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Overview of issues for water bacterial pathogens

bacteria also persist in natural reservoirs associated with
free-living protozoa and zooplankton in fresh and brackish
waters.
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The chapters compiled here in Part 3, Section II of the
Global Water Pathogens Project provide a detailed overview
of the state of the knowledge on key bacterial pathogens
relevant to water and sanitation systems. In particular, we
provide an overview addressing the last three decades
since the Feachem et al. (1983) book was published,
highlighting a number of common themes and challenges
encountered specifically with each of the bacterial
pathogens featured in this section. This brief introductory
outlines common themes, with each individual chapter
providing detailed information. Note that while there are
numerous bacterial pathogens that are relevant to water
systems, in general, Part 3 is limited specifically to
fecal/enteric bacterial pathogens transmitted via water, i.e.,
“waterborne” bacterial pathogens. Specifically, each
chapter is structured consistently to provide the most
current information with respect to pathogen epidemiology,
detection methods, environmental occurrence and
persistence, and observed removal/inactivation for various
sanitation and treatment technologies. Each chapter is
based on an exhaustive literature review and provides
summary tables, which we hope will be useful to water
professionals and researchers around the world in
modeling and planning for appropriate water sanitation
technologies. A few key points and updates are highlighted
in this overview to help guide readers in what to expect in
the bacterial pathogen chapters, along with a prospectus of
emerging and future challenges with respect to bacterial
pathogens in water and sanitation systems.

1.0 Bacterial Pathogens in Water and
Sanitation Systems: Defining Terminology
In Part I of this book, Chapter 2 “Environmental Aspects
and Features of Critical Pathogen Groups,” the major
features of pathogens and the bacterial members of
primary interest for this Section are introduced (Aw, 2018,
Environmental Aspects and Features of Critical Pathogen
Groups). Decades of public health practice demonstrates
that bacterial pathogens of sanitary interest are primarily
waterborne (being fecal-oral pathogens spread via
water/wastewater/excreta rain-runoff); however, there are
also water-wash and water-based bacterial pathogens that
include some waterborne members. Important to note is
that some enteric bacterial pathogens, such as strains of
Aeromonas, pathogenic members of Escherichia coli,
Salmonella and Vibrio cholerae, have environmental
reservoirs, so as such may not be limited to the traditional
fecal-oral pathway of infection. For example, members of
the genus Aeromonas are endemic to aquatic environments
(wastewater, streams, sediments) and via water exposures
some may cause gastroenteritis, wound infections or
septicemia. Among Vibrio cholerae, only some strains cause
epidemic cholera, which remain a global threat to public
health via fecally-contaminated water. However, these

Some non-pathogenic enteric bacteria are typically used as
“indicators” of fecal pollution (see Part Two: Indicators and
Microbial Source Tracking Markers). Fecal indicator
bacteria (FIB) provide a useful monitoring target to assess
poor water quality, given standard methods for their
enumeration, and safety concerns with direct isolation of
human pathogens. However, a point of potential confusion
is that among FIB (which are generally non-pathogenic)
that typically grow on selective media, human pathogenic
strains are sometimes recovered. Examples of FIB that
include bacteria of public health concern are pathogenic
strains of E. coli, enterococci and Clostridium perfringens.
Another issue with the use of FIB is that their response to
control technologies, such as disinfection, is not always
representative of the target pathogens. For example, FIB
may be more sensitive to disinfectants or other
removal/inactivation technologies than the target bacterial
pathogen of concern and examples where this could lead to
underestimating risk are provided in the pathogen-specific
chapters. Nonetheless, general reliance on culturable E.
coli to assess enteric bacterial water quality has proven to
be of pragmatic value. As with most indicators, however,
limits need to be understood, such as order of magnitude
increases in disinfection resistance of some environmental
strains of E. coli following up-regulation of stress-related
genes (Zhi et al., 2019) and actual environmental growth
under some conditions (Nanayakkara et al., 2019). The
transfer of these attributes to pathogenic bacteria is always
a possibility, thus it is important to anticipate such
microbial dynamics and reduce environments where
antibiotic resistant strains may mix with human bacterial
pathogens.
Throughout the bacterial pathogen chapters, the goals
were to stay true to the original Feacham text and focus on
pathogens of human fecal origin. However, in some cases
where such data were sparse, e.g., for environmental
occurrence or inactivation data, it was helpful to fill in the
gaps with data pertaining to bacteria from animal fecal
sources (which is also relevant in settings when human and
animal excreta are mixed). For other pathogens, such as
Leptospira spp., a major source of concern for humanpathogenic leptospirae is rodent urine, hence animal data
are most pertinent. Other relevant zoonotic pathogens
described in specific chapters include Campylobacter spp.
and Salmonella enterica. A further complication of
increasing concern is antimicrobial resistance (AMR)
resulting from animal production and companion animal
practices (further discussed below). Notably, many zoonotic
pathogens may not be pathogenic within the animals that
excrete them.

1.1 Non-Fecal “Water-Based” Pathogens
While not addressed directly in this section because of
the limited the scope to fecal/enteric pathogens, and not to
be remiss, other non-fecal pathogens that can be
transmitted via water, such as Legionella pneumophila,
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Mycobacterium avium complex, and Pseudomonas
aeruginosa must be acknowledged as the important. The
term “waterborne” for these pathogens is avoided because
this term tends to refer specifically to pathogens of fecal
origin and thus instead use the terminology “water-based”.
Such organisms are also commonly referred to as
“opportunistic pathogens,” in reference to the fact that they
have historically been thought to primarily be of concern to
individuals with compromised immune systems, but this
term does not recognize that healthy individuals can also be
affected and can cause confusion in that some are also
enteric pathogens within vulnerable groups. A key
distinction between water-based and fecal-based pathogens
is that water-based pathogens generally grow and thrive in
natural and engineered water systems (Falkinham et al.,
2015a; Ashbolt, 2015). This is typically facilitated via
growth in biofilms of water treatment and distribution
networks. In particular, intracellular growth in amoebae is
a common feature among water-based pathogens, which
can provide a source of nutrients in oligotrophic drinking
water environments and also protection against
disinfectants (Thomas and Ashbolt, 2011; Ashbolt, 2015).
Another key distinguishing feature among water-based
pathogens is that inhalation of aerosols containing the
organisms (e.g., Legionella and mycobacteria) and skin
colonization (e.g., Pseudomonas aeruginosa) are generally
more important than ingestion routes of exposure. This
poses new challenges for provision of clean drinking water
or non-potable reclaimed wastewater, which traditionally
has focused on limiting potential for waterborne pathogen
transmission. Not only are these water-based pathogens
problematic for drinking water distribution systems and
premise plumbing, there is also increasing recognition that
water reuse (i.e., recycled treated wastewater) conveyance
systems may pose special concerns because of the
relatively higher nutrient content of the water, higher
temperatures, and greater susceptibility to biofouling
(Jjemba et al., 2010). Also, given that the primary route of
exposure is aerosol inhalation, more attention should be
paid in the future use of such water even for non-potable
purposes, such as irrigation (Jjemba et al., 2015). Thus,
though not fecal-oral transmitted organisms, the relevance
to recycled water distribution does provide a key example
of the importance of water-based pathogens in reclaimed
wastewater used for sanitation and hygiene applications
(Gross et al., 2015). Further, with improved sanitation and
decreased fecal-associated disease in developing regions, it
can only be expected that disease from water-based
pathogens will increase, or at least become more noticeable
as seen in developed regions, where they are within the top
five communicable disease agents based on disease burden
(Cassini et al., 2018; Falkinham et al., 2015b).

2.0 Methods for Enumerating Bacterial
Pathogens- What’s New?
The bacterial pathogen chapters also provide up-to-date
information on traditional culture-based and newer
molecular-based (i.e., DNA and RNA-targeted) methods for
detecting and enumerating bacterial pathogens. Culturebased methods provide an overall advantage in that they
directly confirm viability, but there are trade-offs in terms

of sub-optimal specificity of media, potential for
contamination with non-target strains, and the overall labor
and time requirements. Molecular methods generally
provide higher specificity and speed than culture and can
be formulated to directly target specific virulent strains if
desired and thus can be carefully selected depending on
the intended target. Overall, a general feature when
enumerating bacterial pathogens, whether by culture or
molecular detection, is the need to include positive and
negative control species to verify specificity.
Traditionally, bacterial pathogens are isolated by culture on
various media, which have been formulated and further
adapted over the years to improve specificity. Formulating
culture media for environmental samples is especially
challenging because of the diverse range of background
bacteria that can cause false positives or false negatives by
out-competing and suppressing growth of the target group.
Still, even with highly specific media, it is important to be
aware that not all strains within the target bacteria
described in this section (Aeromonas, Arcobacter,
Campylobacter, pathogenic E. coli/Shigella, Helicobacter
pylori, Leptospira, Salmonella enterica, Vibrio cholerae) are
actual human pathogens. Further, not all viable (infectious)
bacteria are culturable. For example, many
enteric/environmental bacteria may form dormant states
and lose their culturability when stressed in the
environment, a state often termed viable but non-culturable
(VBNC), yet can still cause infection. Furthermore, it may
take several days to weeks to identify enteric bacteria by
culture. This can be a particular disadvantage during
outbreak situations.
Overall there has been increasing adoption of molecular
methods to improve specificity and identify pathogens
within a few hours, such as by using the quantitative
polymerase chain reaction (qPCR) and other gene-targeting
assays. A downside of PCR-based methods is that cell-free
DNA, dead and viable cells are typically not resolved, so
depending on the context (such as following disinfection),
qPCR enumeration of bacterial pathogens may not be
directly informative of viable bacteria. To address this
problem, targeting RNA instead of DNA (e.g., via reverse
transcription qPCR (RT-qPCR)) can provide an indication of
cells that are actually transcribing genes and thus
considered viable. The disadvantage of this approach is that
RNA is unstable and methods used may lose RNA from
environmental samples, leading to underestimations or
false negatives. Another approach to the “total count” qPCR
problem is pre-treatment of samples with propidium or
ethidium monoazide (PMA/EMA), which will generally only
allow DNA to amplify from cells with an intact membrane,
which prevents entry of these DNA-intercalating dyes prior
to extraction, thus improving specificity for ‘viable’ cell
detection by qPCR. However, fine turning of this pretreatment for each target pathogen is generally required to
provide useful data, so it is not as straight forward as one
may expect (Emerson et al., 2017).
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3.0 Antibiotic Resistance- A New and Critical

Dimension to Combatting Bacterial Pathogens
One new feature of the bacterial pathogens section is a
chapter focused on water and sanitation aspects of
antimicrobial resistance as a growing global public health
threat. Antibiotics are critical life-saving drugs used to treat
bacterial infections, but these drugs are losing their
efficacy as bacteria develop the capability to resist
antibiotics. Currently it is estimated that there are about 2
million antibiotic resistant infections per year in the U.S.,
with 18,000 deaths as a result (CDC, 2013). A recent report
estimates that globally, death rates due to antimicrobialresistant infections will surpass cancer deaths by the year
2050, though this estimate does not only include general
antibiotic resistance, but also includes general
antimicrobial resistance (e.g., to antiparasitics and
antivirals) (O’Neil, 2016). Historically, antimicrobial
resistance (AMR) has been thought of as a problem
primarily in the clinical domain, i.e., with focus on
improved hygiene in hospitals, judicious antibiotic use, and
new drug discovery. However, recognizing that patients
excrete antibiotics and antibiotic resistant bacteria, as do
domesticated animals where even larger volumes of
antimicrobials are administered, AMR is increasingly being
recognized as a one-health issue to control (needing human
and animal health as well as environmental domains
addressed) (Collignon and McEwen, 2019). As such,
antibiotic resistance is a global health challenge made all
the more complex as different countries vary in antibiotic
use patterns, stringency in prescription requirements
(stewardship programs), and sanitation status, while
bacteria themselves can freely cross borders with
international travel and trade. Hence, the World Health
Organization Global Action Plan for Combatting Antibiotic
Resistance has recognized water and sanitation as a key
linkage and focal point in the battle against the spread of
antibiotic resistance, calling upon the global community “to
reduce the incidence of infection through effective
sanitation, hygiene and infection prevention measures”
(WHO, 2015).
Overall, the AMR chapter summarizes the state-of-the
science in terms of understanding antimicrobial resistance
and the spread of antibiotic-resistance genes (ARGs) as a
global water and sanitation challenge (Huijbers et al.,
2019). Because ARGs can be shared among bacteria via
horizontal gene transfer, particular attention has been paid
recently to identifying technologies that effectively remove
or attenuate ARGs in bacterial populations. In particular,
the tables provide the most comprehensive summary to
date of the occurrence of ARGs in various environmental
compartments and the effectiveness of treatment
technologies for their removal. It is hoped that this
information will be a helpful resource to informing

identification of effective mitigation technologies against
the spread of environmental sources of antibiotic
resistance. Particular attention is devoted to sanitation
technologies that are promising for developing regions.
However, highest priority to control waterborne pathogens
should not be compromised due to potential fears in
promoting AMR.

4.0 Relevant Technologies for Sanitation
Management
We aimed to ensure that we emphasized the full range
of technologies, ranging from low-cost applications more
appropriate to the developing regions all the way to
elaborate water treatment more common for non-potable
recycled water systems and direct potable reuse. Hence,
each bacterial pathogen chapter attempts to address the
efficacy of ponds/lagoons, simple anaerobic digesters and
composting systems particularly relevant to sanitation in
resource-limited environments, through to elaborate, multibarrier treatment trains often used elsewhere. Noting that
methods to control bacterial pathogens should also be
undertaken with consideration of the other pathogen
groups, as addressed in Part 4 of this book.
Here, with the focus is on bacterial pathogens, it is
important to note that enteric bacteria are generally the
easiest of all pathogen groups to inactivate/remove.
However, treatment approaches are typically assessed
using traditional FIB, with limited regard to VBNC forms of
FIB or actual bacterial pathogens (e.g. VBNC cells are part
of the life-cycle of camplyobacters and helicobacters).
However, even more problematic is the post-treatment
growth of waterborne/water-based bacterial pathogens,
including emerging pathogens such as members of
Aeromonas, Arcobacter and water-based members not
addressed in this book (e.g. legionellae, mycobacteria and
Pseudomonas aeruginosa), which is particularly
problematic in resource-limited environments that may
have no/limited verification monitoring in place.
When compiling bacterial treatment performance by
process type, a common problem was the lack of specific
pathogen data. Hence, where appropriate the closest
relevant FIB for a process was identified, but often “no
available data” were observed. Hence, there is a general
call out to the research community to prioritize filling these
data gaps. For practitioners, the more problematic issues
emerge with waterborne pathogens, like some of the
Arcobacter spp., that appear to grow in the sewerage
infrastructure and likely in other system locations. Also, the
water-based pathogens, as discussed above, are
increasingly being recognised as critical to control in water
holding/conveyance systems where warm stagnant biofilm
environments enhance their growth.
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