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Abstract

Within Drinking Water Distribution Systems (DWDS) microbial biofilms form on pipe walls,
adhered via extracellular polymeric substances (EPS; primarily carbohydrates and proteins)
and may adversely affect water quality if mobilised. Biofilms may be conditioned to resist the
hydraulic forces experienced during development and EPS characteristics may exist which
promote a stable biofilm structure. However, the EPS of real drinking water biofilms has yet to
be characterised and interactions between hydraulics, EPS and the microbial community have

received little attention.

This study determined the impact of Steady State (SS), Low Varied Flow (LVF) and High Varied
Flow (HVF) hydraulic regimes upon drinking water biofilms and their subsequent responses to
elevated shear stress (via flushing). Multi-species biofilms were developed within a full scale
DWDS experimental facility replicating the environmental conditions of real systems. A
fluorescent microscopy approach was developed to concurrently visualise and quantify biofilm
physical structure, specifically characterising the cells, carbohydrates and, unusually, proteins.
Bacterial, fungal and archaeal community structures were evaluated via DNA based

fingerprinting analyses.

Bacteria, fungi and archaea were abundant within biofilms conditioned to SS, but LVF and HVF
biofilms were dominated by similar bacterial communities, less diverse than those within SS
biofilms. Despite a similar community structure, LVF biofilms were distinguishable from HVF by
(proportionally) more extensive EPS, with greater protein content; SS and HVF biofilms had a
similar EPS and cell content. Post-flushing, biofilms remained attached, commonly
carbohydrate with a reduced diversity of embedded microorganisms. However, the elevated
shear increased the concentration of iron and manganese (particles indicative of
discolouration) in the bulk water and removed protein from the biofilms; these changes were
least pronounced for LVF biofilms. Overall, hydraulic regime conditioned different biofilm
structures, which responded differently to increased shear stress; therefore, it may be possible

to manage the hydraulics of DWDS to create biofilms that present less risk to water quality.
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Chapter 1: Introduction and Literature Review

1.1 Introduction

Drinking water is a fundamental human resource, the insufficient supply and inadequate safety
of which remains one of the main causes of mortality worldwide (WHO, 2002; WHO & OECD,
2003). Consequently, drinking water quality is a global concern, primarily because of the
potential for contaminated water to rapidly transmit, potentially fatal, microbial diseases to
vast numbers of people, in a short space of time (Szewzyk et al., 2000). Impacts of microbial
contamination upon public health have highlighted the need for water protection and,
ultimately, driven science and engineering to develop various infrastructures and approaches
to facilitate the production and distribution of safe drinking water (Berry et al., 2006). These
systems have been introduced, developed and improved since the mid-19" century, leading to
the sophisticated water treatment processes and Drinking Water Distribution Systems (DWDS)

that modern day engineering has made possible (Szewzyk et al., 2000).

Some form of water treatment and/or protected supply is now common place across many
areas; it has been reported that 86% of the world’s population had access to an “improved”
water source (defined as protected from outside contamination) in 2010, compared to 76% in
1990 (WHO & UNICEF, 2012). Furthermore, the percentage of people in less economically
developed countries with safe water is on the rise, from 30% in 1970 to 80% in 2000 (Lomborg,
2001). The majority of those with access to an “improved” source are now supplied via piped

water —the DWDS (54% in 2010, compared to 45% in 1990; WHO & UNICEF, 2012).

Focusing solely on the initial implementation of these systems is not, however, enough to
ensure the provision of safe water. DWDS are evolving systems, with a piecemeal design and
construction, that experience ever changing demands with variation in water chemistry and
quality (Covert et al.,, 1999; Vreeburg & Boxall, 2007; Machell et al., 2009). Moreover, DWDS
are an aging infrastructure, experiencing deterioration while simultaneously facing greater
customer demands. Therefore, constant maintenance, monitoring and protection are integral
to sustaining the DWDS infrastructure and a high quality water supply. Thus, in the UK, since
1990, many DWDS have been renovated and, according to the Drinking Water Inspectorate
(DWI) guidelines, water suppliers are now required to develop Distribution Operation and

Management Strategies (DOMs). Within the DOMs, suppliers outline their plans regarding
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continued operation assessment, maintenance of the network and preservation, or
advancement, of water quality (DWI, 2002). A water quality management frame-work was also
set out in the Bonn Charter Report (IWA, 2004), which encompassed the development of
Water Safety Plans (WSPs), complementary to the WHO drinking water quality guidelines
(WHO, 2011). WSPs are based upon the hazard and critical point analysis approach of risk
assessment and combine system design evaluation, operational monitoring and management

plans to help maintain the DWDS infrastructure and the quality of drinking water.

Although disease outbreaks initially drove DWDS implementation, new pressures are emerging
which will drive the future development of our pipe networks and, in particular, changes in
population density and distribution (Defra, 2011) will lead to variations in the public demand
regarding drinking water quantity and quality. Thus, in an era where climate change and
population increases are reported to be causing water shortages (Karanja et al., 2011; Hunter,
2011; WHO & UNICEF, 2012), the water industry is faced with providing continually higher
volumes of potable water at a maintained or improved quality (WHO & OECD, 2003; Defra,
2011), all with diverse, aging infrastructure (UKWIR, 2003). The reality is that treated drinking
water is a perishable resource and deterioration of the quality during distribution remains an
important issue for suppliers, consumers and governing bodies alike. Therefore, research at
the pipeline level is essential to further understand the processes occurring within DWDS, in
order to develop effective, maintainable management strategies that will sustain both the

distribution infrastructure and a high quality water supply into the future.

Drinking water quality is determined by a multitude of chemical, physical and microbiological
parameters and their interactions. Research is becoming increasingly focussed on exploring an
array of these water quality parameters at the pipe level, especially discolouration, but the
incorporation of an appreciation of the microbiology of DWDS has generally been limited to
the role of planktonic cells. Microorganisms are found not only in a free-living planktonic state
but also, more commonly, in a sessile, surface-bound state termed the biofilm (Costerton et
al.,, 1987, 1995; Dunne, 2002; Wright et al., 2004). Biofilms are heterogenic microbial
assemblages, embedded within a self-produced matrix of extracellular polymeric substances
(EPS), with which inorganic particles may be associated (Costerton et al., 1987; 1995; Dunne,
2002; and others). Various abiotic and biotic properties of the pipe network may influence the
presence, architecture and microbial composition of biofilms (van der Wende et al., 1989;
Jenkinson & Lappin-Scott, 2001), which then in turn effect various characteristics of the DWDS.

Within the context of DWDS, biofilms may be described as a reservoir of cells within the
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pipeline, which place a chlorine demand upon the system, mediate processes that contribute
to aesthetic degradation and inoculate attached assemblages downstream. Moreover, the
mobilization of biofilm bound material into the bulk phase may adversely affect water quality
and safety. Hence, while microorganisms no longer pose as great a public health risk as they
once did, their continued presence and activity within the DWDS, particularly as biofilms, could
potentially have a substantial impact upon the infrastructure and management of the
distribution system and, arguably more importantly, the quality of water distributed.
Therefore, it is proposed that understanding the environmental influences on the dynamics of

the biofilm is paramount to continuing to provide safe, high quality drinking water.

The scope of this review is to highlight the importance of understanding the microbial ecology
of our pipelines, particularly the interactions between the physico-chemical environment and
the biofilms of the DWDS. An outline of the current understanding, and its limitations, with
respect to water quality, along with various abiotic and biotic aspects of DWDS will be
presented. A comprehensive review of the microbiota associated with drinking water will be
provided, along with an overview of the current understanding of biofilm development.
Consideration will be given to what is known about the way the DWDS environment shapes
biofilms and how, in turn, biofilms affect the pipeline environment. Throughout this review the
merits and limitations of the model systems or methodological approaches applied to
investigate the DWDS and biofilms will be considered; various knowledge gaps will be

highlighted and the potential direction for future research outlined.

1.2 Why Care About Microbial Drinking Water Quality?

1.2.1 Public health

The relationship between a microbial presence in drinking water and reduced water quality
began to be recognised following epidemiological studies of London (UK) water supplies in the
1800’s, which identified Vibrio cholera as the cause of more than 10,000 deaths (Szewzyk et
al., 2000). Research has since irrefutably established the presence of various pathogens within
drinking water and controls are now in place that act to minimise the level of microbial
contamination, thus reducing public health problems and water quality degradation (Williams
& Braun-Howland, 2003; Ratnayaka et al., 2009). Indeed outbreaks of waterborne illness have
been reduced by water improvements in the past few decades. For example, the occurrence of

diarrhoea (which affects 4 billion and kills 2.2 million people a year) has reduced by 25-33%.
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Similarly, the incidence of trachoma (a bacterial infection), to which approximately 500 million
people are at risk, has decreased by 25% (based on medians) and the future expansion of
water distribution systems has the potential to prevent 1.4 million deaths a year in children
alone (Esrey et al., 1991; WHO, 2000; WHO & UNICEF, 2000; 2012). It could be argued that
water supply and sanitation improvements in the last century have done more to protect and

ensure public health than anything else, including medical developments.

Nevertheless, even with modern systems, outbreaks occasionally occur. For example, drinking
water contamination with Campylobacter spp. and Escherichia coli 0517 during 2000, in
Walkerton, Canada, caused serious illness in over 2,000 people and seven deaths (WHO &
UNICEF, 2000). Similarly in 2005, and again in 2008, between 66,000 and 70,000 people were
exposed to the protozoan Cryptosporidium via contaminated water in North Gwynedd, Wales
(DWI, 2005; 2008). Several authors have reported that quality degradation during distribution
accounts for a significant proportion of documented waterborne disease outbreaks
(Ainsworth, 2002; Craun & Calderon, 2001). However, small-scale water quality issues, which
may go undetected, also occur during distribution. These could occur due to contaminant
ingress, from cross-connections or non-sterilised construction materials, via back-pressure
(due to a component external to the DWDS exceeding the pressure of the network) or back-
siphonage (due to a pressure drop within DWDS; Craun & Calderon, 2001; US EPA, 2004,
Ratnayaka et al., 2009). Another possible cause is that cells are eroded from biofilms at
concentrations that may go undetected but still result in a low-level continuous presence of
microorganisms (Tinker et al., 2009). Whilst such contamination does not violate drinking
water standards, it has the potential to increase the discolouration or turbidity of water (a
monitored water quality parameter). Moreover, depending upon the particular species and
cell concentration, such contamination may lead to endemic disease transmission, particularly
of gastrointestinal illnesses or cryptosporidiosis (Tinker et al., 2009). Although this low level
contamination may not cause fatalities, it has been suggested that if 10% of infected adults
miss a day of work due to their gastro-illness, this background contamination can have
substantial economic consequences (Payment, 1997; Payment et al., 1997); Roberts et al.
(2003) stated that the cost of diarrheal disease in the UK is ~ £743 million per annum.
However, in many cases the cause of infection is unclear. In a questionnaire based study,
which asked participants about various aspects of their life over the two week period prior to
receiving the questions, including the occurrence of cryptosporidiosis (gastro illness), Hunter et
al. (2005) discovered an unexpected positive relationship between the occurrence of

cryptosporidiosis and a loss of water pressure (p<0.001) in the drinking water supply. These
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two factors were more strongly correlated than the occurrence of illness and interactions with
an infected individual (p=0.001). It is important to note that symptoms were self-reported and
the correlative results do not necessarily imply causation. The study did not set out to
investigate a relationship between drinking water and diarrhoea; therefore the questions were
not designed to specifically identify events occurring before the onset of the illness.
Nevertheless, a pattern between a disrupted water supply (mainly the result of a burst) and
gastro illness was observed. Therefore, although water quality is having fewer fatal impacts
upon public health it remains influential in the distribution of systematic infections, which can

subsequently have wider impacts upon socio-economics.

1.2.2 Discolouration

Discolouration has been commonly observed to be due to dissolved or suspended particulate
materials of a fine size, the accumulation and subsequent mobilization of which causes water
quality issues at the tap (Seth et al., 2003; Polychronopolous et al., 2003; Boxall et al., 2003).
Turbidity (unit NTU) is a measurement of water “clarity” obtained by determining the degree
of light scattering due to suspended material (Russell, 1994). It is a commonly monitored water
quality parameter used as an indicator of discolouration. In the UK turbidity is regulated such
that “finished” water, leaving the treatment plant, should be < 1 NTU and “endpoint” water
(i.e. the consumers tap) should be < 4 NTU. There are incidents however, where “finished”
water complies with regulations but “endpoint” water does not (Bristol Water, 2008),
indicating the role of DWDS as biological and chemical reactors which interact with bulk water
and alter its quality (Gauthier et al., 2001; Boxall et al., 2003; Seth et al., 2003; Husband et al.,
2008). These problems have yet to take precedence in developing areas of the world where
DWDS are being newly implemented but, as customer expectations change, it is expected
these areas will face the same problems currently experienced in countries with long standing
DWDS. In many countries, water supply is seen as a “service industry”, where customer
confidence and satisfaction are paramount and the public demand and expects very high levels
of service. Consequently, in places such as Australia (Ginige et al., 2011) or Holland (Vreeburg
& Boxall, 2007) which are a very “water aware” countries, or the UK (DW!I, 2001; Scottish
Executive, 2009), where water supply is privatised, the majority of water quality related
consumer contacts with water suppliers are a consequence of discolouration. Therefore
further understanding of interactions within the DWDS with respect to turbidity is important in

improving compliance with standards and to limit customer complaints.
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Causes of discolouration have been attributed to corrosion, chemical reactions and biological
interactions (LeChevallier et al., 1987; Kirmeyer & AWWA, 2000). Several studies into
modelling discolouration have assumed this process is governed by sedimentation of particles,
(controlled by gravitational settling) and their subsequent mobilization; this forms the basis of
the Particle Settling Model (PSM; Wu et al., 2003). However, settlement of particles of sizes
and densities of those responsible for discolouration has been demonstrated to occur at 10°
ms’, therefore, even low hydraulic forces within the DWDS would be sufficient to maintain the
suspension (Boxall et al., 2001). Consequently, it is unlikely that gravity driven sedimentation
processes and remobilization are the main drivers of increased turbidity during distribution in
live DWDS. It is more feasible that interactions at the pipe-water interface lead to particle
attachment, consequently concentrating the previously suspended or precipitating material,
which would then cause turbidity if re-mobilised - the “cohesive layer” theory. An alternative
modelling approach — Prediction of Discolouration in Distribution Systems (PODDS) has been
developed using this theory and states that particle attachment is characterized by “layers” of
different attachment strengths which are determined by the hydraulic regime within the
pipeline (Boxall et al., 2001). Mobilization of the attached material then occurs when hydraulic
forces exceed those experienced during conditioning (Boxall et al., 2001). This theory has been
validated by both field and laboratory studies, which established that pipelines that had
previously experienced low flow rates/shear stresses had a greater risk of discolouration
(Boxall & Saul, 2005; Cook, 2007; Husband & Boxall, 2010; and others). Moreover, it is in line
with the concept of biofilms - which are, by definition, material adhered to a surface - playing a
significant role in discolouration events. However, PODDS is an empirical tool and, while

useful, it has limited understanding of the interactions driving discolouration.

Microbially-mediated processes occurring within the biofilms of DWDS can contribute to
aesthetic degradation affecting water colour, taste and odour. For instance “red”, “black” or
“blue” water problems can occur as a result of iron, sulphate or copper reducing bacteria,
respectively, which cause bio-corrosion and leach substances from the pipe surface into the
water column (LeChevallier, 1999; Flemming et al., 2002; Boe-Hansen et al., 2002). The
mobilization of biofilm microorganisms and associated material into the bulk water, following
a change in DWDS hydrodynamics (Stoodley et al., 2001a; 2002), may also lead to discoloration
as a result of elevated turbidity levels (Boxall et al., 2001; Husband et al., 2008; Husband &
Boxall, 2010). Increases in turbidity have been correlated with occurrences of gastro illness
(MacKenzie et al., 1995; Morris et al., 1996; Schwartz et al., 1997; 2000), in this respect,

discolouration can mask health issues (Mann et al., 2007). The mobilization of biofilm bound
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material may also lead to an increase in the concentration of inorganics (e.g. iron or
manganese) and planktonic microbial numbers, potentially causing regulatory quality failures
at the tap (Jenkinson & Lappin-Scott, 2001; Dunne, 2002) and impacting upon the
management of the pipe network by affecting the efficiency of disinfectants (Levy et al., 1998).
Mobilization of the biofilm material may also, potentially, engender periodic contamination
and health risks if pathogenic species are present. Reducing the incidence of discolouration is
of paramount importance but in order to do so we need to better understand the processes

behind discolouration, in which microbial ecology is emerging as an important driver.

1.3 The DWDS Environment

In some areas DWDS may be a relatively simple standpipe system, however, in many they are
an extensive pressurised network of pipes combined with pumps, valves and storage tanks or
service reservoirs (Figure 1.1), to assist the management of water distribution (Ratnayaka et
al., 2009). DWDS are heterogenic with respect to infrastructure, system management and
water composition and are now recognised as more than inert transport systems (Gauthier et
al.,, 1999). Various characteristics such as the fabric of the network, hydrodynamics,
organic/inorganic concentrations, type and concentration of disinfectant, or environmental
parameters, interact in a complex manner, placing a multitude of constraints on the

microbiota present (Chandy & Angles, 2001; Lehtola et al., 2002; Keinanen et al., 2004).

1.3.1 Infrastructure

DWDS are typically supplied with treated water from either a surface or ground water source.
The exact treatments employed vary but generally include filtration and disinfection steps.
Following treatment, the “finished” water is often pumped to a service reservoir from which it
is distributed through a pipe network. In the UK, the two main sections of the DWDS
infrastructure are the trunk mains and district management areas (DMAs; Figure 1.1). Trunk
mains run between “facilities” of the network, e.g. from the treatment works to the service
reservoir, but have no direct customer connections. DMAs are integrated networks of
distribution pipes, which can be isolated from the rest of the DWDS by valves (Figure 1.1); they

deliver water from local storage or trunk mains to the consumer (Ratnayaka et al., 2009).

Distribution systems are constantly evolving; during expansion or maintenance, pipelines may

be repaired, replaced or redirected, hence the system is composed of pipes of diverse age,
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material, diameter (from centimetres to metres), length and, arguably, efficiency (Boxall et al.,
2007; Ratnayaka et al., 2009; Machell et al., 2009). For instance, in the UK, the majority of the
DWDS (69%) has been in place for at least 30 years or longer (Figure 1.2A), with maximum ages
of a hundred years or more (UKWIR, 2003). A range of materials have been, and still are, used
to construct distribution pipelines (Figure 1.2B) including metals, plastics and cement.
Although the majority of pipelines are iron based, both within the UK and internationally,
polyvinyl chloride (PVC) and high or medium density polyethylene (HDPE/MDPE) are now
steadily replacing older pipes lines (Kerr et al., 1999; UKWIR, 2003; Husband & Boxall, 2010). In
the UK, in particular, many of the pipelines are cast iron lined; the modern approach is to line

the pipes with an epoxy based resin which produces a surface with plastic like properties.
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Figure 1.1 Schematic example of a drinking water system. Source water may be surface or
ground, specific treatment processes vary. Treated water is generally pumped to a service reservoir
from which it is distributed to consumers via the DWDS. 1 Industrial Use: Some industries can be
supplied with grey water, others require microbial free water; 2 Public Use: residential use (with
domestic plumbing), public recreation, street cleaning; SV - Service Valve; FM - Flow Meter; DMA -
District Management Area.
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Figure 1.2 Diversity of ages and materials of pipelines within the DWDS. A) Dates (in years)
between which pipeline was laid, 1860-1870constituete a proportion of 0.11%; B) Materials
comprising the pipelines, 'Iron includes cast, galvanised, spun and grey, 2Polythylene and
3Polyvinylchloride contain various sub groups. Copper, glass reinforced plastic and lead each
accounted for 0.017%, 0.089% and 0.001% respectively, they are not included in the plot as no data
points were visible due to x-axis scale. Values plotted are percentages, taken from UKWIR (2003)
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1.3.2 Hydrodynamics

Demands within the DWDS vary temporally. Diurnal demands differ between weekends and
weekdays where, generally, the domestic peak period is 7-9am, with a second small peak in
the early evening (Figure 1.3) and an overnight stagnation or low flow period. Seasonal
variation also occurs, during dryer months there will be an increased demand for watering
gardens for instance (Ratnayaka et al., 2009). The average flow rate observed in the UK is
0.4 Is™ (for pipes of 75-100 mm internal diameter: ID) but fluctuating demands lead to varied
flow rates (Figure 1.3), velocity, shear stress (Husband et al., 2008) and residence times, i.e.
the time taken for water to reach the consumer from the treatment plant (Kerneis et al., 1995;

Tinker et al., 2009).

Hydrodynamics also vary spatially; at a small scale, water flow is less turbulent in the centre of
a pipeline, nearer the pipe surface diverse velocities are observed and these produce more
turbulent flow in the region adjacent to the wall, this is the boundary layer (Ratnayaka et al.,
2009). Variation in flow rates subsequently alters the boundary layer hydraulics. At a larger
scale, low flows tend to occur in distant sections of the network, dead ends or looped pipelines
(Figure 1.1), which result in a volume of water being “trapped” at a certain point (Walski, 2003;
Ratnayaka et al., 2009). Lower flows mean a greater residence so consumers receive older
water, the quality of which is likely to have deteriorated somewhat (Kerneis et al., 1995;

AWWA, 2002; Machell et al., 2009).

A
<L
=
(]
(o]
et
E Bursts
]
- - - -
E Background :E Communication Pipe Losses
Losses
= \l/ ¢ Distribution Mains Losses
0 ——— Y N — .
L. Minimum
/[ Customer Night Use Night Flow
A4 >

Figure 1.3 Schematic example of diurnal variation in flow rate. Not all the water transmitted is
delivered to the consumer due to unavoidable background losses or periodic bursts. N.B. vertical
scale is exaggerated.
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1.3.3 Water quality: organics/inorganics

No treatment currently exists that can completely remove all organic matter and chemical
particles from potable water, which is an unrealistic and, arguably, unnecessary demand. Even
with modern engineering and purification techniques, there is no way of controlling all of the
variables that govern the fate of water composition as it passes through a water treatment
works and the subsequent DWDS (Ratnayaka et al., 2009). The exact composition of drinking
water varies on a global, local and temporal scale (e.g. Figure 1.4). Hence water quality is
impacted by the source water origin (which may be surface or ground), treatment processes
(in terms of both the removal and addition of organisms or particles), residence times and
abiotic and biotic factors of the distribution pipelines (Covert et al., 1999; Boxall et al., 2007,
Machell et al., 2009; Ratnayaka et al., 2009).
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Figure 1.4 An example of temporal variation in water quality properties. (Based on data
presented in Husband et al, 2008).

Water treatment does reduce the amount of suspended material (both organics and
inorganics) but safe, clean drinking water is not strictly “pure”; it contains very low
concentrations of soluble and particulate material including organic matter, minerals such as
iron and manganese, disinfectant residuals and microbial cells (Doggett, 2000; Hoefel et al.,
2003; Rinta-Kanto et al., 2004; Machell et al., 2009). A certain concentration of these water
constituents (and thus some variation in water composition and quality) is tolerated as long as
this does not cause a risk to the consumer (Ratnayaka et al., 2009). Consequently, legislation
regarding the acceptable concentrations of inorganic and organic compounds, in addition to

microbiological parameters, have been established by governing bodies such as the World
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Health Organisation (WHQ), European Union (EU), UK Drinking Water Inspectorate (DWI) and
US Environmental Protection Agency (EPA), in order to control the quality of distributed water
(EU, 1998; DWI, 2008; Ratnayaka et al., 2009). An example of some of the drinking water

quality controls as stated by these different governing agencies is provided in Table 1.1.

It is noteworthy that the guidelines, particularly the microbiological guidelines, and the
methods employed to enforce them, have substantial limitations; primarily there is no
international consensus on the site of or frequency of sample collection and variation exists in
the quality standards which must be met (Table 1.1). Additionally, the monitoring of
microbiological parameters remains heavily reliant on culture-based enumeration of
planktonic bacteria (often specifically limited to indicator organisms), which greatly
underestimates cell concentrations (Chung et al., 1998; Berney et al., 2008; Hammes, et al.,
2008), sometimes by an order of magnitude (“the great plate count anomaly”; Staley &
Konopka, 1985). Furthermore, this approach gives no regard to the biofilm microbial
communities (Williams & Braun-Howland 2003; Kormas et al., 2010) and yet the degradation
of water quality during transmission through DWDS is thought to be caused, in part, by
microbial activity at the pipe-bulk water interface, i.e. by biofilms (Menaia & Mesquita, 2004;

Husband et al., 2008).

The microbially accessible organics in the DWDS are collectively termed biodegradable organic
matter (BOM), generally represented by the assimible organic carbon (AOC) and the bio-
available dissolved organic carbon (BDOC; Batté et al., 2003). AOC is utilised by microbes and
has been reported at levels of 3-500 ug I, ordinarily comprising 0.1-9% of the total organic
carbon (TOC) in drinking water (Camper et al., 1991; van der Kooij, 1992; Vaerewijck et al.,
2005). Organics in DWDS may be influenced by source water and treatment train, the
microbial load of the network (cells contribute carbon) and the production of disinfectant by
products (DBPs) which provide a proportion of AOC (LeChevallier et al., 1991; van der Kooij,
1992; Escobar et al., 2001). It should also be recognised that DBPs have been documented to
present a potential health risk to consumers in some instances (Abdullah et al., 2009; Ristoiu et

al., 2009; Wei et al., 2010).
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Table 1.1 Examples of drinking water guidelines stated by various governing bodies. Data
collated from EU,1998; WHO, 2004; 2011; DWI 2007; 2008; US EPA, 2009; Ratnayaka et al., 2009.

WHO Guidelines, US EPA Regulations

Parameter 3" & 4th™ Editions, EC Dli;egcstive, UK Water Supply  under Safe Drinking
(2004 & 2011) Water Act 1996.
Arsenic (As) 0.01 mg I 5ug " 5ug I 0.006 mg "
Ammonia (NH,) - 0.50 mg I" 0.50 mg " -
Chloramines (Cl,) (max) 3 mg I - - 4 mg e
Chlorate (ClO3) 0.7 mg I - 0.7 mg I -¢
Chlorine (Cl,) (max) 5 mg I - “detectable” “detectable” - 4 mg I
Copper (Cu) 2mgl? 2mgl? 2mgl? 1.3mgl™
Fluoride (F) 1.5mg I 1.5mg I 1.5mg " 4 mg "
Iron (Fe) 03mgl! 200 pg I*® 200 pg I 03mgl*"
Lead 0.01mgl” 25 g I''© 25 ug '€ 0.015mg I
Manganese (Mn) 0.4 mg I 50 ug e 50 ug " 0.05 mg [t
Nitrate 50 mg I"asNO; 50 mg I"as NO; 50 mg I as NO; 10 mg ™ as N
Nitrite 3mg "asNO, 0.5 mg " asNO, 0.5 mg I as NO, 1mgltasN
pH - >6.5and <9.5 6.5-9.5 6.5-8.5
Sodium (Na) 200 mg I 200 mg I 200 mg I -
Sulphate 250 mg I 250 mg I 250 mg I 250 mg I*"!
Total Organic Carbon i No abnormal No abnormal Varies with treatment
(TOC) change change technique
Turbidity 5NTU 1-4 NTU ® 1-4 NTU ® 5NTU'
Colonies/ml at 22°C* i No abnorr?al No abnorr?al .
change change Requirement for surface
A No abnormal water <500 colonies/ml

Colonies/ml at 37°C - - E
change

Requirement for surface
Total coliforms - 0/100 ml 0/100 ml water, max contaminant
level (MCL) <5%

Escherichia coli* 0/100 ml 0/100 ml 0/100 ml

AWHO and UK microbial guidelines are for water entering, within and leaving the DWDS, EC guidelines are for
endpoint water (i.e. water emerging from taps), US EPA regulations are for representative sites along the
DWDS; BAs stated in 1980 drinking water directive and now set as a national standard; ¢ 10 pg I'! from 25t
December 2013, EC states this concentration should be the weekly average; P Max values, water leaving a
treatment plant must be < 1 NTU, end point water < 4 NTU; E Indicator parameter; F 95% of the last 50 samples
taken must meet the standard; ¢ Usually present as a DBP, therefore encompassed by the DBP rule in the US;
HAs stated in the US EPA list of national secondary drinking water regulations, these are recommendations,
they are not binding; ! If direct filtering is used then turbidity must not exceed 1 NTU.

1.3.4 Microbial management

The efficiency of current microbial control strategies - namely disinfection and “flushing”
(though air scouring, pigging, swabbing or scraping may also be employed) — in managing
biofilm formation is uncertain, mainly because of a lack of understanding regarding the
architecture and chemical properties of the biofilm (Abe et al., 2012). Flushing programmes,

which use high flow rates to force material off the pipe walls, are often applied, in conjunction
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with high disinfection concentrations, to clean the DWDS network. However, these cleaning
programmes are inefficient and disruptive — large volumes of water are used, the elevation of
mobilised material may cause an increase in compliance failures and some biofilms remain
attached regardless. In the Netherlands, a velocity with a daily peak of > 0.4 ms™ (~2 Is-}),
irrespective of pipe diameter, is maintained with a view to preventing particles from settling
and, therefore, “self-cleaning” the system (Vreeburg et al., 2009). It has been suggested that
this velocity is sufficient to resuspend material that may have accumulated during low flows
and remove it before large quantities of material can accumulate. However, some biofilms are
able to resist detachment and microorganisms can re-colonise a surface within a few hours,
posing a potentially unrelenting risk to the water quality (Mackay et al., 1998; Abe et al., 2012)

if they are able to resist these velocities.

Many DWDS supply chemically disinfected water, which retains residuals of a biocide agent; in
the USA, Japan, the UK and various other European countries chlorine (Cl) or chloramines
(NH,Cl or NHCI,) are generally retained in finished water (90% of the time; Euro Chlor, 2006) to
limit regrowth and contamination risk during distribution (Ratnayaka et al., 2009; Ohkouchi et
al., 2013). The current WHO guidelines for chlorine concentration recommended a biocide
residual of no greater than 5 mgl™, although in reality most disinfected drinking waters have

concentrations of 0.2-1 mgl'1 (Table 1.1; DWI PRO4a, 2004).

Physical disinfection such as ozonation or UV may be employed as an alternative to (or in
conjunction with) chemical disinfection (Uhl et al., 2001; Hageskal et al., 2007). However,
physical agents have no residual action, which can leave the DWDS susceptible to
recolonisation (Hoefel et al., 2003; Hammes, et al., 2008). A number of utilities in countries
such as Norway (~25%) and Germany (~50%) have no disinfection phase at all; those that do
include disinfection tend to use UV radiation (Uhl et al., 2001; Hageskal et al., 2007). The
Netherlands and Switzerland, aim towards producing high-quality drinking water via
implementation of alternative methods to disinfection (Hammes, et al., 2008) such as ultra-
filtration or reverse osmosis (Kruithof et al., 2001), which primarily control growth limiting
substrates. This is in response to customers’ preference for drinking water without a chlorine
residual, due to the taste and DBPs that can develop (Uhl et al., 2001). The arguments for
alternative treatments which would enhance the chemical quality of drinking water remain
quite compelling, particularly as, irrespective of the disinfection process(es) applied,
microorganisms prevail in DWDS (Hoefel et al., 2003; Rinta-Kanto et al., 2004; Hammes et al.,

2006; 2008; White et al., 2011; and others).
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1.3.5 Environmental parameters

Environmental parameters such as temperature, pH (Vroom et al., 1999), turbidity (Lehtola et
al., 2007) and oxygen (Jacob et al., 1998; Vaerewijck et al., 2005) vary temporally and spatially
throughout a network and between systems (LeChevallier et al., 1996). Due to the complex
interactions occurring within the DWDS, a change in one parameter can have a substantial
effect on another. For instance, temperature or pH can impact the disinfection efficiency of
chlorine. Keevil et al. (1990) report that biocide activity rapidly decreases in alkali conditions
such that, at pH 8, a threefold increase in chlorine concentration is necessary to retain the
disinfection activity seen at neutral conditions. The influences of temperature have been
thought to be greatest in above ground water storage units, as buried pipes are surrounded by
material which experiences little thermal variation, but the water temperature within DWDS
has been shown to vary throughout the year. Husband et al. (2008) recorded a range of 4-14°C
in UK systems (Figure 1.4) and ranges of 5-22°C were found in 90 US systems (LeChevallier et
al., 1996).

1.4 DWDS Microbiology and the Biofilm System

1.4.1 Microbiota of the pipeline

Imprecise water quality monitoring fuels the misconception that DWDS have low microbial
loads with little diversity (Bartram et al., 2004; Phe et al., 2005; Berney et al., 2008). In reality,
microorganisms, comprising prokaryotes (bacteria and archaea) and eukaryotes (fungi and
protozoa) remain autochthonous in drinking water (Vaerewijck et al., 2005; Denkhaus et al.,
2007; White et al., 2011). Several bacteria, fungi and protozoa have been identified in the
course of DWDS microbial studies worldwide (see Table 1.2 for examples). Conversely, there is
a paucity of research regarding archaea in DWDS which reflects the fact that researchers rarely
seek to detect, identify or isolate these microbes post water treatment. Occasionally small
invertebrates have even been found in drinking water supplies (both in iron and plastic
pipelines and storage tanks), particularly where a ground water source is used and no
chlorination has been employed (van Lieverloo et al., 2004; Christensen et al., 2011). It is
thought that the microbial biofilms may serve as a nutrient supply for these larger organisms.
Despite this diversity in the microbiota, water quality checks focus solely on bacteria (Otterholt
& Charnock, 2011), with the exception of Swedish regulations which include fungi and state

that concentrations must be < 100 CFU per 100ml (Hageskal et al., 2007).
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Table 1.2 Examples of microorganisms isolated and identified in the course of drinking water research.

Domain Kingdom Phylum Class/Order Genus Species References

. Agrobacteria -
o- Proteobacteria g

— Sphingamonas - LeChevallier et al., 1987; Kalmbach et
o- Proteobacteria/rhizobiales - - al,, 1997; Flemming et al., 2002;
Alcaligenes - Lehtola et al., 2004; Williams et al.,
B- Proteobacteria Burkholderia - 2004; Berney et al., 2008; Yu et al.,
Proteobacteria Thiobacillus - 2010; Revetta et al., 2010; Moritz et
Escherichia E. coli et al, 2011; Gusman et al., 2012; Park
y- Proteobacteria Salmonella S. enterica etal, 2012; Zhang et al., 2012; Liu et
Shigella R al., 2012; Henne et al., 2012; Farkas et
, , , , Campylobacter C. jejuni, C. fetus, C. coli Lautenschlager et al., 2013
Bacteria Bacteria Epsilon- Proteobacteria - -
Helicobacter H. pylori
Arthrobacter i LeChevallier et al., 1987; Falkinham et
. . . . al., 2001; Yu et al., 2010; Revetta et
Actinobacteria Actinomycetales Nocardia - .
Mycobateria M. avium, M. gordonae, M. intracellulare al.., 2010; Whiley et al., 2012; Kormas
Y ' Mg s M et al., 2010; Henne et al., 2012
. , Williams et al., 2004; Eichler et al.,
Bacteriodetes Flavobacterales Flavobacterium - 2006; Yu et al., 2010
Acidobacteria - - - Martiny et al., 2003; 2005; Henne et
Nitrospirae Nitrospira - - al., 2012
CyanobacteriaA - - - Revetta et al., 2010; Henne et al., 2012
Planctomvcetes i i i Martiny et al., 2003; 2005; Revetta et
Y al., 2010; Henne et al., 2012
Euryarchaeota - - -
Archaea Archaea Ling & Liu, 2013
Crenarchaeota - - -
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A Photosynthetic but temporary survival is achieved anaerobically in dark conditions (Richardson & Castenholz, 1987).
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Table 1.2 continued.

Domain Kingdom Phylum Class/Order Genus Species References
Basidomycota Spoidiales Cryptococcus -
Rhodotorula .
- Carson et al., 1978; Arvanitidou et al.,
Saccharomycetes Candida - 1999; Doggett, 2000; Zacheus et al.,
Euroticiles Penicillium P. spinulosum 2001; Géttlich et al., 2002; Gongalves
Aspergillus A. calidoustus et al., 2006; Hageskal et al., 2007;
Stachybotrys S. chartarum Sammon et al., 2010; Hageskal et al.,
Fusarium E. solani 2012; Liu et al., 2012
Trichoderma T. viride
Hypocreales
Funi Arvanitidou et al., 1999; Zacheus et al.,
& A ¢ Acremonium - 2001; Gottlich et al., 2002; Gongalves
somycota et al.,, 2006
. Phialophora P. reptans Zacheus et al., 2001; Géttlich et al.,
Chaetothyriales . . . . -
Eukaryotes Exophiala E. lecanii-corni, E. castellani 2002; Heinrichs et al., 2013a
Zacheus et al. 2001; Poitelon et al.,
Cladosporium C. malorum, C. Cladosporioides 2009; Sammon et al., 2010; Heinrichs
Dothideomycetes etal., 2013a
Alternaria - Heinrichs et al. 2013a
Metamonada Diplomonadida Giardia G. lamblia
Apicomplexa Evococcidiorida Cryptosporidum C. parvum Sibille et al., 1998; Schwartz et al.,
R . Acanthamoeba A. polyphaga 1998; Helmi et al., 2008; Valster et al.,
Protists 2009; Poitelon et al., 2009; Liu et al.,
Ciliophora - - - 2012
Cercozoa - - -
Amoebozoa Tubulinida Hartmannella H. verniformis




1.4.1.1 Bacteria

Internationally, bacteria are the only microorganisms monitored with respect to drinking water
quality, as indicated in Table 1.1. Coliforms are a group of Gram-negative bacteria (including E.
coli) that are used as indicator organisms in the water industry (EU, 1998; Hammes, et al.,
2008; DWI, 2008). They are easy to culture and, if detected, highlight the potential occurrence
of faecal contamination, a major source of microbial pathogens in drinking water (Environment
Agency, 2002). However, scientific studies have found that coliforms can be incorporated into
biofilms where they persist for some time (Camper et al., 1998; Zacheus et al., 2001; Williams
& Braun-Howland, 2003; Banning et al., 2003). This is significant to the water industry as a
breakthrough may be masked if the indicator organisms seek refuge in a biofilm and hence go
undetected. The subsequent release of these microorganisms from the biofilm can
simultaneously inoculate the biofilms downstream with potential pathogens and, incorrectly,

suggest a recent contamination event (Williams & Braun-Howland, 2003).

A plethora of scientific studies have found bacteria to be the most common microorganisms in
potable water, particularly Pseudomonas spp., Nocardia spp., and Sphingomonas spp. (Nagy &
Olson, 1982; LeChevallier et al., 1987; Lehtola et al., 2004). Ultramicrocells, which are reduced
(dwarf or starved) forms of bacteria, have also been isolated from drinking water and shown to
be phylogenetically diverse but dominated by Proteobacteria and Actinobacteria (Silbaq,
2009). However, many of these studies provide a biased view of community composition due
to their use of culture-based analysis methods and focus on the planktonic community. Many
of the species in DWDS are not adapted to the constraints presented by synthetic media
(Falkinham et al., 2001; Connon & Giovannoni, 2002; Hoefel et al., 2003). For instance, the
environmental mycobacteria (EM), Mycobacterium avium, can grow in DWDS but is
notoriously difficult to culture, hence it would not be detected and a false negative would be
recorded (Covert et al., 1999; Falkinham et al., 2001). Consequently, many viable but not
culturable (VBNC) cells potentially remain undetected in DWDS; a VBNC state may even be
induced by the environmental conditions within the pipeline, as shown by Dwidjosiswojo et al.,

(2011).

Research is being increasingly focused on the biofilm community, in conjunction with the
planktonic population which, combined with the use of 16S rRNA genetic analysis or
fluorescence microscopy, has overcome previous biases and is generating a more accurate
identification of the microbial life in our pipelines (Santo Domingo et al., 2003; Williams et al.,

2004; Tokajian et al., 2005; Martiny et al., 2005; Poitelon et al., 2009; Revetta et al., 2010; Yu
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et al., 2010; Douterelo et al., 2013). In line with culture based studies, those that utilise these
new approaches also highlight the dominance of bacteria (Table 1.2) in DWDS. These studies
present evidence of a much greater species diversity than was determined previously, the
largest identifiable component of which is within the phylum Proteobacteria (Williams et al. ,
2004; Vaerewijck et al., 2005; Berney et al., 2008; Zhang et al., 2012; Park et al., 2012;
Lautenschlager et al., 2013; Douterelo et al., 2013), although other bacterial phyla such as
Actinobacteria and Bacteriodetes have also commonly been found (Williams et al., 2005;

Eichler et al., 2006; Revetta et al., 2010; Yu et al., 2010).

Proteobacteria have been found to dominate across a range of drinking water samples, states
(planktonic or biofilm, the latter sampled from bench-top scale systems) and environments
(Kalmbach et al., 1997; Williams & Braun-Howland, 2003; Tokajian et al., 2005; Kormas et al.,
2010), regardless of pipe material (Yu et al., 2010), disinfection technique (Santo Domingo et
al., 2003; Williams et al., 2005) or time of sampling (Revetta et al., 2010). This is not to say that
environmental variables do not influence the microbial community. Due to the heterogeneity
of DWDS, the community composition and species diversity are unique to each system and
vary throughout it (Kormas et al., 2010). Generally Alpha (a) -, Beta (B) - and, or Gamma (y) -
proteobacteria are the most common bacterial classes found in drinking water (Williams et al.,
2004;Kormas et al., 2010; Revetta et al., 2010) and biofilm samples (Schwartz et al., 1998;
Tokajian et al., 2005; Yu et al., 2010; Douterelo et al., 2013). Williams & Braun-Howland (2003)
also isolated epsilon-proteobacteria from biofilm samples, whilst Poitelon et al. (2009) found
high numbers of deltaproteobacteria in drinking water originating from three different
treatment plants. While proteobacteria may tend to dominate in DWDS, there remains a wide
variety of taxa present (Table 1.2) and the specific amalgamation of species differs (Poitelon et

al., 2009; Revetta et al., 2010).

Bacteria such as Mycobacteria gordonae, non-pathogenic Escherichia coli and heterotrophic
bacteria can degrade water quality aesthetics and affect DWDS operation (Fass et al., 1996;
Williams & Braun-Howland, 2003; Vaerewijck et al., 2005). However, the majority of bacteria
persisting in the DWDS pose no public health risk and most are harmless. Nevertheless,
pathogenic bacteria such as Helicobacter pylori, Pseudomonas aeruginosa, Campylobacter spp.
and Legionella pneumophila have been isolated from a number of potable samples (Bert et al.,
1998; Ferroni et al., 1998; Mackay et al., 1998; Mah & O’Toole, 2001; Park et al., 2001). The
presence of EM, which are emerging pathogens, is debated in the literature mainly due to the
use of unsuitable isolation or detection techniques (Vaerewijck et al., 2005). Several authors

have, however, irrefutably illustrated the presence of EM (Schwartz et al., 1998; Covert et al.,
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1999; Falkinham et al,, 2001) and the role of the M. avium complex (MAC) as an active
coloniser (Carson et al.,, 1978; Falkinham et al., 2001). Similarly, the bacterial pathogen L.
pneumophila is difficult to isolate from water samples using culture methods so in the past its
incidence has been disputed; however, it has since been accurately identified in samples via
the use of molecular analyses (Fields, 1996; Williams et al., 2004). These species have been
shown to not only persist but proliferate in DWDS, contaminating drinking water in the
process, hence, though rare, there are still incidences of waterborne illness (Ferroni, et al.,
1998; Mah & O'Toole, 2001). Nonetheless, it should be noted that pathogens are likely to be
outcompeted by other cells within the biofilm and so represent a small proportion of the
biofilm community; hence they are unlikely to be released in numbers sufficient to cause a

disease outbreak (Wai et al., 1998; Watnick & Kolter, 2000; Boe-Hansen et al., 2002).

Interestingly, many of the studies using molecular techniques have revealed that a large
number of drinking water isolates (over 57% in some instances) are “difficult to classify”. These
sequences closely match other unclassified sequences originating from potable water, possibly
indicating the existence of novel bacteria adapted to the oligotrophic nature of the DWDS
(Williams et al., 2004; Keinanen-Toivola et al., 2006; Poitelon et al., 2009; Revetta et al., 2010).
The fact that, even when equipped with the modern techniques, the majority of the microbial
world remains unidentified, illustrates the extent of microbial diversity in these systems, the
limitation of culture based analysis (Burtscher et al., 2009) and the under representation of
drinking water sequences in databases (Revetta et al., 2010), which demonstrates the need for
further research in this field. It is also important to appreciate that the majority of drinking
water samples from which bacteria have been isolated or their communities studied, were
obtained from laboratory based studies or the bulk water of DWDS (generally from taps),

neither of which accurately represent the biofilms that develop within the pipeline.

1.4.1.2 Fungi

Research regarding fungi (eukaryotes encompassing moulds and yeasts) within DWDS has
increased in the last decade and they are beginning to be accepted as part of the dri