1,59

No, freezer
needed

Coliscan® MF

Micrology labs

Coliforms /E.coli

Chromogenic
enzyme
substrate, MF

24h

£ 0,69 – 0,82

No, freezer
needed

Compact Dry EC

Hardy Diagnostics

Coliforms /E.coli

Chromogenic
enzyme
substrate, MF

24h

£ 1,13

*Yes

M Enterococcus

Merck Millipore

Enterococcus

MF

48h

£ 0,22

*Yes

M FC

Merck Millipore

Coliforms /E.coli

MF

18 – 24h

£ 0,26

*Yes

Portable Membrane
Filt. - DelAgua

DelAgua

Coliforms /E.coli/
Enterococcus

Portable field
laboratory, MF

18 – 48h

£ ˟1.600,00 /
approx. *0,25

Yes

Colony
count
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MPN

Portable Membrane
Filt. – Paqualab 50

ELE

Coliforms /E.coli/
Enterococcus

Portable field
laboratory, MF

18 – 48h

£ ˟5.866,00 £ /
approx. *3,00

Yes

Portable Membrane
Filt. Potatest ®

Wagtech

Coliforms /E.coli/
Enterococcus

Portable field
laboratory, MF

18 – 48h

£ ˟1.900,00 £ /
approx. *3,00

Yes

Water test kit 230V Portable Membrane
Filt.

Merck Millipore

Coliforms /E.coli/
Enterococcus

Portable field
laboratory, MF

18 – 48h

-

Yes

m-Coliblue 24

Merck Millipore

Coliforms /E.coli

Ready-made
broth culture
medium

48h

£ 1,77

*Yes

Petrifilm™
E.coli/Coliform
Counts

3M™

Coliforms /E.coli

Coliform media

24h – 48h

£ 2,28

Yes

Petrifilm™ Coliforms
Counts

3M™

Coliforms /E.coli

Coliform media

24h – 48h

£ 1,15

Yes

NeoFilm®

NEOGEN

Coliforms /E.coli

Coliform media

24h – 48h

-

Yes

RAPID’E.coli

Bio Rad Labs

Coliforms /E.coli

Ready-made
chromogenic
medium

24h – 48h

-

*Yes

Hygiena™ E. coli
Rapid E. coli
Detection

MicroSnap™

Coliforms /E.coli/
Enterobacteriacae

Chromogenic
enzyme
substrate

4h – 8h

£ 2,54

ColiGel/PathoGel

Charm Sciences

Coliforms /E.coli

Chromogenic
enzyme
substrate

28h - 48h

£ 2,30
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Yes, but field
incubator and
luminometer
needed
Yes, but field
incubator and
UV-lamp
needed

Colilert/Quanti-Tray®
200

IDEXX

Coliforms /E.coli

Colilert/Quanti-Tray®
2000

IDEXX

Coliforms /E.coli

Coliplate™

P/A

Bluewaterbioscience

Defined
Substrate
Technology®
(DST®)
Defined
Substrate
Technology®
(DST®)

24h

£ 3,60

Yes, but sealer
and UV-lamp
needed

24h

£ 3,93

Yes, but sealer
and UV-lamp
needed

Coliforms /E.coli

Chromogenic
enzyme
substrate

24 – 48h

24h

£ 5,21 - 6,52

Yes, but field
incubator and
UV-lamp
needed

£ 3,31 – 6,37

Yes (Question
of how to
dispose used
tests)

Compartment Bag
Test (CBT)

Aquagenx

E.coli

Chromogenic
enzyme
substrate, bag
test

EC BlueQuant

Nissui Pharma

Coliforms /E.coli

Chromogenic
enzyme
substrate

24h

£ 5,72

Yes, but field
incubator
needed

LaMotte Coliform test
MPN

LaMotte

Coliforms

Chromogenic
enzyme
substrate

44h – 48h

£ 8,96

Yes

24h – 48h

£ ˟327,00

Yes

24h – 48h

-

Yes

AP® The Water
Quality Assessment
Package

LaMotte

Coliforms /E.coli

Selection of
semi-selective
agars on
BioPaddles®

Aquacheck

Jal-TARA
Environment C/o

Coliforms

Sulphate
containing
media

Coliforms /E.coli

Chromogenic
enzyme
substrate

AquaCHROM™

CHROMagar
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18h – 24h

£ 1,70

Yes, but field
incubator and
UV-lamp
needed

BACTO-H2S Kit

L-Tek Systems India
by Development
Alternatives

Sulphate reducing
bacteria

Sulphate
containing
media

24h

£ 0,98

Yes

H2S Strip test kit

L-Tek Systems India
by Development
Alternatives

Sulphate reducing
bacteria

Sulphate
containing
media

24h

£ 0,52

Yes

Bactaslyde - Sulphate
Reducing Bacteria
(SRB) Test Kit

RAKIRO BIOTECH
SYSTEMS Ltd. India

Sulphate reducing
bacteria

Sulphate
containing
media

24h

£ 2,00

Yes

Bactoscope

PRERANA
LABORATORIES
India

Sulphate reducing
bacteria

Sulphate
containing
media

24h

£ 0,34 – 3,40

Yes

Bacteriological Field
Testing Kit – H2S
strip test

Octopus Inc. India

Sulphate reducing
bacteria

Sulphate
containing
media

24h

-

Yes

Bacto Vials

ORLAB Instruments

Sulphate reducing
bacteria

Sulphate
containing
media

24h – 48h

-

Yes

Coliform SwabCheck

Whatman/GE Health
Care

Coliforms /E.coli

Selective media

Coliforms /E.coli

Defined
Substrate
Technology®
(DST®)

Colilert® 10ml

IDEXX
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24h

£ 6,18

Yes, but field
incubator
needed

24h – 28h

£ 0,98

Yes, but UVlamp needed

Colilert® 100ml

IDEXX

Coliforms /E.coli

Colilert® 18

IDEXX

Coliforms /E.coli

Colisure®

IDEXX

Coliforms /E.coli

Modified Colitag™

Hach

Defined
Substrate
Technology®
(DST®)
Defined
Substrate
Technology®
(DST®)
Defined
Substrate
Technology®
(DST®)

24h – 28h

£ 3,93

Yes, but UVlamp needed

18h

£ 3,28

Yes, but UVlamp needed

24h

£ 3,28

Yes, but UVlamp needed
Yes, but field
incubator and
UV-lamp
needed
Yes, but field
incubator and
UV-lamp
needed

Coliforms

Chromogenic
enzyme
substrate

16h – 22h

£ 2,58

28h

£ 3,11

24h

£ 1,56

Yes, but UVlamp needed

E*Colite

Charm Science

Coliforms/E. coli

Chromogenic
enzyme
substrate, bag
test

EC Blue 100P

Nissui Pharma

Coliforms /E.coli

Chromogenic
enzyme
substrate

H2S Test 20/100ml

L-TEK Systems
India by
Development
Alternatives

Sulphate reducing
bacteria

Sulphate
containing
media

24h – 48h

£ 0,98

Yes

H2S Test strip

Transchem Agritech
Ltd. India

Sulphate reducing
bacteria

Sulphate
containing
media

24h

£ 0,16

Yes
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-

Sulphate reducing
bacteria

Sulphate
containing
media

12h – 48h

£ 0,07

Yes

HiMedia

E.coli,
Enterobacter
aerogenes

Tryton-bilemedia and
Chromogenic
enzyme
substrate

24h – 48h

£ 1,44

Yes, but field
incubator
needed

HiMedia

Sulphate reducing
bacteria, E.coli
and vibrio species

Sulphate and
casein enzymic
hydrolysate
containing
media

24h – 48h

-

Yes

HiWater™ Test Kit

HiMedia

Salmonella, E.coli,
Citrobacter and
vibrio species

Sulphate
containing
media and
sodium chloride
sucrose media

24h – 48h

-

Yes, but field
incubator
needed

HiWater™ Testing Kit

HiMedia

Salmonella, E.coli
and Citrobacter

Sulphate
containing
media

24h – 48h

£ 1,58

Yes, but field
incubator
needed

H2S test Medium
(powder)

HiMedia

Sulphate reducing
bacteria

Sulphate
containing
media

24h – 48h

-

Yes

HiH2S™ Test Stripe
modified

HiMedia

Sulphate reducing
bacteria, E.coli
and vibrio species

16h – 48h

-

Yes

MEL/P-A Safe
Drinking Water Lab

Hach

Coliforms /E.coli

24h – 48h

-

Yes

H2S test by Manja

HiSelective™ E.coli

HiSelective™ H2S
Medium Kit

Sulphate and
tryptophan
containing
media
Chromogenic
enzyme
substrate
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Hach

Sulphate reducing
bacteria

Sulphate
containing
media

Aqua-tools

Intracellular ATP
(cATP) total count
of cultural- and
non-cultural
organism

Luminase
reagent

HiMedia

Coliforms

Chromogenic
enzyme
substrate

24h – 48h

£ 0,53

Rapid
HiEnterococci™

HiMedia

Enterococcus
species

Chromogenic
enzyme
substrate and
sodium azide

24h – 48h

-

Readycult®

EMD Chemicals

Coliforms /E.coli

Chromogenic
enzyme
substrate

24h

Watercheck™

Bluewaterbioscience

Coliforms /E.coli

Substrate, bag
test

48h – 72h

72h

-

Yes, but field
incubator
needed

PathoScreen™

QGM™ Fast
Microbiological test kit
for total flora

Rapid HiColiform™

Contact/Dip
slides or
swab tests

24h – 48h

3 minutes

£ 0,39

Yes

£ 9,00

Yes, but fridge
and field
luminometer
needed

£ 3,77

£ 3,60 - 4,65

Yes, but field
incubator and
UV-lamp
needed
Yes, but field
incubator and
UV-lamp
needed
Yes, but field
incubator
needed
Yes

Envirocheck®
Contact C

Merck Millipore

Coliforms /E.coli

Plate Count
Agar
& Chromocult®
Coliform Agar

Envirocheck®
Contact E

Merck Millipore

Enterobacteriaceae

Plate Count
Agar
& VRBD Agar

72h

-

Yes, but field
incubator
needed

Envirocheck®
Contact TVC

Merck Millipore

Total colony counts

Nutrient Agar
with TTC
& Nutrient Agar

72h

-

Yes, but field
incubator
needed
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Coli-Count™ Test Kit

Merck Millipore

Coliforms

Coliform agar

22h – 24h

£ 4,88

Yes, but field
incubator
needed

HPC Total Count Test
Kit

Merck Millipore

Heterotrophic
aerobic bacteria

HPC agar

48h – 72h

£ 5,88

Yes, but field
incubator
needed

Coli-Count™ Sampler

Merck Millipore

Coliforms

Coliform agar

22h – 24h

£ 5,60

Yes, but field
incubator
needed

Dip-Slides™
Industrial

Thermo Scientific™
Oxoid™

Coliforms /E.coli/
Enterococcus

Plate Count
Agar and
MacConkey
Agar No. 3

18h – 24h

£ 1,36

Yes, but field
incubator
needed

18h – 24h

£ 1,45

Yes, but field
incubator
needed

Dip-Slides™
Industrial

Thermo Scientific™
Oxoid™

Coliforms /E.coli/
Enterococcus

Plate Count
Agar and
MacConkey
Agar No. 3 (with
germicide
inhibitors)

Dip-Slides™
Industrial

Thermo Scientific™
Oxoid™

Total coliforms

Plate Count
Agar

18h – 24h

-

Yes, but field
incubator
needed

Dip-Slides™
Industrial

Thermo Scientific™
Oxoid™

Coliforms /E.coli

Plate Count
Agar & Violet
Red Bile
Glucose Agar

18h – 24h

£ 1,38

Yes, but field
incubator
needed

Hach BART Test

Hach

Heterotrophic
aerobic bacteria

HPC medium

24h

£ 8,89

Yes
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Hach BART Test

Hach

Sulphate reducing
bacteria

Sulphate
containing
media

24h

£ 8,75

Yes

Hach Paddle Test

Hach

Total aerobic
bacteria/Total
Coliforms

Tryptic Soy
Agar/Violet Red
Bile Agar

24h

£ 2,86

Yes

Note: Prices are dependent on the quantity of products ordered and can be subject to variability. Costs vary considerably with regards to location and taxes
and are for general guidance only. There is often a discount for educational institutions. Many prices have been converted from US$ or other currencies into
Pounds sterling (£). Prices are therefore also subject to current exchange and inflation rates.
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Appendix 3.1 Statistical results: Faecal coliforms vs. tests at 20°C
Presumptive
organism

Test

Faecal coliforms

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

20°C

‐0.145

0.197

“

H2S with L‐cysteine
no thiosulphate

“

0.081

0.473

“

H2S with L‐cysteine
and thiosulphate

“

‐0.040

0.723

“

H2S with bile salt

“

‐0.121

0.283

“

H2S L‐cysteine/citric
acid

“

‐0.024

0.833

“

H2S Brilliant green

“

0.132

0.239

“

H2S with Gentamicin

“

‐0.139

0.215

“

H2S with citric acid

“

‐0.060

0.621

“

H2S with penicillin

“

0.000

1.000

“

H2S L‐cysteine/citric
acid 20ml

“

0.036

0.803

Appendix 3.2 Statistical results: Faecal coliforms vs. tests at 37°C
Presumptive
organism

Test

Faecal coliforms

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

37°C

‐0.496

0.007

“

H2S with L‐cysteine
no thiosulphate

“

‐0.390

0.040

“

H2S with L‐cysteine
and thiosulphate

“

‐0.563

0.002

“

H2S with bile salt

“

‐0.451

0.016

“

H2S L‐cysteine/citric
acid

“

‐0.571

0.002

“

H2S Brilliant green

“

‐0.223

0.254

“

H2S with Gentamicin

“

‐0.484

0.009

“

H2S with citric acid

“

‐0.484

0.009

“

H2S with penicillin

“

‐0.585

0.222
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Appendix 3.3 Statistical results: Faecal coliforms vs. tests at 44°C
Presumptive
organism

Test

Faecal coliforms

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

44°C

‐0.305

0.218

“

H2S with L‐cysteine
no thiosulphate

“

‐0.279

0.262

“

H2S with L‐cysteine
and thiosulphate

“

‐0.710

0.001

“

H2S with bile salt

“

0.023

0.927

“

H2S L‐cysteine/citric
acid

“

‐0.184

0.465

“

H2S Brilliant green

“

0.242

0.333

“

H2S with Gentamicin

“

0.094

0.710

“

H2S with citric acid

“

‐

‐

Appendix 3.4 Statistical results: Faecal enterococci vs. tests at 20°C
Presumptive
organism

Test

Faecal enterococci

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

20°C

‐0.100

0.377

“

H2S with L‐cysteine
no thiosulphate

“

0.077

0.496

“

H2S with L‐cysteine
and thiosulphate

“

0.008

0.945

“

H2S with bile salt

“

‐0.077

0.495

“

H2S L‐cysteine/citric
acid

“

0.012

0.917

“

H2S Brilliant green

“

0.241

0.030

“

H2S with Gentamicin

“

‐0.100

0.375

“

H2S with citric acid

“

‐0.030

0.808

“

H2S with penicillin

“

0.334

0.518

“

H2S L‐cysteine/citric
acid 20ml

“

0.137

0.343
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Appendix 3.5 Statistical results: Faecal enterococci vs. tests at 37°C
Presumptive
organism

Test

Faecal enterococci

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

37°C

‐0.026

0.895

“

H2S with L‐cysteine
no thiosulphate

“

0.291

0.133

“

H2S with L‐cysteine
and thiosulphate

“

0.008

0.966

“

H2S with bile salt

“

0.064

0.746

“

H2S L‐cysteine/citric
acid

“

‐0.066

0.740

“

H2S Brilliant green

“

0.208

0.288

“

H2S with Gentamicin

“

‐0.049

0.805

“

H2S with citric acid

“

0.057

0.774

“

H2S with penicillin

“

0.375

0.464

Appendix 3.6 Statistical results: Faecal enterococci vs. tests at 44°C
Presumptive
organism

Test

Faecal enterococci

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

44°C

0.107

0.671

“

H2S with L‐cysteine
no thiosulphate

“

‐0.045

0.860

“

H2S with L‐cysteine
and thiosulphate

“

‐0.544

0.020

“

H2S with bile salt

“

0.084

0.740

“

H2S L‐cystine/citric
acid

“

0.022

0.932

“

H2S Brilliant green

“

0.055

0.830

“

H2S with Gentamicin

“

‐0.112

0.658

“

H2S with citric acid

“

‐

‐
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Appendix 3.7 Statistical results: Aeromonas vs. tests at 20°C
Presumptive
organism

Test

Aeromonas

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

20°C

‐0.371

0.001

“

H2S with L‐cystine no
thiosulphate

“

‐0.329

0.003

“

H2S with L‐cystine
and thiosulphate

“

‐0.302

0.006

“

H2S with bile salt

“

‐0.315

0.004

“

H2S L‐cystine/citric
acid

“

‐0.343

0.002

“

H2S Brilliant green

“

‐0.458

0.003

“

H2S with Gentamicin

“

‐0.285

0.010

“

H2S with citric acid

“

‐0.284

0.017

“

H2S with penicillin

“

‐0.617

0.192

“

H2S L‐cystine/citric
acid 20ml

“

‐0.176

0.221

Appendix 3.8 Statistical results: Aeromonas vs. tests at 37°C
Presumptive
organism

Test

Aeromonas

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

37°C

0.309

0.110

“

H2S with L‐cystine no
thiosulphate

“

0.303

0.117

“

H2S with L‐cystine
and thiosulphate

“

0.355

0.064

“

H2S with bile salt

“

0.236

0.226

“

H2S L‐cystine/citric
acid

“

0.310

0.108

“

H2S Brilliant green

“

0.169

0.390

“

H2S with Gentamicin

“

0.289

0.136

“

H2S with citric acid

“

0.221

0.257

“

H2S with penicillin

“

‐0.880

0.021
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Appendix 3.9 Statistical results: Aeromonas vs. tests at 44°C
Presumptive
organism

Test

Aeromonas

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

44°C

0.356

0.147

“

H2S with L‐cystine no
thiosulphate

“

0.324

0.189

“

H2S with L‐cystine
and thiosulphate

“

0.069

0.784

“

H2S with bile salt

“

0.326

0.186

“

H2S L‐cystine/citric
acid

“

0.170

0.500

“

H2S Brilliant green

“

‐0.139

0.582

“

H2S with Gentamicin

“

0.036

0.887

“

H2S with citric acid

“

‐

‐

Appendix 3.10 Statistical results: Clostridium vs. tests at 20°C
Presumptive
organism

Test

Clostridium

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

20°C

‐0.252

0.023

“

H2S with L‐cystine no
thiosulphate

“

‐0.149

0.184

“

H2S with L‐cystine
and thiosulphate

“

‐0.086

0.444

“

H2S with bile salt

“

‐0.176

0.116

“

H2S L‐cystine/citric
acid

“

‐0.072

0.522

“

H2S Brilliant green

“

0.112

0.319

“

H2S with Gentamicin

“

‐0.185

0.098

“

H2S with citric acid

“

‐0.116

0.340

“

H2S with penicillin

“

‐0.309

0.552

“

H2S L‐cystine/citric
acid 20ml

“

‐0.042

0.770

Appendix 3.11 Statistical results: Clostridium vs. tests at 37°C
Presumptive
organism

Test

Incubation
temp.
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Spearman ρ

P‐value

Clostridium

H2S Manja et al.

37°C

0.309

0.110

“

H2S with L‐cystine no
thiosulphate

“

0.303

0.117

“

H2S with L‐cystine
and thiosulphate

“

0.355

0.064

“

H2S with bile salt

“

0.236

0.226

“

H2S L‐cystine/citric
acid

“

0.310

0.108

“

H2S Brilliant green

“

0.169

0.390

“

H2S with Gentamicin

“

0.289

0.136

“

H2S with citric acid

“

0.221

0.257

“

H2S with penicillin

“

‐0.880

0.021

Appendix 3.12 Statistical results: Clostridium vs. tests at 44°C
Presumptive
organism

Test

Clostridium

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

44°C

0.181

0.471

“

H2S with L cystine no
thiosulphate

“

0.118

0.640

“

H2S with L‐cystine
and thiosulphate

“

‐0.488

0.040

“

H2S with bile salt

“

0.328

0.183

“

H2S L‐cystine/citric
acid

“

0.113

0.655

“

H2S Brilliant green

“

0.111

0.661

“

H2S with Gentamicin

“

‐0.068

0.790

“

H2S with citric acid

“

‐

‐

Appendix 3.13 Statistical results: Sulphate‐reducing bacteria vs. tests at 20°C
Presumptive
organism

Test

Desulfovibrio

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

20°C

‐0.086

0.447

“

H2S with L‐cystine no
thiosulphate

“

‐0.125

0.266

“

H2S with L‐cystine
and thiosulphate

“

‐0.094

0.406
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“

H2S with bile salt

“

‐0.075

0.505

“

H2S L‐cystine/citric
acid

“

‐0.086

0.443

“

H2S Brilliant green

“

‐0.098

0.382

“

H2S with Gentamicin

“

‐0.047

0.675

“

H2S with citric acid

“

‐0.086

0.477

“

H2S with penicillin

“

‐0.567

0.241

“

H2S L‐cystine/citric
acid 20ml

“

‐0.052

0.781

Appendix 3.14 Statistical results: Sulphate‐reducing bacteria vs. tests at 37°C
Presumptive
organism

Test

Desulfovibrio

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

37°C

‐0.180

0.359

“

H2S with L‐cystine no
thiosulphate

“

‐0.064

0.745

“

H2S with L‐cystine
and thiosulphate

“

‐0.162

0.412

“

H2S with bile salt

“

‐0.192

0.328

“

H2S L‐cystine/citric
acid

“

‐0.264

0.174

“

H2S Brilliant green

“

‐0.357

0.062

“

H2S with Gentamicin

“

‐0.176

0.371

“

H2S with citric acid

“

‐0.207

0.290

“

H2S with penicillin

“

0.295

0.570

Appendix 3.15 Statistical results: Sulphate‐reducing bacteria vs. tests at 44°C
Presumptive
organism

Test

Desulfovibrio

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

44°C

0.325

0.188

“

H2S with L‐cystine no
thiosulphate

“

0.282

0.256

“

H2S with L‐cystine
and thiosulphate

“

0.011

0.965

“

H2S with bile salt

“

0.411

0.090

“

H2S L‐cystine/citric

“

0.296

0.234
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acid
“

H2S Brilliant green

“

0.329

0.183

“

H2S with Gentamicin

“

‐0.018

0.942

“

H2S with citric acid

“

‐

‐

Spearman
ρ

P‐value

Appendix 3.16 Statistical results: DCLS vs. tests at 20°C
Presumptive organism

Incubation
temp.

Test

Shigella/Salmonella/Klebsiella H2S Manja et al.

20°C

‐0.521

0.000

“

H2S with L‐cystine
no thiosulphate

“

‐0.403

0.000

“

H2S with L‐cystine
and thiosulphate

“

‐0.438

0.000

“

H2S with bile salt

“

‐0.437

0.000

“

H2S L‐
cystine/citric acid

“

‐0.430

0.000

“

H2S Brilliant green

“

‐0.610

0.000

“

H2S with
Gentamicin

“

‐0.341

0.002

“

H2S with citric acid

“

‐0.392

0.001

“

H2S with penicillin

“

‐0.926

0.008

“

H2S L‐
cystine/citric acid
20ml

“

‐0.468

0.001

Appendix 3.17 Statistical results: DCLS vs. tests at 37°C
Presumptive organism

Incubation
temp.

Test

Shigella/Salmonella/Klebsiella H2S Manja et al.

Spearman
ρ

P‐value

37°C

‐0.207

0.292

“

H2S with L‐cystine
no thiosulphate

“

‐0.474

0.011

“

H2S with L‐cystine
and thiosulphate

“

‐0.320

0.096

“

H2S with bile salt

“

‐0.348

0.070

“

H2S L‐
cystine/citric acid

“

‐0.153

0.436

“

H2S Brilliant green

“

‐0.700

0.000
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“

H2S with
Gentamicin

“

‐0.091

0.645

“

H2S with citric acid

“

‐0.221

0.259

“

H2S with Penicillin

“

‐0.334

0.518

Appendix 3.18 Statistical results: DCLS vs. tests at 44°C
Presumptive organism

Incubation
temp.

Test

Shigella/Salmonella/Klebsiella H2S Manja et al.

Spearman
ρ

P‐value

44°C

0.565

0.015

“

H2S with L‐cystine
no thiosulphate

“

0.673

0.002

“

H2S with L‐cystine
and thiosulphate

“

0.552

0.017

“

H2S with bile salt

“

0.087

0.730

“

H2S L‐
cystine/citric acid

“

0.266

0.286

“

H2S Brilliant green

“

‐0.566

0.014

“

H2S with
Gentamicin

“

‐0.001

0.998

“

H2S with citric acid

“

‐

‐

Appendix 3.19 Statistical results: Staphylococcus vs. tests at 20°C
Presumptive
organism

Test

Staphylococcus

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

20°C

0.345

0.002

“

H2S with L‐cystine no
thiosulphate

“

0.230

0.039

“

H2S with L‐cystine
and thiosulphate

“

0.247

0.026

“

H2S with bile salt

“

0.332

0.002

“

H2S L‐cystine/citric
acid

“

0.233

0.037

“

H2S Brilliant green

“

0.233

0.045

“

H2S with Gentamicin

“

0.321

0.003

“

H2S with citric acid

“

0.314

0.008

“

H2S with penicillin

“

0.062

0.908
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“

H2S L‐cystine/citric
acid 20ml

“

0.376

0.007

Appendix 3.20 Statistical results: Staphylococcus vs. tests at 37°C
Presumptive
organism

Test

Staphylococcus

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

37°C

0.117

0.552

“

H2S with L cystine no
thiosulphate

“

0.266

0.171

“

H2S with L‐cystine
and thiosulphate

“

0.070

0.722

“

H2S with bile salt

“

0.154

0.433

“

H2S L‐cystine/citric
acid

“

‐0.014

0.943

“

H2S Brilliant green

“

0.233

0.233

“

H2S with Gentamicin

“

‐0.044

0.823

“

H2S with citric acid

“

0.122

0.536

“

H2S with penicillin

“

‐0.213

0.686

Appendix 3.21 Statistical results: Staphylococcus vs. tests at 44°C
Presumptive
organism

Test

Staphylococcus

H2S Manja et al.

Incubation
temp.

Spearman ρ

P‐value

44°C

0.009

0.973

“

H2S with L‐cystine no
thiosulphate

“

‐0.287

0.248

“

H2S with L‐cystine
and thiosulphate

“

‐0.525

0.025

“

H2S with bile salt

“

0.309

0.212

“

H2S L‐cystine/citric
acid

“

0.109

0.667

“

H2S Brilliant green

“

0.448

0.062

“

H2S with Gentamicin

“

0.129

0.610

“

H2S with citric acid

“

‐

‐

‐ 242 ‐

Appendix 3.22 Statistical results: XLD vs. tests at 20°C
Presumptive organism

Incubation
temp.

Test

Shigella/Salmonella/Klebsiella H2S Manja et al.

Spearman
ρ

P‐value

20°C

‐0.364

0.001

“

H2S with L‐cystine
no thiosulphate

“

‐0.318

0.004

“

H2S with L‐cystine
and thiosulphate

“

‐0.329

0.003

“

H2S with bile salt

“

‐0.335

0.002

“

H2S L‐
cystine/citric acid

“

‐0.380

0.001

“

H2S Brilliant green

“

‐0.502

0.000

“

H2S with
Gentamicin

“

‐0.328

0.003

“

H2S with citric acid

“

‐0.289

0.016

“

H2S with penicillin

“

‐0.617

0.192

“

H2S L‐
cystine/citric acid
20ml

“

‐0.323

0.022

Appendix 3.23 Statistical results: XLD vs. tests at 37°C
Presumptive organism

Incubation
temp.

Test

Shigella/Salmonella/Klebsiella H2S Manja et al.

Spearman
ρ

P‐value

37°C

0.161

0.413

“

H2S with L‐cystine
no thiosulphate

“

0.314

0.104

“

H2S with L‐cystine
and thiosulphate

“

0.153

0.436

“

H2S with bile salt

“

‐0.335

0.002

“

H2S L‐
cystine/citric acid

“

0.051

0.796

“

H2S Brilliant green

“

0.076

0.701

“

H2S with
Gentamicin

“

0.168

0.393

“

H2S with citric acid

“

0.130

0.509

“

H2S with penicillin

“

‐0.638

0.173
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Appendix 3.24 Statistical results: XLD vs. tests at 44°C
Presumptive organism

Incubation
temp.

Test

Shigella/Salmonella/Klebsiella H2S Manja et al.

Spearman
ρ

P‐value

44°C

0.347

0.158

“

H2S with L‐cystine
no thiosulphate

“

0.330

0.181

“

H2S with L‐cystine
and thiosulphate

“

‐0.371

0.130

“

H2S with bile salt

“

0.392

0.108

“

H2S L‐
cystine/citric acid

“

0.153

0.545

“

H2S Brilliant green

“

‐0.024

0.926

“

H2S with
Gentamicin

“

0.057

0.823

“

H2S with citric acid

“

‐

‐
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Appendix 6.1 Validation of the original H2S test against membrane filtration (m‐FC
medium) at 20°C

Type of H2S test

H2S test
Manja et
al. (1982)

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

74

0

74

Sensitivity

97.4

99.7

Negative

2

4

6

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

66.7

88.7

Disease prevalence

95.0

98.6

%

95% Cl

Incubated at 20°C

Appendix 6.2 Validation of the original H2S test against membrane filtration (m‐FC
medium) at 37°C

Type of H2S test

H2S test
Manja et
al. (1982)

Membrane filtration (with
m‐FC medium)

Performance indicators

Positive

Negative

Total

Positive

42

0

42

Sensitivity

55.3

66.7

Negative

34

4

38

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive value
(NPV)

10.5

13.1

Disease prevalence

95.0

98.6

Incubated at 37°C

‐ 245 ‐

Appendix 6.3 Validation of the original H2S test against membrane filtration (m‐
Enterococcus medium) at 20°C

Type of H2S test

H2S test
Manja et
al. (1982)

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

12

74

Sensitivity

100

100

Negative

0

6

6

Specificity

33.3

59.0

Total

62

18

80

Positive predictive value
(PPV)

83.8

87.8

Negative predictive value
(NPV)

100

100

Disease prevalence

77.5

86.1

%

95% Cl

Incubated at 20°C

Appendix 6.4 Validation of the original H2S test against membrane filtration (m‐
Enterococcus medium) at 37°C

Type of H2S test

H2S test
Manja et
al. (1982)

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

Positive

Negative

Total

Positive

42

0

42

Sensitivity

67.7

79.0

Negative

20

18

38

Specificity

100

100

Total

62

18

80

Positive predictive value
(PPV)

100

100

Negative predictive value
(NPV)

47.4

56.4

Disease prevalence

77.5

86.1

Incubated at 37°C
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Appendix 6.5 Validation of the H2S test with L‐cysteine instead of thiosulphate against
membrane filtration (m‐FC medium) at 20°C

Type of H2S test

H2S test
with L‐
cysteine
instead of
thiosulphate

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

70

0

70

Sensitivity

92.1

97.1

Negative

6

4

10

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

40.0

59.0

Disease prevalence

95.0

98.6

Incubated at 20°C

Appendix 6.6 Validation of the H2S test with L‐cysteine instead of thiosulphate against
membrane filtration (m‐FC medium) at 37°C

Type of H2S test

H2S test
with L‐
cysteine
instead of
thiosulphate

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

74

0

74

Sensitivity

97.4

99.7

Negative

2

4

6

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

66.7

88.7

Disease prevalence

95.0

98.6

Incubated at 37°C
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Appendix 6.7 Validation of the H2S test with L‐cysteine instead of thiosulphate against
membrane filtration (m‐Enterococcus medium) at 20°C
Type of H2S test

H2S test
with L‐
cysteine
instead of
thiosulphate

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

8

70

Sensitivity

100

100

Negative

0

10

10

Specificity

55.6

78.5

Total

62

18

80

Positive predictive value
(PPV)

88.6

92.9

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

%

95% Cl

Incubated at 20°C

Appendix 6.8 Validation of the H2S test with L‐cysteine instead of thiosulphate against
membrane filtration (m‐Enterococcus medium) at 37°C
Type of H2S test

H2S test
with L‐
cysteine
instead of
thiosulphate

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

Positive

Negative

Total

Positive

62

12

74

Sensitivity

100

100

Negative

0

6

6

Specificity

33.3

59.0

Total

62

18

80

Positive predictive value
(PPV)

83.8

87.8

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 37°C
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Appendix 6.9 Validation of the H2S test with L‐cysteine and thiosulphate against membrane
filtration (m‐FC medium) at 20°C

Type of H2S test

H2S test
with L‐
cysteine and
thiosulphate

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

74

0

74

Sensitivity

97.4

99.7

Negative

2

4

6

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

66.7

88.7

Disease prevalence

95.0

98.6

%

95% Cl

Incubated at 20°C

Appendix 6.10 Validation of the H2S test with L‐cysteine and thiosulphate against
membrane filtration (m‐FC medium) at 37°C

Type of H2S test

H2S test
with L‐
cysteine and
thiosulphate

Membrane filtration (with
m‐FC medium)

Performance indicators

Positive

Negative

Total

Positive

76

0

76

Sensitivity

100

100

Negative

0

4

4

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

100

100

Disease prevalence

95.0

98.6

Incubated at 37°C
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Appendix 6.11 Validation of the H2S test with L‐cysteine and thiosulphate against
membrane filtration (m‐Enterococcus medium) at 20°C

Type of H2S test

H2S test
with L‐
cysteine and
thiosulphate

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

12

74

Sensitivity

100

100

Negative

0

6

6

Specificity

33.3

59.0

Total

62

18

80

Positive predictive value
(PPV)

83.8

87.8

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

%

95% Cl

Incubated at 20°C

Appendix 6.12 Validation of the H2S test with L‐cysteine and thiosulphate against
membrane filtration (m‐Enterococcus medium) at 37°C

Type of H2S test

H2S test
with L‐
cysteine and
thiosulphate

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

Positive

Negative

Total

Positive

62

14

76

Sensitivity

100

100

Negative

0

4

4

Specificity

22.2

47.6

Total

62

18

80

Positive predictive value
(PPV)

81.6

85.0

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 37°C
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Appendix 6.13 Validation of the H2S test with bile salts (2%) instead of detergent against
membrane filtration (m‐FC medium) at 20°C

Type of H2S test

H2S test
with bile
salts (2%)
instead of
detergent

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

76

0

76

Sensitivity

100

100

Negative

0

4

4

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

100

100

Disease prevalence

95.0

98.6

Incubated at 20°C

Appendix 6.14 Validation of the H2S test with bile salts (2%) instead of detergent against
membrane filtration (m‐FC medium) at 37°C

Type of H2S test

H2S test
with bile
salts (2%)
instead of
detergent

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

76

0

76

Sensitivity

100

100

Negative

0

4

4

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

100

100

Disease prevalence

95.0

98.6

Incubated at 37°C
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Appendix 6.15 Validation of the H2S test with bile salts (2%) instead of detergent against
membrane filtration (m‐Enterococcus medium) at 20°C

Type of H2S test

H2S test
with bile
salts (2%)
instead of
detergent

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

14

76

Sensitivity

100

100

Negative

0

4

4

Specificity

22.2

47.6

Total

62

18

80

Positive predictive value
(PPV)

81.6

85.0

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 20°C

Appendix 6.16 Validation of the H2S test with bile salts (2%) instead of detergent against
membrane filtration (m‐Enterococcus medium) at 37°C

Type of H2S test

H2S test
with bile
salts (2%)
instead of
detergent

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

14

76

Sensitivity

100

100

Negative

0

4

4

Specificity

22.2

47.6

Total

62

18

80

Positive predictive value
(PPV)

81.6

85.0

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 37°C
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Appendix 6.17 Validation of the H2S test with bile salts (6%) instead of detergent against
membrane filtration (m‐FC medium) at 20°C

Type of H2S test

H2S test
with bile
salts (6%)
instead of
detergent

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

72

0

72

Sensitivity

94.7

98.6

Negative

4

4

8

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

50.0

72.1

Disease prevalence

95.0

98.6

Incubated at 20°C

Appendix 6.18 Validation of the H2S test with bile salts (6%) instead of detergent against
membrane filtration (m‐FC medium) at 37°C

Type of H2S test

H2S test
with bile
salts (6%)
instead of
detergent

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

76

2

78

Sensitivity

100

100

Negative

0

2

2

Specificity

50

93.2

Total

76

4

80

Positive predictive value
(PPV)

97.4

99.0

Negative predictive
value (NPV)

100

100

Disease prevalence

95.0

98.6

Incubated at 37°C
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Appendix 6.19 Validation of the H2S test with bile salts (6%) instead of detergent against
membrane filtration (m‐Enterococcus medium) at 20°C

Type of H2S test

H2S test
with bile
salts (6%)
instead of
detergent

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

10

72

Sensitivity

100

100

Negative

0

8

8

Specificity

44.4

69.2

Total

62

18

80

Positive predictive value
(PPV)

86.1

90.4

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 20°C

Appendix 6.20 Validation of the H2S test with bile salts (6%) instead of detergent against
membrane filtration (m‐Enterococcus medium) at 37°C

Type of H2S test

H2S test
with bile
salts (6%)
instead of
detergent

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

10

78

Sensitivity

100

100

Negative

0

8

2

Specificity

44.4

69.2

Total

62

18

80

86.1

90.4

100

100

77.5

86.1

Incubated at 37°C

Positive predictive value
(PPV)
Negative predictive
value (NPV)
Disease prevalence
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Appendix 6.21 Validation of the H2S test with Penicillin G against membrane filtration (m‐
FC medium) at 20°C

Type of H2S test

H2S test
with
penicillin G

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

74

0

74

Sensitivity

97.4

99.7

Negative

2

4

6

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

66.7

88.7

Disease prevalence

95.0

98.6

Incubated at 20°C

Appendix 6.22 Validation of the H2S test with Penicillin G against membrane filtration (m‐
FC medium) at 37°C

Type of H2S test

H2S test
with
penicillin G

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

76

0

76

Sensitivity

100

100

Negative

0

4

4

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

100

100

Disease prevalence

95.0

98.6

Incubated at 37°C
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Appendix 6.23 Validation of the H2S test with Penicillin G against membrane filtration (m‐
Enterococcus medium) at 20°C

Type of H2S test

H2S test
with
penicillin G

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

12

74

Sensitivity

100

100

Negative

0

6

6

Specificity

33.3

59.0

Total

62

18

80

Positive predictive value
(PPV)

83.8

87.8

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 20°C

Appendix 6.24 Validation of the H2S test with penicillin G against membrane filtration (m‐
Enterococcus medium) at 37°C

Type of H2S test

H2S test
with
penicillin G

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

14

76

Sensitivity

100

100

Negative

0

4

4

Specificity

22.2

47.6

Total

62

18

80

81.6

85.0

100

100

77.5

86.1

Incubated at 37°C

Positive predictive value
(PPV)
Negative predictive
value (NPV)
Disease prevalence
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Appendix 6.25 Validation of the H2S test with L‐cysteine and 2‐mercaptopyridine against
membrane filtration (m‐FC medium) at 20°C

Type of H2S test
H2S test
with L‐
cysteine and
2‐
mercaptopy
ridine

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

64

0

64

Sensitivity

84.2

91.6

Negative

12

4

16

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

25.0

35.9

Disease prevalence

95.0

98.6

Incubated at 20°C

Appendix 6.26 Validation of the H2S test with L‐cysteine and 2‐mercaptopyridine against
membrane filtration (m‐FC medium) at 37°C

Type of H2S test
H2S test
with L‐
cysteine and
2‐
mercaptopy
ridine

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

76

0

76

Sensitivity

100

100

Negative

0

4

4

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

100

100

Disease prevalence

95.0

98.6

Incubated at 37°C
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Appendix 6.27 Validation of the H2S test with L‐cysteine and 2‐mercaptopyridine against
membrane filtration (m‐Enterococcus medium) at 20°C

Type of H2S test
H2S test
with L‐
cysteine and
2‐
mercaptopy
ridine

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

2

64

Sensitivity

100

100

Negative

0

16

16

Specificity

88.9

98.6

Total

62

18

80

Positive predictive value
(PPV)

96.9

99.1

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 20°C

Appendix 6.28 Validation of the H2S test with L‐cysteine and 2‐mercaptopyridine against
membrane filtration (m‐Enterococcus medium) at 37°C

Type of H2S test
H2S test
with L‐
cysteine and
2‐
mercaptopy
ridine

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

14

76

Sensitivity

100

100

Negative

0

4

4

Specificity

22.2

47.6

Total

62

18

80

Positive predictive value
(PPV)

81.6

85.0

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 37°C
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Appendix 6.29 Validation of the H2S test with L‐cystine against membrane filtration (m‐FC
medium) at 20°C

Type of H2S test

H2S test
with L‐
Cystine

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

76

0

76

Sensitivity

100

100

Negative

0

4

4

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

100

100

Disease prevalence

95.0

98.6

Incubated at 20°C

Appendix 6.30 Validation of the H2S test with L‐cystine against membrane filtration (m‐FC
medium) at 37°C

Type of H2S test

H2S test
with L‐
Cystine

Membrane filtration (with
m‐FC medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

76

0

76

Sensitivity

100

100

Negative

0

4

4

Specificity

100

100

Total

76

4

80

Positive predictive value
(PPV)

100

100

Negative predictive
value (NPV)

100

100

Disease prevalence

95.0

98.6

Incubated at 37°C
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Appendix 6.31 Validation of the H2S test with L‐cystine against membrane filtration (m‐
Enterococcus medium) at 20°C

Type of H2S test

H2S test
with L‐
cystine

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

14

76

Sensitivity

100

100

Negative

0

4

4

Specificity

22.2

47.6

Total

62

18

80

Positive predictive value
(PPV)

81.6

85.0

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 20°C

Appendix 6.32 Validation of the H2S test with L‐cystine against membrane filtration (m‐
Enterococcus medium) at 37°C

Type of H2S test

H2S test
with L‐
cystine

Membrane filtration (with
m‐Enterococcus medium)

Performance indicators

%

95% Cl

Positive

Negative

Total

Positive

62

14

76

Sensitivity

100

100

Negativ
e

0

4

4

Specificity

22.2

47.6

Total

62

18

80

Positive predictive value
(PPV)

81.6

85.0

Negative predictive
value (NPV)

100

100

Disease prevalence

77.5

86.1

Incubated at 37°C
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