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Summary

Hand washing is a vital component of any hand hygiene strategy and essential for reducing nosocomial
infections. Paradoxically, hand washbasins have been identified as reservoirs and disseminators of
infection in the healthcare setting. The washbasin U-bend or trap is a pipe fixture located directly below
the drain outlet designed to retain water that acts as a seal preventing sewer gases entering buildings from
wastewater pipes. However, the water in U-bends frequently stagnates, facilitating the formation of
biofilms. This reservoir of infection is increasingly being associated directly or indirectly with hospital
outbreaks of infection, including those caused by Pseudomonas aeruginosa. To date, all previous
approaches to decontaminate U-bends have been ineffective in the long-term, potentially hazardous to
staff, toxic to the downstream environment and/or incur high running costs.

The primary aim of the research described in this thesis was to develop an automated system for
simultaneously decontaminating multiple washbasin U-bends and associated proximal wastewater pipes
in the setting of the Dublin Dental University Hospital (DDUH) Accident & Emergency Department
(A&E) by sequential treatment with electrochemically activated solutions (ECAs) generated from brine.
Proof of concept of this approach was demonstrated previously using two ECAs (catholyte and anolyte)
with a single washbasin located in a staff bathroom in DDUH. Catholyte, which is predominantly
composed of sodium hydroxide and has detergent properties, was used first to disrupt and loosen organic
material. Secondly, anolyte, which is predominantly composed of hypochlorous acid and is a powerful
disinfectant, was used to decontaminate washbasin pipework. A programmable system was developed
whereby 10 identical washbasins, U-bends and associated pipework in A&E underwent automated
sequential 10 min treatments with the ECAs. The incorporation of a valve downstream of the U-bends
permitted retro-filling and retention of the solutions upstream of the valve into each washbasin, increasing
the active contact area. Six untreated washbasins were selected as controls from non-clinical areas of
DDUH fitted with identical U-bends to those in A&E. This initial phase of the study (Chapter 3)
investigated the efficacy of the ECA decontamination approach on the bacterial bioburden in A&E U-
bends, monitored over a period 5 months and 62 decontamination cycles, both immediately following and
24 h after treatment. Bacterial counts in U-bends were determined by swab sampling of treated and
untreated U-bends, facilitated by sampling ports incorporated in the U-bends. Quantitative bacterial
counts were determined on Columbia blood agar (CBA), Reasoner’s 2A agar (R2A) and Pseudomonas
aeruginosa Selective Agar (PSCN). The average bacterial densities recovered from samples (n = 372)
from the six-untreated control U-bends during the study period on CBA, R2A and PSCN were 2 x 10° (+
4x10%,3.3x10° (£ 1.1 x 10%) and 2.7 x 10* (= 1.2 x 10°) colony forming units (CFU)/swab, respectively.
The corresponding average bacterial counts from samples (n = 620) from the 10 ECA-treated A&E U-
bends immediately after decontamination were significantly lower at 73.4 (£ 258.2), 122.5 (£ 371.3), and
15.3 (£ 184.5) CFU/swab, respectively. The average bacterial counts from ECA-treated U-bends
compared to the control U-bends displayed a >3 log difference and were highly significant (P <0.0001).
The microbial populations present in ECA-treated and control U-bends were also monitored, where P.
aeruginosa predominated in each case. The average P. aeruginosa density within control U-bends during
the study period was significantly (P <0.0001) greater (2.7 x 10* verses 15.3 CFU/swab, respectively)
than treated U-bends immediately after decontamination.

Following the success of the first phase of research (Chapter 3), the next phase of research (Chapter 4)
investigated the efficacy of the ECA decontamination approach in the A&E over a longer period (52
weeks and 156 decontamination cycles), immediately following-, 24 h after- and 48 h after- ECA
treatment. In contrast to the initial study phase, the 10-control washbasin U-bends used in the second
study phase were located in Clinic 2 in DDUH. The washbasins, U-bends and wastewater pipework in
Clinic 2 were identical to A&E and both clinics had similar daily use. In this second phase study, the
average bacterial counts from the 10 ECA-treated U-bends following treatment relative to the 10 control
U-bends showed a >4.4 log, >4.1 log and a>3.3 log reduction in bacterial counts on all media immediately
after-, 24 h after- and 48 h after-ECA treatment, respectively. The results of both studies demonstrated



that automated decontamination of washbasin U-bends with ECA solution was consistently effective at
minimising bacterial contamination in the long-term.

The second aim of this thesis was to investigate the bacterial communities present in washbasin U-bends
and the associated wastewater pipe network in DDUH. These communities were investigated using a
culture-based approach (selection on CBA agar and identification by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry [MALDI-TOF-MS] analysis) and a culture
independent approach (Illumina high throughput 16S rRNA amplicon sequencing). Representative
colonies, based on colony morphology, were recovered from the 10 treated A&E U-bends over a five-
week period during the second phase of ECA decontamination (Chapter 4) and from the 10 non-treated
Clinic 2 U-bends over two time points. MALDI-TOF-MS analysis revealed that P. aeruginosa
predominated in both ECA-treated and control U-bends. Using the culture independent approach, the
bacterial communities in non-treated U-bends (n = 14) and wastewater pipe locations (n = 2) were
investigated, where a median number of 421 genera (range 291 — 573) were identified per sample. The
family Pseudomonadaceae and the genus Pseudomonas was present in every location sampled, the latter
accounting for >10% of the relative genera in 5/16 samples. A large variance in the relative abundance of
the genus Pseudomonas throughout the wastewater system (0.03% — 50.4%) was observed. These data
showed that more diverse bacterial populations exist in the wastewater network than are evident by
conventional culture-based approaches.

The third aim of the thesis (Chapter 5) was to investigate trafficking of potentially pathogenic bacteria
via U-bends and the wastewater pipe network in DDUH. Pseudomonas aeruginosa was used as a marker
organism for this work as it is ubiquitous in U-bends. The relatedness of P. aeruginosa isolates from U-
bends and wastewater pipe locations throughout DDUH was investigated by whole genome sequencing
(WGS) and subsequent single nucleotide variant (SNV) and whole genome multi-locus sequencing typing
(wgMLST) analyses. A total of 99 P. aeruginosa isolates were investigated from 25 U-bends in five
locations (10 in Clinic 2, 10 in A&E and five in three other locations) and two wastewater pipe locations.
Eleven sequence types (STs) were identified: ST179, ST560, ST298, ST308, ST27, ST252, ST773,
ST296, ST253, ST309, and ST606. Twenty-one additional isolates were included as comparators
including isolates from U-bends in two other Irish hospitals, dental chair water reservoirs, dental suction
systems, and two reference strains. Isolates belonging to ST560 (n =27) and ST179 (n = 34) predominated
throughout the wastewater network in DDUH and isolates within each of these STs were highly related
regardless of source. ST179 isolates were recovered from Clinic 2, A&E, a separate clinic (Clinic 1) and
a third-floor staff bathroom between January 2017 — November 2019. ST560 isolates were recovered
from Clinic 2, A&E, another non clinical location in DDUH and the point of discharge wastewater pipe
common to A&E, Clinic 1 and Clinic 2 between May 2017 — May 2019. Two ST560 clusters were
identified; isolates within Cluster I (25/27) and Cluster I (2/27) exhibited average allelic differences and
SNVs of three and zero, and two and five, respectively. Cluster I was differentiated from Cluster I by 59
SNVs. ST179 isolates exhibited average allelic difference and SNVs of three and 10, respectively.
Washbasin tap samples (n = 80) and mains and washbasin tap water samples (n = 72) consistently failed
to yield P. aeruginosa whereas P. aeruginosa was recovered from all DDUH U-bends included in the
study at some time point. These findings showed the presence of closely related P. aeruginosa isolates in
multiple U-bends and wastewater pipes in diverse locations in DDUH and that they were most likely
spread by trafficking via the wastewater network.

The research presented in this thesis highlights the role washbasin U-bends play in the spread of potential
pathogens in a hospital wastewater network and emphasises the need for effective decontamination
approaches. The ECA decontamination approach developed here effectively and consistently
decontaminated washbasin U-bends and could be scaled to automatically treat hundreds of washbasins.
The system would provide most benefit in hospital units housing vulnerable patient groups. Finally, the
results of the study highlight the power of WGS analysis in revealing hitherto unknown routes
transmission of potential pathogens in the healthcare setting.
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Chapter 1

General Introduction



1.1 Water networks in healthcare facilities

Water networks are an integral part of any healthcare facility. However, over the past three
decades water networks have been increasingly identified as significant reservoirs of
microbial contamination responsible for nosocomial infections (Doring et al, 1991;
Anaissie et al., 2002; Denton et al., 2003; Cholley et al., 2008; Decker and Palmore, 2013;
Blom, 2015; Bloomfield et al., 2015). In Ireland, Irish Water is a state-owned entity
responsible for providing potable, or drinkable, water to the majority of urban and rural
areas, including the water network in Dublin Dental University Hospital (DDUH). Once
potable water passes a building’s perimeter, the quality of water at outlets is affected by a
variety of factors including the condition and cleanliness of the water distribution network,
water flow rates and water stagnation, amongst others. With this, the proprietors of public
buildings are required to maintain the water distribution network to minimise risks to public
health (Environmental Protection Agency Ireland, 2014). At no point in the water
distribution network in healthcare facilities is the water sterile, hence neither are all three
sections comprising the network including: the water supply, water storage and

consumption, and wastewater (Figure 1.1) (Hanlin and Myers, 2018).

1.1.1 Water supply

Water in healthcare facilities is generally considered to be safe due to the assumption that
water delivered to the facilities is of an acceptable quality. Large quantities of safe water are
required by healthcare institutions such as hospitals. This water is required for drinking, hand
washing, routine cleaning, flushing toilets, showers, and for special purposes such as steam
sterilisation, washer-disinfection, hydrotherapy, haemodialysis, amongst others. Some
aspects of the supply water require special treatment, including treatment of water by reverse
osmosis for water provided to steam sterilisers and water used in dialysis clinics owing to
the potential presence of bacterial endotoxins that may cause pyrogenic reactions in humans
(Centers for Disease Control and Prevention, 2003). Direct connections from municipal
mains supplies are required to provide drinking water of potable standards. Potable water is
water deemed suitable for human consumption based on set microbiological, chemical and
physical quality parameters (European Union Drinking Water Regulations 2014, SI
2014/122). These include biological limits of 0 colonies per 100 ml detection of Clostridium
perfringens, Escherichia coli, Enterococci spp., and any detection of Cryptosporidium and
total coliforms in a drinking water sample is regarded as an exceedance of the acceptable

limit.



Water distribution networks in healthcare facilities

Immediate use potable water
Used for drinking water

Supplied potable

water EEEEEEEI

Use in bathrooms
Washbasin faucets, toilets and showers

Use in kitchens
Dishwashers, ice machines etc.

Stored water for delayed use

Use in hospital wards
Dialysis water, sluices etc.

Use in dental practices
Dental until water lines, water fountains etc.

Use in laboratories
Eyewash stations, emergency showers etc.

Use in cleaning
Medical devices etc.

Wastewater collection and discharge into sewer

Many more

Figure 1.1 A schematic representation of the water networks in healthcare facilities. The water supplied to the healthcare facility is used either for

immediate or for delayed use, with all the wastewater collected at communal sites for discharge into the municipal sewer system.



The water distribution networks of healthcare facilities are usually composed of a complex
and lengthy system of water supply pipes (both hot and cold), water storage tanks, calorifers,
pumps and valves (Blom, 2015; Bloomfield et al., 2015; Bédard et al., 2016). A number of
preventive measures for minimising microbial proliferation in plumbing systems include the
eradication of sections of pipe that promote the stagnation of water, also known as dead
legs,adequate thermal controls on hot and cold water supply networks (i.e., cold water should
be circulated at <20°C and hot water at approximately 55°C) and reducing opportunities for
water stagnation (Health Protection Surveillance Centre, 2009, 2015). In 2012, it was
estimated that approximately 40,000 infections per annum, costing $970 million, in the
United States were caused by bacterial pathogens prevalent in building’s plumbing networks
(Collier et al., 2012). One of the main ways to mitigate the risk of acquiring nosocomial
infections from the water supply to high-risk populations (i.e., the immunocompromised,
neonates and high-dependency patients) in healthcare facilities is to use water supplied from
local public mains water only (Bloomfield et al., 2015). Local public mains water is regularly

monitored and the results are reported to governing bodies and external auditors.

While water treatment plants can operate slightly differently, there are eight basic steps that
are generally used to produce potable water: abstraction of water mainly from surface water
locations, screening, coagulation, flocculation, settlement, filtration, chlorine disinfection,

and finally storage (http://www.dublincity.ie/main-menu-services-water-waste-and-

environment-your-drinking-water-managing-our-water-supplies/how-1). The

characteristics for water supply distributed from the municipal source are based on the
reliability of the source, source characteristics, water pressure and quantity, temperature, pH,
hardness, total organic carbon and dissolved organic carbon, trihalomethanes, nitrates,

turbidity, and chlorine residuals (Health Protection Surveillance Centre, 2015)

1.1.2 Water storage and consumption

Water in healthcare facilities is essential for care activities and consumption. The water used
in hospitals has been estimated to account for 7% of the total water use in commercial and
institutional facilities in the United States (Enviornmental Protection Agency United States,
2012). In Ireland, the Health Service Executive (HSE) is one of the largest users of water
spending €8 million per annum to supply water to over 2500 sites (GreenHealthcare, 2016).
Water is supplied not only for immediate use, but also for storage. The water supply to
toilets, showers, sinks and hand washbasins in hospitals usually comes from water storage

tanks. Water storage is necessary in every healthcare facility to reliably meet the demands

4



for water at high-use times such as the morning hours or lunchtime hours. Likewise, water
storage is necessary to serve the needs of the communities regardless of water interruptions
or outages. The zoning of water distribution networks in healthcare facilities can mitigate
the risk of complete facility outages in incidences such as when pipes breakages occur.
Underutilisation of stored water and in situations where the tank storage capacity exceeds
demand, stagnation occurs providing ideal conditions for microbial proliferation (Decker

and Palmore, 2013; Bloomfield et al., 2015).

1.1.3 Wastewater

All buildings including hospitals and other healthcare facilities are equipped with a
wastewater network that collects water from a variety of fixtures including sinks,
washbasins, showers, baths and toilets. This wastewater network discharges wastewater into
the municipal sewerage system. Larger buildings, such as hospitals, usually contain large,
complex and intricate wastewater networks. These wastewater pipes are constantly moist
and often contain sludge and sediment, which are conditions that are ideal for microbial
proliferation (Dancer, 2014). The wastewater pipe networks are exposed to the hospital
environment in areas utilised by both patients and staff throughout healthcare facilities at
hand washbasins, sink drains, and shower drains. Hospital wastewater pipework in
particular, often consists of a lattice of many different types of pipe fittings and materials,
modified over time to service the ever-changing nature of the healthcare environment. Most
of the wastewater infrastructure is concealed behind walls, ceilings, and floors and once
installed is generally considered safe and not requiring routine maintenance (Blom, 2015;

Bloomfield et al., 2015).

Wastewater networks of most healthcare facilities discharge wastewater into the municipal
sewerage systems. As shown in Figure 1.1, water is distributed at multiple sites throughout
the healthcare facility but all discharge through the same wastewater pipe network. In
hospitals, these include wastewater pipes from a wide variety of locations and specialities
including bathrooms, kitchens wards, cleaning areas, wards etc.. The concealed wastewater
pipe network are open conduits to the hospital patient environment, which can remain
underutilised, damp and containing residual discharged organic matter ideal for microbial
proliferation. When wastewater is generated in healthcare facilities, the wastewater pipes
deliver the effluent into a wastewater sewerage system to be transferred to wastewater
treatment plants. It is important to note that surface water and storm water runoff are not

included in this effluent. While rural establishments may utilise septic tanks for wastewater



treatment, most urban facilities utilise wastewater treatment plants. However, this approach
is not always sufficient; a report by the Environmental Protection Agency Ireland in 2017
reported wastewater treatment at 28 of Ireland’s 179 large urban areas failed to meet
European Union Standards (Environmental Protection Agency Ireland, 2017). Likewise, in
low-income countries it has been estimated that more than 90% of all wastewater is
discharged untreated directly into waterways (Corcoran, 2010; World Health Organization,
2014). The discharged water from healthcare facilities often contains large quantities of
active pharmaceuticals such as antibiotics, antimicrobial agents and/or disinfectants released
into the wastewater system by human excretion or disposal (Fuentefria e al., 2011; Slekovec
et al., 2012; Mir-Tutusaus et al., 2017). Untreated or partially treated wastewater constitutes
a risk to human health due to contamination of treated systems and/or the release of
antimicrobial agent resistant organisms into the environment. Increased levels of resistant
organisms in the environment may lead to the uptake of resistance genes and increase the
prevalence of multidrug resistant potential pathogens. For example, the Gram-negative
environmental bacterium Pseudomonas aeruginosa has been detected in higher
concentrations in hospital wastewater than in urban wastewater and as a consequence, so has
antibiotic resistant P. aeruginosa (Hocquet et al., 2016). With this knowledge, there is a
responsibility on healthcare facilities to effectively manage, monitor and reduce the

microbial burden in hospital wastewater prior to discharge into the municipal sewers.

1.2  Washbasin U-bends as reservoirs of microbial contamination

1.2.1 Handwash stations

Hand hygiene is recognised as the single most important intervention for preventing
infection in healthcare facilities (Dancer, 2014). Hand washing is a vital component of
effective infection prevention and control (IPC) strategies, and hand washbasins are usually
incorporated into almost every hospital ward and patient room. Healthcare associated
infections (HAIs) can be caused by the dispersal of potentially pathogenic bacteria from
washbasin drain outlets if the tap water flow directly impacts the drain outlet causing splash
back and/or aerosolisation of microorganisms (Kramer et al., 2006; Starlander and Melhus,
2012). The splash zone relates to the surfaces around the sink drain outlet, which may
become contaminated by droplets dispersed by the impact of water from the faucet (Kotay
et al., 2019; Franco et al., 2020). Surface contamination of washbasins stemming from the
washbasin drain outlets is a public health problem, especially due to the fact that HAIs are a

significant cause of morbidity and mortality worldwide (Kizny-Gordon et al., 2017,
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Montagna et al., 2019). The principal routes of infection by waterborne microorganisms are
by inhalation of contaminated aerosols, by aspiration of contamination water into the lungs
and skin contact when hand washing, bathing in showers and baths, and in the use of toilets
(World Health Organization, 2012). The transmission of contaminated water from
washbasins within handwash stations can occur by the contamination of the upstream water
supply, contamination linked to biofilm formation within tap fittings, contamination from

the washbasin bowl or splash back from contaminated drains and associated pipework.

During the last decade, IPC strategies in healthcare facilities have focused attention on the
design of hospital handwash stations (Department of Health UK, 2013). Washbasins used in
modern hospitals generally differ from the domestic pattern (DP) washbasins that are in
general use elsewhere (Figure 1.2). In DP washbasins, the drain outlet is frequently located
directly below the tap water flow. DP washbasins usually are fitted with a stopper or plug in
the floor of the washbasin to retain water and also usually have an overflow outlet located
in the back wall of the washbasin. The overflow outlet is connected to the U-bend below the
washbasin by a ceramic tube. This area is concealed from washbasin decontamination
approaches, is usually damp and therefore routinely harbours biofilm. In hospital pattern
(HP) washbasins, the drain outlet is offset so that it is not directly impacted by tap water
when water is flowing. Furthermore, HP washbasins do not have an overflow outlet and are
not fitted with plugs or stoppers. HP design reduces the incidence of splash back from drain
outlets and the removal of overflows reduces the surface area where biofilm can develop.
The water in U-bend traps located directly beneath washbasin drain outlets is frequently
stagnant encouraging the formation of microbial biofilm (Dancer, 2014). Washbasin U-bend
biofilms are usually composed of a wide variety of bacterial species, but Gram-negative
species such as P. aeruginosa and related species are of particular importance (Hota et al.,

2009; Breathnach et al., 2012; Leitner et al., 2015; Stjarne Aspelund et al., 2016).

1.2.2 Recognition of washbasins as reservoirs of infection

Handwash station were internationally acknowledged as reservoirs of infection following an
outbreak of P. aeruginosa from contaminated taps in Northern Irish neonatal units in 2011,
which resulted in several infant fatalities (Regulation and Quality Improvement Authority,
2012; Wise, 2012; Walker et al, 2014). Prior to this event, washbasins were often
overlooked as potential reservoirs of contamination responsible for nosocomial infection.

Investigation into the incident identified complex flow straighteners on taps as a source of
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Figure 1.2 Photographs showing examples of a DP and a HP washbasin in DDUH. Panel (a) shows an example of a HP washbasin located in Clinic 2.
The washbasin lacks an overflow outlet, has an offset drain outlet and the tap is operated by a motion sensor indicated by the red arrow. The tap is
equipped with a thermostatic mixing valve and is configured to provide output water at an average temperature of 38°C to prevent scalding. Panel (b)
shows an example of a DP washbasin located in West Clinic. The tap water flow directly impacts the drain outlet and the washbasin has an overflow
outlet. The washbasin is equipped with a manual mixer tap. Tork Extra Mild Liquid Soap (SCA Hygiene Products Ltd., Bedfordshire, UK) (non-
medicated) is the only soap used for handwashing in DDUH.



P. aeruginosa biofilm, and these were identified as the likely source of infection (Walker et
al., 2014). Flow straighteners are incorporated into washbasin taps to regulate and narrow
the flow of water from the tap outlet into the washbasin. The use of variable number tandem
repeat (VNTR) analysis indicated commonality between the P. aeruginosa samples in the
flow straighteners with the isolates recovered from the neonates. Since 2012, numerous
reports of nosocomial outbreaks associated with contaminated washbasin U-bends in
particular have been reported (Breathnach et al., 2012; Stjarne Aspelund et al., 2016;
Kossow et al., 2017).

1.2.3 Washbasin U-bends

Washbasin U-bends, also known as traps, are a fundamental part of plumbing fixtures
including washbasins, sinks, baths, showers and toilets. U-bends function by preventing
sewer gas entering buildings from wastewater pipes. Washbasin and sink U-bends are
situated directly below the drain outlet and consist of shaped pipework designed to retain a
volume of water that acts as a seal against sewer gas (Figure 1.3) (Deasy et al., 2018).
Washbasin U-bends come in a variety of different shapes including S-traps, bottle traps and
the most commonly used P-trap. Washbasin U-bends collect not only the water waste
washed down the drain outlet but any debris, hair, small items and sometimes incorrectly
disposed of antibiotics and other fluids. This liquid waste stagnates in the U-bends when the
plumbing fixtures are not in use, encouraging the growth of biofilm within and above the
retained water section. The microorganisms present in the biofilm in the wastewater U-bend,
drain and associated pipework can contaminate the washbasin and the surrounding
environment, particularly if washbasin tap water flow directly impacts the drain outlet
resulting in splashing and aerosol formation (Breathnach et al., 2012; Kotay et al., 2017;
Deasy et al., 2018). The first report of transmission of P. aeruginosa from a handwash station
was in 1967 (Ferroni et al., 1998). The isolates were pyocin typed, serotyped and phage-
typed and the same strain was identified in a patient and a washbasin trap. While these typing
methods might be considered poorly discriminatory today, more recent reports of infections
associated with contaminated U-bends and drains investigated by more informative typing

approaches have supported the findings of this outbreak.

1.2.4 Antimicrobial agent resistance and biofilm formation in water networks
1.2.4.1 Antimicrobial resistance (AMR)

Antimicrobial resistance is the ability of a microorganism to impede the effects of an
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Figure 1.3 A photograph and schematic of a washbasin U-bend. Panel (a) shows a washbasin U-bend located directly below and connected to the
underside of the washbasin drain outlet. This particular U-bend model is equipped with two sampling ports (McAlpine Plumbing Products, Glasgow,
Scotland). Panel (b) shows a schematic diagram of a cross section of a washbasin U-bend (Coleman et al., 2020). The horizontal dashed line indicates
the junction of the retained water section of the U-bend and air. Microbial biofilm can form at any part of the washbasin U-bend while P. aeruginosa

biofilm primarily forms at the air-water interface.
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antimicrobial agent (such as antibiotics, antivirals, antimalarials and disinfectants)
exhibiting its antimicrobial effect on the microorganism (Prestinaci et al., 2015). Bacterial
species can be intrinsically resistant to antibiotics, can develop resistance by mutation,
and/or can become resistant following the acquisition of antibiotic resistance genes.
Bacterial species can acquire resistance to antimicrobial agents due to selective pressures.
Exposure to antimicrobials at sublethal strengths is a good example of selective pressure
than can affect microorganisms. The reduced functionality or complete ineffectiveness of
therapeutic antimicrobial agents facilitates the progression of infection in treated populations
and increases the risk of transmission throughout healthcare facilities. Washbasin U-bends are
relatively protected locations of high bacterial densities that are ideal for horizontal gene
transfer (HGT) (Sorensen et al., 2005). HGT is the movement of genetic material between
organisms of unrelated generations and can be divided into the following processes:
transduction, transformation and plasmid conjugation or mobilisation. HGT of resistance
genes is central to the ongoing crisis of antimicrobial resistance in clinically important
bacteria (Mathers et al., 2019). While the development of AMR is an evolutionary process
in microorganisms, this process is accelerated by the selective pressures mediated by the
widespread use of antimicrobial agents (World Health Organization, 2018). The spread of
antimicrobial resistance is not limited to healthcare facilities, however owing to the high use of

antimicrobial agents in healthcare facilities, these are areas of high selective pressure for AMR.

1.2.4.2 Biofilm structure

In nature, microbial survival is dependent upon the ability of microorganisms to persist in
biofilms. Biofilms are complex structures where either homogeneous or heterogeneous
microbial communities (i.e., planktonic bacteria, fungi, protozoa and/or amoebae) produce
a complex, sticky, highly hydrated matrix of extracellular polysaccharides (EPS) that
facilities attachment to surfaces (i.e., teeth, intestinal mucosae, rocks, soil, washbasin U-
bends). Biofilms form readily in moist, damp, and relatively protected environments
commencing with the irreversible attachment of microorganisms to a surface. Due to the
protective nature of biofilms, microorganisms found in biofilms exhibit decreased
susceptibility to antimicrobial treatments (e.g. disinfectants, antibiotics etc.) relative to their
planktonic counterparts (Stewart and Costerton, 2001). Biofilms offer protection from
environmental stresses, such as drying and the presence of antimicrobial compounds and
disinfectants, which penetrate poorly into biofilms. In general, Gram-negative bacteria are
adapted to surviving in low osmolarity environments such as washbasin U-bends. This is

due in part to the structure and components of the Gram-negative cell wall containing both
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lipopolysaccharides and porins (Anwar and Choi, 2014). While Gram-positive bacteria are
less adapted to surviving in washbasin U-bends by virtue of the peptidoglycan rich strong

cell wall. Similarly, most fungi colonise drier environments compared to bacteria.

1.4.2.3 Biofilms in washbasin U-bends

Biofilms present in wastewater pipes have been shown to be difficult to eradicate (Cole and
Talmadge, 2019). U-bends are concealed, wet, humid and nutrient rich segments of
pipework where stagnation occurs and routine inspection is limited or non-existent due either
to the inaccessibility of parts for cleaning, or that these areas are perceived as safe. For this
reason, washbasin U-bends and wastewater networks are frequently coated in dense
biofilms. These biofilms consist of organic and inorganic materials that are derived from
both the supply water, the materials and liquids that have been washed down the drain outlet,
and from microorganisms originating in pipework downstream of the washbasin U-bends.
Wastewater pipes are an ideal location for dispersal of mature biofilm, portions of which can
be detached by the impact and flow of wastewater. Biofilm also form rapidly on old
pipework due to the effects of aging on the pipes. Aged pipes are often roughened or
textured, increasing the surface area for biofilm to form. U-bend biofilms are usually
heterogenous communities consisting of a range of opportunistic bacterial pathogens, which
are mainly Gram-negative. These include Pseudomonas spp., Acinetobacter spp., Klebsiella
spp. and Enterobacter spp., all of which can exhibit resistance to the major classes of
clinically relevant antibiotics (Hota et al., 2009; Breathnach et al., 2012; Leitner et al., 2015;
Stjarne Aspelund et al, 2016). Formation of biofilms allows these diverse microbial
communities to resist disinfection and to survive cleaning processes (Muzslay et al., 2017).
A range of microorganisms associated with healthcare facility outbreaks recovered from

washbasin U-bends are summarised in Table 1.1.

1.3 Transmission of microorganisms from wastewater systems

HALIs are infections acquired by patients while being treated in healthcare facilities. HAIs
are an aspect of healthcare services that should be avoided or at least minimised if good
working practices are implemented. While numerous protocols, guidelines and standards
have been established to reduce the occurrence of HAIs, wastewater pipes themselves have
only recently been identified as a contributor to nosocomial infections (Cholley et al., 2008;
Parkes and Hota, 2018; Regev-Yochay et al., 2018). Healthcare facilities include hospitals,

outpatient primary health clinics, dental practices, and long-term care facilities, amongst
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Table 1.1 A range of antimicrobial resistant microorganisms recovered from contaminated

washbasin U-bends that are associated with healthcare facility outbreaks

Organism!

Molecular

methods used for

Antimicrobial

agent resistance

Reference

analysis® status®
Acinetobacter baumani N/A MDR (Landelle et al., 2013)
Klebsiella oxytoca PFGE MDR (Vergara-Lopez et al., 2013)
Klebsiella pneumoniae PFGE CRE (Clarivet et al., 2016)
Klebsiella pneumoniae PCR CRO (Mathers et al., 2018)
Serratia marcescens PFGE CPE (Regev-Yochay et al., 2018)
Polymicrobial CPE PFGE CPE (De Geyter et al., 2017)
Polymicrobial GNB N/A MDR (Shaw et al., 2018)
Pseudomonas aeruginosa ~ VNTR MDR (Guleri et al., 2012)
Pseudomonas aeruginosa ~ RAPD-PCR; MBL (Schneider et al., 2012)

microarray
Pseudomonas aeruginosa ~ PFGE MDR (Gbaguidi-Haore et al., 2018)
Pseudomonas aeruginosa ~ N/A MDR (Kossow et al., 2017)
Pseudomonas aeruginosa ~ PCR MBL (Wendel et al., 2015)
Pseudomonas aeruginosa ~ PFGE N/A (Zhou et al., 2016)
Pseudomonas aeruginosa ~ PFGE MDR (Varin et al., 2017)

' GNB, Gram-negative bacteria, CPE, carbapenemase-producing Enterobacteriaceae.

2N/A, not available; PFGE, pulse-field gel electrophoresis; PCR, Polymerase chain reaction;
RAPD-PCR, random amplification of palindromic DNA; VNTR, variable number tandem

repeat analysis.

3 MDR, multidrug drug-resistant; CRO, carbapenem resistant organisms, MBL, metallo-f3-

lactamases.
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others. The mode of transmission of potentially pathogenic microorganisms from the
wastewater network to hospital staff and patients include: contact, ingestion, aspiration and
inhalation of aerosols (Chinn and Sehulster, 2003). Inadequate cleaning of washbasins can
lead to contact of patients and equipment with microorganisms emerging from the
wastewater drain outlets (Decker and Palmore, 2013; Blom, 2015). Ironically, while
handwashing is the single most effective preventative measure for reducing nosocomial
infections, washing hands in contaminated washbasins may lead to further spread of
microorganisms. Currently, the spread of microorganisms in water is well understood,
however, the spread of potentially pathogenic bacteria from and within plumbing systems
has been less well studied. The movement of microorganisms in wastewater is facilitated by
three main factors: (i) mobility of the microorganism by means of pili and flagella, (ii) the
carriage of microorganism within water being washed down the pipes, and the carriage of
microorganism against gravity due to pressure differences in pipe networks, (iii) air flow in
pipes and the formation of partial vacuums behind discharged water in wastewater pipes
(Gormley et al., 2017). Water flow in pipework is irregular and causes unsteady and
turbulent pressure differences, which can carry microorganisms both up and down the
pipework (Gormley et al., 2017). The water retained in the washbasin U-bend acts as a
barrier preventing microorganisms within the wastewater pipe being carried by air currents

directly into the hospital environment.

1.4 Nosocomial infections associated with washbasin U-bends

A marked increase of reports over the last twenty years have described outbreaks of hospital
infection predominantly caused by Gram-negative bacterial species, associated directly or
indirectly with contaminated washbasin and sink wastewater drain outlets (Hota et al., 2009;
Breathnach et al., 2012; Kizny-Gordon et al., 2017; Hopman et al., 2019; Mombini et al.,
2019; Snitkin, 2019). Many recent reports have highlighted the importance of washbasin and
sink drains as a reservoir for nosocomial transmission of P. aeruginosa and extended-
spectrum beta-lactamase (ESBL) producing and carbapenem-resistant organisms (Kizny-

Gordon et al., 2017), the latter an emerging global health threat.

1.4.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative, aerobic and non-fermenting bacterium that is
commonly found in soil and water. Pseudomonas aeruginosa exhibits nutritional versatility
and its ability to form biofilms plays a pivotal role in its clinical relevance as a pathogen

(Moradali et al., 2017; Valentini et al., 2018). In humans P. aeruginosa is not considered a

14



commensal and exhibits low rates of carriage (Bertrand et al., 2001). However, P.
aeruginosa is described as an opportunistic pathogen causing mild to severe infections

especially in cystic fibrosis patients (Moradali ef al., 2017).

The ability of P. aeruginosa to persist for long periods in biofilms may explain its high rate
of colonisation of wastewater networks (Walker et al., 2014). Pseudomonas aeruginosa
commonly colonises taps, in particular flow straighteners, alongside the washbasin U-bend
and drain outlet. This is due to the fact that these environments are nutrient rich and highly
oxygenated, and biofilms within washbasin U-bends are relatively free from disruption, due
to the nature of the fittings. Pseudomonas aeruginosa thrives primarily in the distal water/air
barrier in wastewater systems, areas such as the washbasin drain outlet extending towards

the washbasin U-bend (Figure 1.2) (Bédard et al., 2016; Hutchins et al., 2017).

1.4.1.1 Pseudomonas aeruginosa genome and population structure

Pseudomonas aeruginosa has a relatively large genome size ranging between 5.2 — 7 Mb
and exhibiting a high GC content of 65% (Tagini and Greub, 2017). The large GC rich
bacterial genome is common for microorganisms that inhabit soil. Pseudomonas aeruginosa
is a naturally competent organism capable of acquiring both genomic and plasmid DNA
(Nolan et al., 2019). Likewise, P. aeruginosa exhibits a remarkable level of genome
plasticity and diversity that is facilitated by both HGT and genome-wide homologous
recombination. Owing to this, multidrug resistant P. aeruginosa has recently been identified
as a serious threat by the Centers for Disease Control and Prevention (Centers for Disease

Control and Prevention, 2019).

The population structure of P. aeruginosa has been revisited many times since the organism
was first described in 1882 (Pirnay et al., 2009). In the early 1990s, P. aeruginosa was first
described as having a panmictic population structure, meaning no genetic mating restrictions
upon the population where all recombination events are equally possible to occur. However,
by the 2000s a study of P. aeruginosa from strains isolated from keratitis and its environment
suggested an epidemic population of highly conserved sequence types worldwide (Lomholt
et al.,2001). By 2004, this classification was revisited, and the population structure was re-
defined as a non-clonal epidemic population, meaning that clinical and environmental
isolates were indistinguishable with no specific clones associated with a specific disease or
habitat selection. However, recent studies have suggested the existence of dominant

epidemic high-risk (EHR) clones (Mulet ef al., 2013; Willmann et al., 2014; Oliver et al.,
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2015; Abdouchakour et al, 2018; Slekovec et al., 2019). The reclassification of the

population structure is indicative of the refinement of bacterial typing methods adopted.

1.4.1.2 Pseudomonas aeruginosa resistance profile

Pseudomonas aeruginosa contains one of the largest bacterial genomes, which encodes an
array of intrinsic resistance mechanisms and can exhibit a diversity of acquired resistance
mechanisms. Pseudomonas aeruginosa exhibits a high level of intrinsic resistance to
antibiotics with the number of multidrug resistant strains increasing worldwide (Pachori et
al.,2019). Intrinsic resistance to antibiotics is due to a wide range of resistance mechanisms.
The three major intrinsic resistance mechanisms include: (a) the loss of porins (such as
OprD2) due to exposure to antibiotics reducing outer membrane permeability, (b) the
expression of AmpC an inducible broad-spectrum beta-lactamase, and (c) the extensive
efflux system (Jayaraman et al., 2010). Due to these mechanisms, P. aeruginosa has been
shown to be intrinsically resistant to beta-lactam and penem group antibiotics (Jayaraman et
al., 2010). The ability of P. aeruginosa to acquire resistance mechanisms through HGT and
mutation has resulted in its developing and/or acquiring resistance to aminoglycosides and
fluoroquinolones (Pachori et al., 2019). Finally, P. aeruginosa can develop resistance to
antibiotics and disinfectants due to continuous exposure to the antimicrobial agents
concerned at sublethal concentrations and overexposure to environmental stresses (Pachori

etal., 2019).

1.4.2 Extended spectrum beta-lactamases (ESBL) and carbapenem resistant
organisms (CROs)

Beta-lactamases are a group of enzymes found in a diversity of bacterial sources that can
enzymatically hydrolyse the beta-lactam ring of beta-lactam antibiotics. These enzymes can
be divided into two categories, those which can perform hydrolyses by the formation of acyl
enzymes with an active-site serine, or can perform hydrolyses with one or two essential zinc
ions in active sites of metallo-B-lactamases (MBLs) (Bush, 2018). Washbasins in intensive
care units (ICUs) have been associated with ESBL-producing Enterobacteriaceae
outbreaks. A study by Roux et al. (2013) found that 30% of the 13 ICUs tested contained
washbasins that were contaminated with ESBL-producing Enterobacteriaceae. The
treatment of severe infections caused by ESBL-producing Enterobacteriaceae has primarily
focused on the administration of carbapenems (Shaikh et al.,, 2015). Recent reports have

increasingly highlighted the importance of wastewater pipework as a reservoir for the
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nosocomial transmission of ESBLs and CROs as an emerging global health threat (Roux et

al., 2013; Kizny-Gordon et al., 2017).

CROs are a group of microorganisms that are increasingly associated with high mortality
and morbidity particularly in healthcare facilities (Goodman ef al., 2019). CROs encompass
both Gram-negative bacterial groups of non-fermenters of lactose (e.g. P. aeruginosa and
Acinetobacter baumannii) and Enterobacteriaceae (e.g. Klebsiella pneumoniae and
Escherichia coli), with inherent and acquired resistance (e.g. KPC and NDM type
carbapenemases, or production of ESBL, or AmpC with porin loss in Enterobacteriaceae).
CROs can be divided into a further three categories based on bacterial family and/or
acquisition of acquired resistance elements such as carbapenemase-producing organisms
(CPOs), carbapenem-resistant Enterobacteriaceae (CRE) and carbapenemase-producing
Enterobacteriaceae (CPE). Carbapenems are a group of beta-lactams that contain a
structural beta-lactam ring in their molecular structure. Carbapenemases are a class of beta-
lactamases, which are enzymes that confer resistance to the majority of beta-lactam
antibiotics. These antibiotics are used to treat multi-drug resistant bacterial infections and
primarily dispensed in hospitals. CROs have emerged relatively recently as a major health
threat in hospitals and the community in many countries, and only a few antimicrobial agents
remain active against these microorganisms (Meletis, 2016). High administration rates of
carbapenems have led to an increase in carbapenem resistance emerging in Gram-negative

bacilli (World Health Organization, 2017).

1.5 Previous approaches to minimise microbial contamination risks

from wastewater networks in healthcare facilities

The establishment of effective decontamination practises is essential for the reduction of
wastewater system associated with HAIs (Hanlin and Myers, 2018). Chlorine-based
disinfection has historically been the most widely adopted decontamination approach for
water and wastewater systems. One of the first documented uses of chlorine disinfection was
in 1897 in the treatment of water facilities in England (Tulchinsky, 2018). However, a range
of disinfectants have been used for wastewater decontamination resulting in varying levels
of success over the last 100 years. Recently there have been growing fears over the potential
toxicity to workers handling these solutions, stability over time, and the downstream effect

on the environment when washed through the system. Concerns surrounding the use of
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biocides in the environment are based on potential long-lasting residual effects in the

environment.

To date, decontamination strategies for contaminated washbasins and washbasin U-bends
have focused around six main approaches: (i) washbasins designed to reduced release of
microorganisms from drain outlets, (ii) conventional disinfection of washbasin and sink
drains, (iii) self-disinfecting sink drains, (iv) ‘water-free’ patient care, (v) the use of
antimicrobial materials, and (vi) replacement of washbasins and U-bends (Schwartz et al.,
1998; Department of Health, 2013; Fusch et al., 2015; Clarivet et al., 2016; Salm et al.,
2016; De Geyter et al., 2017; Livingston et al., 2018). Currently, no single decontamination

approach has proved to be effective in the long term and cost efficient.

1.6 Electrochemically activated solutions (ECAS)

ECAs were first developed in the 1970s by Professor Vitold Bakhir (Bakhir, 1992). ECAs
are produced when diluted saline solution is activated by electrolysis within specially
designed electrolytic cells, whereby a process of chemical change is triggered by an electric
current passing through the solution resulting in the migration of electrolyte ions towards
the negative and positive electrodes (Huang et al., 2008). The input saline solutions are
electrochemically activated by pumping dilute salt solution, otherwise known as brine at 0.5
to 2% (w/v) sodium chloride (NaCl), at a steady rate through the electrolytic cell (Su et al.,
2007). Sodium chloride is the most widely adopted electrolyte in water disinfection and the
electrolysis of sodium chloride solution can produce chlorine, hypochlorous acid,

hydrochloric acid, hypochlorite, chlorine oxide, and chlorate (Cal, 2005).

The flow-through electrolytic module (FEM) cell was first described in 1989. The FEM-3 is
one of the most recent versions that produces ECAs of consistent composition and generates
anolyte at neutral pH (Bakhir and Zadorozhny, 1996). The FEM-3 consists of a set of
electrodes separated by a semi-porous membrane (Figure 1.4). During electrolysis, an
electric current is passed across the cell, which is also provided with dilute brine. The
electrode connects to the positive terminal of the generator known as the anode, and at the
negative terminal known as the cathode. When a current is applied to the cell, the anode attracts
the negative charged ions (anions), and the cathode attracts the positive charged ions (cations).

In keeping with the electrode at which they are produced, the two solutions generated by this
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Flow-through electrolytic module cell
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Figure 1.4 A schematic of an electrolytic cell. A mixture of water and dilute 0.2% sodium chloride solution are passed through an electrolytic
cell. The cell is composed of a set of electrodes separated by a semi-porous membrane and is provided with electrolytic solution for electrolysis.
During electrolysis, negative ions migrate to the anode and the predominant product formed is hypochlorous acid, while positive ions migrate
to the cathode and the predominant product formed is sodium hydroxide. In keeping with the electrode at which they are produced, the two
metastable solutions generated by this process are called anolyte and catholyte. The figure is adapted from Swan, 2017 and the Envirolyte

website (http://www.envirolyte.com/electrochemistry-and-electrolyzed-water.html).
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process are called anolyte and catholyte. These solutions are considered to be produced in a
metastable state where the solutions are in a state of excitation or activation. The semi-porous
membrane separating the electrodes is utilised to inhibit interaction of catholyte and anolyte
that would otherwise interact, severely reducing the efficiency of the anolyte as an oxidant

and the catholyte as an antioxidant.

The production of the anolyte and catholyte solutions is dependent on the configuration of
the semi-porous membrane in the electrolytic cells and the pH at which the solutions are
generated. The catholyte produced in DDUH is an alkaline solution (pH 12) composed
primarily of sodium hydroxide (NaOH). Sodium hydroxide has been used as a detergent for
cleaning and has also been utilised for flocculation, coagulation and neutralising the toxicity
of heavy metals (Bakhir, 1992). The catholyte generated in this study was produced in a
modern ECA generator known as the Qlean-Genie UL-75a ECA generator (Qlean Tech
Enterprises, Mendota Heights, MI, USA) at an oxidation-reduction potential (ORP) of
approximately of —1000 mV. The anolyte solution generated by the Qlean-Genie UL-75a
ECA generator configured as described above has an ORP of approximately +880 mV when
the generator is configured to produce anolyte measured at 800 parts per million (ppm) free
available chlorine (FAC). FAC is defined as the portion of the total residual chlorine not
bound to other compounds (e.g. ammonia) that exists mainly as hypochlorous acid or
hypochlorite ion (OCI") (Taharaguchi et al., 2014). Hypochlorous acid and hypochlorite act
as residual disinfectants, where hypochlorous acid is one of the most effective disinfects
derived from chlorine (Taharaguchi ef al., 2014). Hypochlorous acid can penetrate the
bacterial cell wall, interact with key bacterial enzymes interfering with respiration processes
and is naturally produced by neutrophils in the human body to kill a wide range of pathogens
(Pullar et al., 2000; Su et al., 2007; Taharaguchi et al., 2014). Hypochlorous acid was first
employed during World War I to treat infection and was only surpassed as an antimicrobial
agent by the introduction of antibiotics (Armstrong et al., 2015). The anolyte produced in
this study consists of approximately 632 ppm hypochlorous acid (79%) and 162 ppm
hypochlorite (20.2%) at pH 7.0 (Deasy et al., 2018). The ratios of hypochlorous acid to

hypochlorite within the solution is due to the production of anolyte at a neutral pH.

ECAs, in particular anolyte, have been referred to by many names include electro-chemically
activated waters, electrochemically activated solutions, electrolyzed oxidising (EO) water,
acidic electrolysed water (AEW, AcEW), mixed oxidant (MIOX) solutions, super oxidized
water and redox water (Hata et al., 1996; Selkon et al., 1999; Solovyeva and Dummer, 2000;
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Robinson et al., 2012; Eftekharizadeh et al., 2016; Deasy et al., 2018; Tenzin et al., 2019).
However, it is important to note that ECA solutions can be generated using a range of
equipment containing electrolytic cells, sometimes referred to as ECA solution generators,
and depending on the configuration, the ECAs produced may vary considerably in
composition between different generators. Early ECA generators often produced highly
acidic anolyte, which can be corrosive (O’Donnell ef al., 2009). Despite the variance in the
properties of ECA solutions, the production of ECAs is based on the same principle of

electrolysis of brine in an electrolytic cell.

1.6.1 Application of ECAs

ECAs have been used in three main areas: (i) in the healthcare sector for decontaminating
medical devices, treating infection and dental treatment, (ii) in agricultural sector
decontamination, and (iii) in environmental decontamination. Anolyte has been shown to
display broad-spectrum microbiocidal activity against Staphylococcus aureus, P.
aeruginosa, and vancomycin resistant Enterococcus faecalis, hepatitis B virus (HBV),
human immunodeficiency viruses (HIV), Bacillus atrophaeus spores and Clostridium
difficile spores (Morita et al., 2000; Tagawa et al., 2000; Robinson ef al., 2010). In medicine
and dentistry, ECAs have previously been used for cleaning medical devices and surfaces,
in wound infection prevention and for hand washing (Thorn et al., 2012; Eftekharizadeh et
al., 2016). This is due to the fact ECAs, in particular hypochlorous acid, is microbiocidal but
non-toxic to human tissue (Solovyeva and Dummer, 2000; Boyle et al., 2010; Kamil, 2014).
ECAs have been used for decontaminating root canals, dental implant decontamination, and
in the prevention/treatment of gum disease (Solovyeva and Dummer, 2000; Lata et al., 2016;
McReynolds, 2018; Vo et al., 2019). ECAs have also been used to disinfect wounds, burns
and diabetic foot ulcers (Hadi et al., 2007; Martinez-De Jesus et al., 2007). Secondly, ECAs
have also been used in the agricultural and farming sectors ranging from decontamination of
fruit and vegetables, hydrating fur skins and to remove soluble proteins, carbohydrates and
fatty substances to environmental decontamination on pig farms (Liato et al, 2015;
Danylkovych et al., 2016; Liato et al., 2017; Tenzin et al., 2019). Thirdly, ECAs have been
used successfully in DDUH for decontaminating dental unit waterlines (DUWLs),
associated water networks and water tanks and water provided to hand washbasins and
washbasin taps for over ten years (O’Donnell et al., 2009; Boyle et al., 2010; Boyle et al.,
2012).
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Following the long-term success of residual anolyte treatment of the water networks in
DDUH, interest developed in harnessing both anolyte and catholyte solutions as an enhanced
decontamination approach for heavily bio-fouled pipework. As stated previously,
wastewater networks are not sterile environments, containing both organic and inorganic
materials derived from supply water, from the materials and liquids that have been washed
down the drain outlet, and from microorganisms originating in pipework downstream of the
washbasin U-bends. The use of disinfectants alone is dramatically impeded by high levels
of organic materials in the pipework, known to interfere with disinfection efficacy (Gélinas
and Goulet, 1983). An approach was developed in DDUH to sequentially treat washbasin,
U-bends and associated pipework with catholyte solution to clean the wastewater pipework
by lifting the organic material, and to subsequently use anolyte solution to effectively
disinfect the pipework. This decontamination approach also incorporated valves
downstream of the test washbasins to enable increased contact times between the solutions

and the pipework.

This decontamination approach was first tested in a staff bathroom in DDUH. Swan (2017)
incorporated a manual ball valve in the wastewater pipe 50 cm downstream of the test
washbasin. Catholyte solution was manually poured down the washbasin drain outlet and
the ball valve was closed slowly, releasing any trapped air (Swan, 2017). The solution was
held in situ for 5 min and then voided, by manually opening the ball valve (Swan, 2017).
Once voided, the anolyte solution was poured down the washbasin drain outlet, held in situ
for 5 min, and then voided, completing the decontamination cycle. The biofilms within the
test washbasin and comparator untreated U-bends were monitored by removing the
washbasin U-bends and swab sampling the internal sections. Over a five-week period, the
average bacterial densities on two medias tested (Colombia blood agar [CBA] and Reasoners
2A agar [R2A]) between the control and test washbasin U-bends demonstrated a >4.3 log

reduction in bacterial counts.

Following the proof of principle, Swan et al. (2016) aimed to automate the decontamination
system. The previous test washbasin and associated wastewater network was modified to
include an electronically controlled valve, replacing the manual valve, fitted to the
wastewater pipe downstream of the U-bend (Figure 1.5) (Swan et al., 2016). Two tanks
containing anolyte and catholyte solutions were connected to the wastewater pipe
downstream of the U-bend and upstream of the valve by additional pipework to which dosing

pumps were connected (Figure 1.5). A programmable automated controller managed the
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Figure 1.5 Schematic diagram of the prototype automated washbasin U-bend
decontamination system based on sequential treatment with the ECA solutions catholyte
followed by anolyte developed by Swan et al., 2016. Treatment cycles were initiated by the
programmable process controller. At the start of each cycle the actuator closed the valve on
the wastewater outflow pipe. After a 20 s delay, catholyte was pumped into the pipework
below the washbasin U-bend until the pipework and U-bend were completely filled to a level
a few centimetres above the washbasin wastewater outlet. After 5 min the valve opened and
the catholyte was voided into the wastewater stream. Then the valve closed and after a 20 s
delay anolyte was pumped into the pipework and U-bend and the cycle proceeded as for
catholyte dosing. After 5 min the anolyte was voided into the wastewater stream completing

the decontamination cycle.
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closing and opening of the downstream valve. In contrast to the manual system developed,
the ECAs were backfilled sequentially into the upstream wastewater pipes just covering the
drain outlet in the washbasins. Backfilling of the ECAs permitted total removal of air
pockets, previously limiting the surface exposure of the ECAs to the internal pipework. The
decontamination approach began with the automated controller closing the downstream
valve and initiating dosing of catholyte from the storage tank up through the system and
stopping once the solution was held a few cm above the washbasin drain outlet. The
catholyte solution was held in situ for 5 min and then voided, and the processes was repeated
with anolyte solutions (Figure 1.5). This system was studied over three months, where the
distal wastewater network was decontaminated three times weekly for a total of 35 cycles
(Swan et al., 2016). The biofilms within the test washbasin and comparator untreated U-
bends were monitored by swab sampling the internal sections through a sampling panel
incorporated into the washbasin U-bends. Swab samples were taken immediately following
decontamination and 24 h following decontamination from the test and untreated control
washbasin U-bends. The swab samples were processed and plated on four selected media
(CBA, R2A, P. aeruginosa selective agar [PSCN], and Pseudomonas selective agar [PA]).
The study found the average bacterial density from the three untreated U-bends was >1 X
10> CFU/swab on all media, with P. aeruginosa isolates accounting for up to 50% of the
counts (Swan et al., 2016). The average bacterial bioburden was significantly reduced
following the decontamination cycle, with average counts from the 35 cycles on CBA, R2A,
PSCN and PA of 2.1 £4.5 (P <0.0001), 13.1 £30.1 (P <0.05), 0.7+ 2.8 (P <0.001), and 0
(P <0.05) CFU/swab, respectively (Swan et al., 2016). Following the proof of principle and
development of the automated system, the work carried out in this thesis investigated and
developed a large-scale automated decontamination system in an active healthcare facility

capable of simultaneously decontaminating multiple washbasin U-bends.

1.6.2 The advantages of washbasin U-bend decontamination by automated treatment
with ECAs

One of the main advantages of adopting ECAs to decontaminate washbasin U-bends is
safety. Utilisation of an automated system reduces opportunities for human error, but also
reduces potential adverse effects on cleaning staff. Previously, electrolytic cells produced
anolyte solutions at inconsistent levels of hypochlorous acid and varying pH, alongside the
production of free radicals from electrochemical activation of brine solutions with
potentially produce harmful effects (O’Donnell et al., 2009). However, the FEM-3 used
throughout this project consistently produced anolyte at neutral pH with 79% hypochlorous
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acid and 20.2% hypochlorite, with no recorded toxicity to humans (Boyle et al., 2010).
Likewise, no other harsh chemicals are used, reducing the risk of adverse effects following
accidental contact. There are no toxic waste streams and no special requirements for disposal
as ECA solutions are environmentally friendly and inactivated readily following discharge

in wastewater (Thorn et al., 2012).

Other advantages of the system are that backfilling of the ECAs from the downstream
wastewater pipe into the washbasin reduces the likelihood of air being trapped and ensures
all surfaces are contacted by the solutions during decontamination, that there is no need for
staff so the system can be programmed to activate when washbasins are not in use (i.e. late
at night), and that the electronic valve used to seal the wastewater outflow pipe can be located
at a distance downstream of the washbasins ensuring that distal wastewater pipework is
disinfected, thus further reducing opportunities for re-colonization of U-bends and drain

outlets.

1.6.3 Current limitations associated with ECAs

The main limitation of ECA solutions is the short half-life of anolyte once generated.
Anolyte deteriorates at high temperatures or following exposure to sunlight and cannot be
stored for long periods. Studies have shown anolyte deactivates when exposed to air from
anywhere between 24 — 72 h (Cai, 2005; Robinson et al., 2010). Other studies report activity
of anolyte up to 6 days after activation if stored in cool air-tight conditions (Robinson et al.,
2012). Owing to this, the use of ECA solutions is reliant on purchasing and maintaining an
ECA generator. While there is an obvious limitation with an upfront cost, the limited active
lifespan of anolyte solution reduces potential harmful effects to the downstream environment
and reduces bulk storage of chemicals in healthcare facilities. The short time period between

generation and usage reduces the volume of solutions held for long-term storage.

1.7 Conventional and molecular methods for bacterial identification

Three main bacterial identification methods were adopted throughout the course of this
work. Matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) was utilised in this study to identify bacterial isolates following the culture on
specific media. The two culture-independent approaches used were whole genome

sequencing (WGS) and Illumina 16S rRNA gene sequencing. Each approach offers their
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own advantages and disadvantages, and the selection of typing methods was based on the

desired data outcome.

1.7.1 MALDI-TOF-MS identification

MALDI-TOF-MS technology is a bacterial identification method recognised as the current
clinical laboratory standard for microbial identification in many countries. MALDI-TOF-
MS is an analytical technique that ionises samples into charged molecules and measures the
ratio of mass-to-charge of the ions. In the biological sciences, the main use of MALDI-TOF-
MS is the definitive identification of bacterial species based on ribosomal protein separation

into charged molecules and the ratio of their mass-to-charge (Duncan ef al., 2008).

MALDI-TOF-MS relies on three steps: ionization, ion separation/isolation, and detection.
This approach begins with placing a single bacterial colony on the target plate and mixing
with matrix crystallization solution (Figure 1.6). The matrix solution used depends on the
application of the technique. The most common compound used for the detection of
peptides, smaller proteins, and numerous other compounds is alpha-cyano-4-
hydroxycinnamic acid (Gross, 2006). Matrix crystallization solutions are used in MALDI-
TOF-MS for the dilution of the samples in the initial stages and as a mediator for energy
absolution in later stages. After the matrix solution-sample is dry, an ultraviolet laser heats
the crystallized matrix solution-sample and the proteins within the matrix solution-sample
became ionized (Duncan et al., 2008). These ions are accelerated by a potential difference
that pass through a high-vacuum time of flight (TOF) tube towards the detector (Figure 1.6).
The ions are separated by mass-to-charge and the size of the ions is determined by the time
it takes the ions to hit the detector (Boesl, 2017). The spectral representation of the ions
formed is used to generate an MS profile, which is used for identification of the test organism
by reference to validated libraries. Accepted species are identified based on confidence
values of >99.9 % (Boesl, 2017). The advantages of using MALDI-TOF-MS analysis
include the relatively low costs, ease of interpretation of data, and the relatively fast bacterial
identification times. However, the disadvantages of this technology are that only
microorganisms that can be cultured in the laboratory can be used as the current MALDI-

TOF-MS reference databases are biased towards clinically important microorganisms.

1.7.2 Whole-genome sequencing (WGS)
1.7.2.1 The three generations of WGS technologies
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Figure 1.6 A schematic diagram of bacterial identification by MALDI-TOF-MS. The
bacterial colonies are mixed with the matrix solution on the target plate. The three shapes
(red, green, and purple) represent ribosomal proteins within the matrix solution. Once dry, a
laser heats the solution causing ionization of the proteins, which are accelerated through the
high-vacuum TOF tube towards the detector. The ionized proteins are accelerated by the
potential difference created by the focusing lenses. The ions are separated by mass-to-charge
and the size of the ions is determined by the time it takes the ions to hit the detector resulting
in the generation of MS spectra. Spectra are compared with the validated reference libraries

to achieve identification. The schematic was adapter from Lavigne et al. (2013).
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WGS is the process of determining the complete DNA sequence of an organism at a single
time point. Genomic sequencing has come a long way since the first widely adopted method
was described by Maxam-Gilbert in 1977 (Maxam and Gilbert, 1977). WGS platforms are
currently categorised in three groupings: first generation sequencing that includes Sanger
and Maxam-Gilbert technologies; second generation sequencing or next generation
sequencing (NGS) which includes I[llumina, Ion Torrent, SOLiD and Roche 454 sequencing
platforms; and third generation sequencing including Pacific Biosciences single molecule

real-time (SMRT) technology and Oxford Nanopore technologies (ONTSs).

First generation sequencing were based on either Sanger or Maxam-Gilbert technologies
(Maxam and Gilbert, 1977; Sanger et al., 1977). While both advanced technologies for their
time, only Sanger sequencing is still used in part today. In this technique, a complementary
strand of DNA is produced from the input template DNA using fluorescently-labelled
deoxynucleotides (dNTPs), including dideoxynucleotide triphosphates (ddNTPs) that are
nucleotides lacking a 3'-OH group needed for cDNA elongation (Churko et al., 2013). Once
a ddNTP is added to an elongating DNA strand, the elongation is terminated and generates
DNA fragments of all lengths, and ensures termination of synthesis for every position
(Sanger et al., 1977). The fragments are electrophoresed and a chromatogram is produced
revealing coloured peaks linked to the different nucleotide bases in the DNA sequence
(Churko et al., 2013). Sanger technologies are highly accurate, relatively inexpensive and
yield read sequences of an average of 800 bp (Sanger et al., 1977; Churko et al., 2013;
Quainoo et al., 2017).

Second generation sequencing is currently the most widely used sequencing technology due
to its reduced costs and preparation times, which has facilitated its use in epidemiological
investigations and for the real-time analysis of outbreaks (International Human Genome
Sequencing Consortium, 2004). Illumina second generation sequencing is the most widely
used NGS technology, which will be described below in detail. This technology yields short
read sequences up to 2 x 300 bp at the lowest cost per-base (Roumpeka et al., 2017). Second
generation sequencing technologies are considered high-throughput sequencing as they can

sequence multiple DNA molecules in parallel at the same time (Churko et al., 2013).

Third generation sequencing platforms are sequencing technologies capable of sequencing
single molecule DNA. These technologies produce long read sequences of an average

median length of approximately 10 — 20 kbp, but have been recorded as large as 50 kbp
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(Quainoo et al., 2017; Giani et al., 2020). The two main platforms are Pacific Biosciences
single molecule real-time (SMRT) technology and Oxford Nanopore technologies (ONTSs).
SMRT technology sequencing ligates the strand DNA of the sample to hairpin adaptors,
which in turn bind to an immobilised DNA polymerase on a SMRT cell (Rhoads and Au,
2015). During sequencing fluorescently labelled nucleotides are added to a new DNA strand
and as the strand extends the labels are cleaved emitting a fluorescent signal. This signal is
recorded by a laser beam determining the nucleotide sequence (Rhoads and Au, 2015).
ONTs, in comparison, is referred to as real-time sequencing. ONT measures the changes in
electric current once a single DNA molecule traverses pores in a flow cell (McGinn and Gut,
2013). Current limitations of the third generation sequencing platforms include either the

associated high costs with Pacific BioSciences or the high error rates associated with ONT.

1.7.2.2 The lllumina WGS workflow

The Illumina WGS workflow is based around four basic steps: library preparation, cluster
generation, sequencing, and alignment and data analysis. The library preparation kit used
throughout the research chapters of this thesis was selected for its ability to sequence
genomes of varying sizes and bacterial species. The library preparation kit incorporates
sample DNA into a solution containing bead linked transposome (DNA-BLT) complexes,
where DNA saturates binding sites (Figure 1.7(a)). This DNA-BLT approach fragments
DNA into consistently uniform sizes and adds adaptor tag sequences, a step referred to as
tagmentation (Illumina, 2017). A subsequent PCR step ligates specific index adaptors to
both ends of the DNA fragments enabling sequencing of multiple samples simultaneously
(Figure 1.7(a)). A bead based clean-up prepares samples for library pooling, denaturing and
loading onto reagent cartridges initiating cluster generation and sequencing on the Illumina
MiSeq sequencing platform (Illumina, 2017). Cluster generation occurs on the surface of the
experimental flow cell. The experimental flow cell is placed within the Illumina MiSeq
sequencing platform, where single stranded DNA fragments within the pooled library can
bind to the primers that coat the surface of the flow cell. The primers are complementary to
the adapters ligated to the DNA fragments (Figure 1.8) (Mardis, 2008). Each ligated
fragment folds over and hybridizes to complementary primers bound to the surface of the
flow cell and is amplified into distinct clonal clusters known as bridge amplification (Mardis,
2008). Once the clusters are generated, the template DNA is ready for sequencing. DNA is
sequenced on the flow cell utilising Illumina’s sequencing-by-synthesis technology. DNA

polymerase incorporates fluorescently labelled dNTPs into the DNA template strand
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Figure 1.7 Schematic diagram of the two Illumina based library preparation approaches used in this work. Panel (a) depicts the WGS library preparation
approach. DNA is fragmented into consistently uniform sizes and adapters and indexes are ligated by a subsequent PCR step. The fragments are cleaned,
and the prepared DNA fragments are ready for pooling, denaturing and loading onto reagent cartridges, which are then placed in an Illumina MiSeq
sequencer. Panel (b) depicts the 16S rRNA library preparation approach. The sample DNA is incorporated into an initial PCR that targets the V3-V4
regions of the 16S rRNA genes within the sample and amplifies the segment. This step is followed by a clean-up that removes any solutions that may
interfere with sequencing downstream. The second PCR ligates specific index adaptors to both ends of the DNA fragments. The fragments are cleaned
by a bead based approach and the prepared DNA fragments are ready for pooling, denaturing and loading onto reagent cartridges for loading onto

[llumina sequencing platforms. This image is adapted from ‘An Introduction Next-Generation Sequencing Technology’ document by Illumina, 2017.
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Figure 1.8 Schematic diagram of cluster generation and sequencing steps within the
[llumina NGS platform. Panel (a) depicts the hybridization of a prepared library fragment to
the MiSeq flow cell. The dsDNA fragment is denatured, the template DNA washed away,
and the complementary strand forms a double stranded bridge. The bridge is denatured,
resulting in two ssSDNA copies. This process occurs repeatedly throughout the flow cell and
for millions of clusters resulting in clonal amplification of all fragments. Panel (b) depicts
the addition of fluorescently labelled nucleotides into the nucleotide chain. With each
sequencing round, a laser excites the tagged nucleotides emitting a light corresponding to a
base. This image is adapted from An Introduction Next-Generation Sequencing Technology

by Illumina, 2017 and Mardis (2008).

32



throughout sequential cycles of DNA synthesis (Mardis, 2008). All four ANTPs are present
during each cycle reducing incorporation bias. The fluorescently labelled dNTPs are
identified when a characteristic emission caused by laser excitation of the nucleotide when
generating single-end sequencing reads. Paired-end sequencing reads are generated by
repeating this process on the opposite end of the template strand (Mardis, 2008). Throughout
the sequencing cycles, internal sequence read quality metrics are recorded with error rates
within base calling scored using an inbuilt Illumina quality scoring system. The average
quality score for fragments is between Q30 - Q40 which indicates an error rate of 1 in 1,000
and 1 in 10,000 base calls, respectively. While the error rates in Illumina data are relatively
low, the quality scores decrease towards the ends of sequence reads (Quainoo et al., 2017).
Following the completion of the sequencing cycles, the generated sequence read data are
analysed utilising a number of approaches. Data analysis is undertaken using terminal
command line pipelines and/or the commercially available Applied Maths BioNumerics
suite of software programmes (Applied Maths, Sint-Martens-Latem, Belgium). Data
analysis tools and commands are subject to the desired data output: (i) raw data can undergo
assembly-free allele calling for whole genome multi-locus sequence typing (wgMLST), (ii)
quality controls include sequence read trimming where the sequence reads can be mapped
for single nucleotide variation (SNV) analysis, (iii) the trimmed reads can be assembled into
contiguous DNA fragments or contigs (sets of overlapping DNA segments that together form
a consensus region of DNA) using de novo assemblers that can be used for assembly-based
allele calling for wgMLST, (iv) traditional multi-locus sequence typing (MLST) and (v)

resistance gene finder tools, to name a few.

1.7.3 16S rRNA gene sequencing

16S rRNA gene sequencing is a molecular approach used to detect bacterial communities
and their relative abundances. The move from culture dependent approaches to sequence-
based approaches permit the detection of microorganism that cannot be cultured or are
difficult to culture. Likewise, high-throughput sequencing facilitates the simultaneous
detection of multiple taxa often down to the species level. The 16S rRNA gene is a 1,500bp
sequence which forms a small subunit of the 30S subunit of the prokaryotic ribosome.
Ribosomes are ubiquitous organelles utilised across the domains of life for the translation of
mRNA into polypeptide chains during protein synthesis. The 16S rRNA gene contains nine
hypervariable regions (V1 — V9), which are flanked by conserved sequences that can be used
for designing PCR primers to investigate the variable regions (Fuks et al., 2018). Sequence

variations within the nine hypervariable regions can be used to track the evolution of
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microorganisms (Chakravorty et al., 2007; Kim et al., 2012).

Initially, the 16S rRNA gene was selected as a potential phytogenic marker for characterising
bacterial communities due to the depth of research previously carried out (Fox et al., 1977).
However, further research identified the 16S rRNA gene as an ideal phytogenic marker for
a number of reasons: (i) the 16S rRNA gene is present in almost all bacteria, (ii) the function
of the gene has not changed over time and (iii) the 16S rRNA gene contains conserved and
variable regions of sequence that evolve at different rates enabling the resolution of
microorganism at the species and genus levels (Srinivasan ef al., 2015). The advent of NGS
technologies developed targeted sequencing of hypervariable regions of the 16S rRNA gene
enabling cost-efficient high throughput data analysis. While no single hypervariable region
is able to distinguish bacterial taxa, combination sequencing methods have been developed
(Chakravorty et al., 2007). In the case of the [llumina sequencing platform, the entire 16S
rRNA gene cannot be sequenced accurately due to the generation of short read fragments.
This results in sequencing subsets of the 16S rRNA gene typically ranging between 16 — 22
% of the total gene length (Fuks et al., 2018). One subset largely adopted is the selection of
the V3-V4 region for Illumina paired-end sequencing. The V3-V4 16S rRNA gene primers
display increased universality for bacterial selection while within the constraints of the short
read length available by the Illumina MiSeq platform (Fuks et al, 2018). However,
resolution, especially to the species taxon is limited, as some bacteria share the same selected

amplified regions (Fuks et al., 2018).

1.7.3.1 The 16S rRNA amplicon sequencing workflow

The Illumina 16S rRNA amplicon sequencing workflow is based on the same four basic
steps as the WGS workflow: library preparation, cluster generation, sequencing, and
alignment and data analysis. This library preparation workflow targets the V3 and V4
regions of the 16S rRNA gene target within the samples (Figure 1.7(b)) (Klindworth et al.,
2013). The preparation is divided into two PCR steps: the first PCR step amplifies the
targeted V3-V4 regions of the 16S rRNA genes within the sample, while the second PCR
step ligates specific index adaptors to both ends of the DNA fragments enabling sequencing
of multiple samples simultaneously (Figure 1.7(b)). Following each PCR, a bead based
clean-up removes any solutions that may interfere with sequencing. Following the final
clean-up step all samples are pooled, denatured and loaded onto reagent cartridges initiating
cluster generation and sequencing on the Illumina MiSeq sequencing platform (Illumina,

2017). Cluster generation and sequencing follow the same steps described in Figure 1.8.
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Like the sequencing data generated from Illumina WGS, Illumina high throughput 16S
rRNA amplicon sequencing data can be analysed using multiple approaches. A number of
pipelines can be used to cluster sequences into operational taxonomic units (OTU) based on
similar sequence variants. Representatives from these OTUs are defined into bacterial taxa
depending on the similarity of sequence thresholds. The characterisation of the bacterial
communities is reliant on dedicated 16S rRNA gene databases. The most widely utilised
databases are EzBioCloud, Ribosomal Database Project, SILVA and GreenGenes
(Balvociute and Huson, 2017; Yoon et al., 2017).

1.8 Aims of the study

The initial aim of this Ph.D. thesis was to develop an automated system that simultaneously
decontaminates multiple washbasin U-bends using sequential treatment with catholyte
followed by anolyte solutions. However, throughout the course of this work a number of
research avenues arose to further investigate the role washbasin U-bends and the wastewater
network may play in the spread of potentially pathogenic microorganisms in healthcare

facilities. The three research chapters (Chapters 3-5) specifically aimed to:

e Develop a large-scale automated system to decontaminate multiple washbasin U-
bends by sequential treatment with catholyte followed by anolyte. The first research
chapter (Chapter 3) aimed to test the efficacy of routine decontamination of 10
washbasin U-bends in the A&E in situ over a period of five months with 62
decontamination cycles, with little to no disruption to routine clinical activities.
Throughout this proof of principle test period, the impact of routine ECA-
decontamination on the bacterial populations colonising U-bends and drains was

monitored relative to the non-decontaminated U-bends.

e Determine the long-term efficacy of the novel system developed in Chapter 3, to
determine the relative bacterial recovery rates using the swab sampling technique
adopted in these studies and to investigate the predominant and total bacterial
communities throughout the wastewater network in DDUH. The second research
chapter (Chapter 4) aimed to study the effectiveness of ECA decontamination over a
period of 52 weeks. The characterisation of bacterial communities were determined

by MALDI-TOF-MS and Illumina high throughput 16S rRNA amplicon sequencing.
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MALDI-TOF-MS analysis was used to investigate the predominant population
structure of culturable bacteria within A&E washbasin U-bends exposed to routine
decontamination by ECAs, and isolates from the control washbasin U-bends. While,
16S rRNA amplicon sequencing was used to investigate the total bacterial
communities present in 16 non-ECA treated distinct locations within the wastewater
pipe network. This research was conducted to achieve a more accurate indication of

the total bacterial communities compared to culture-dependent approaches.

Investigate the potential trafficking of bacteria between washbasin U-bends via the
wastewater pipe network throughout DDUH. The aim of the third research chapter
(Chapter 5) was to use WGS as a technique to investigate the relatedness of P.
aeruginosa isolates recovered from the wastewater network in DDUH. The P.
aeruginosa isolates were compared using a range of data analysis tools including:
MLST analysis, wgMLST analysis, SNV analyses, and resistance gene finding tools.
A range of isolates were selected to determine phenotypic resistance of isolates
recovered from DDUH. Isolates from other Irish healthcare facilities and from

DDUH dental unit suction systems were used as comparators.
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Chapter 2

General Materials & Methods
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2.1  General microbiology methods

2.1.1 Chemicals, purified water and buffers

All chemicals, molecular biology grade water and reagents, unless otherwise specified, were
of analytical or molecular biology grade and were purchased from Sigma-Aldrich Aldrich
Limited (Wicklow, Ireland). The water used to prepare buffers was ultra-purified using the
Milli Q Biocel system (Millipore Ireland, Cork, Ireland). Molecular biology grade water was
used for all PCR reactions, DNA dilutions and elution steps.

Swab samples taken from hand washbasin U-bends were processed by suspension and
subsequent dilution in phosphate buffered solution (PBS). Phosphate buffered saline
solution tablets (Thermo Fisher Scientific Oxoid, United Kingdom) were dissolved in ultra-
purified water and sterilised by autoclaving in a Tomy SX-500E autoclave (Tomy Kogyo

Co. Ltd., Tokyo, Japan) according to the manufacturer’s instructions.

The lysis buffer used for extraction of DNA from P. aeruginosa isolates by disrupting the
cell wall structure consisted of 0.02 mg/ml lysozyme solution prepared in 1 ml Tris-EDTA
(TE) buffer [10 mM Tris-HCI, pH 7.5 and 1 mM ethylenediaminetetraacetic acid (EDTA)
pH 8]. The Tris-borate/EDTA (TBE) buffer used for conventional agarose gel
electrophoresis was prepared at 10 X concentration and consisted of 0.45 M Trizma base,
0.45 M boric acid and 0.01 M EDTA, pH 8. This was diluted using Millipore water to 0.5 X
concentration for use. TBE was used for both preparing agarose gels and as the running

buffer for agarose gel electrophoresis.

2.1.2 General disposable laboratory plasticware
The general disposable laboratory plasticware used throughout the course of this study are

listed in Table 2.1.
2.1.3 Oligonucleotides
The oligonucleotides used in this study were custom synthesised by Sigma-Aldrich, unless

otherwise specified, and were stored at a stock solution of 10 mM at -20°C.

2.1.4 Agarose gel electrophoresis

Agarose gels were prepared at a concentration of 0.8% (w/v) and 2% (w/v) by dissolving
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Table 2.1 General disposable laboratory plasticware used in this study

Plasticware

Manufacturer

Size / Volume

Sterile Petri dishes (triple

vented)

Sterile individually wrapped

pipettes

Pipette tips

Sterile filter pipette tips

Microcentrifuge tubes

Micro tubes (Screw cap)

Sterile tubes (13 ml)

Sterile conical base

centrifuge tubes

Sterile PCR tubes

Sterile plastic inoculation

loops

Sterile L-shaped cell

spreaders

Greiner bio-one

(Kremsmiinster, Austria)

Cellstar, Greiner bio-one

(Kremsmiinster, Austria)

StarLab Ltd.
(Milton Keynes, UK)

StarLab Ltd
(Milton Keynes, UK)

Eppendorf
(Hamburg, Germany)

Sarstedt

(Hildesheim, Germany)

Sarstedt

(Hildesheim, Germany)

Greiner bio-one

(Kremsmiinster, Austria)

Fisherbrand
(Fisher Scientific, Dublin,
Ireland)

Greiner bio-one

(Kremsmiinster, Austria)

Greiner bio-one

(Kremsmiinster, Austria)

90 mm diameter

5ml, 10 ml and 25 ml

10 pl, 200 pl, 1000 pl

10 pl, 200 pl, 1000 pl

1.5ml

2 ml

13 ml

50 ml

0.2 ml

1wl

Not applicable
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agarose powder (Type I, low EEO; Sigma-Aldrich) in 0.5X TBE buffer. Agarose gels were
cast in Galileo Bioscience electrophoresis system gel boxes (Cambridge, MA, USA) on 10
x 8 x 3 cm trays with 10-well sample combs (1.5 mm depth) (Genesee Scientific, CA, USA).
Agarose gel electrophoresis was conducted using a Consort power pack model EV222 (B-
2300 Turnhout, Belgium) at a voltage of 100 V for 50 min. Following electrophoresis, gels
were visualised under ultraviolet light (312 nm) using an Alpha Innotech UV

transilluminator model AVT26V (Protein Simple, San Jose, CA, USA).

Molecular weight markers (100 bp) for use as size reference markers in agarose gels were
purchased from the Promega Corporation (Madison, WI, USA). The GelRed nucleic acid
stain loading buffer was purchased from Biotium (Frement, CA, USA) and was used
according to the manufacturer’s instructions. DNA loading dye for agarose gel

electrophoresis was purchased from Promega.

2.1.5 Bacterial storage and reactivation

Bacterial isolates were stored at -80°C on plastic cryogenic beads in individual preserver
vials (Microbank cryovials, Prolab Diagnostics, Cheshire, UK). Isolates were reactivated by
removing a single bead using a sterile forceps and the bead was streaked onto a CBA plate
using a sterile wire loop and incubating overnight in a static incubator (Gallenkamp,

Leceister, UK) at 37°C.

2.2 Identification of bacterial isolates

2.2.1 Bacterial isolation

All bacterial isolates investigated during this study originated from the wastewater network
servicing hand washbasins in DDUH unless otherwise stated. Three agar culture media were
used for bacterial isolation throughout the study including Columbia Blood Agar (CBA; Lip
Diagnostic Services, Galway, Ireland), Reasoner’s 2A agar (R2A; Lip) and Pseudomonas
selective agar containing cetrimide (200 pg/ml) sodium nalidixate (15 pg/ml) (PSCN; Oxoid,
Thermo Scientific, Hampshire, UK). These culture media were selected to maximise the
range of bacteria recovered from environmental sites and water. CBA was selected for the
recovery of bacteria that can lyse haem and are potentially pathogenic. R2A was selected for
the recovery of slow-growing bacteria commonly found in water and aqueous environments.
The sodium pyruvate added to R2A facilitates the recovery of chlorine-stressed bacteria

isolated from water (Boyle et al., 2010). PSCN was used for enhanced recovery of P.
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aeruginosa. This medium facilitates pigmentation of P. aeruginosa colonies and suppresses
the growth of other organisms commonly recovered from aqueous sources such as K/ebsiella,
Proteus and Providencia spp.. Pseudomonas aeruginosa colonies frequently exhibit blue-
green or brown pigmentation on PSCN agar. The bacterial growth characteristics of some of
the bacterial species capable of growth on PSCN agar are outlined in Table 2.2. None of
these three media used for recovery of bacterial isolates can be used for the definitive

identification of bacterial species.

CBA agar plates were incubated at 37°C for 48 h, R2A agar plates were incubated at 20°C
for 10 days and PSCN agar plates were incubated at 32°C for 48 h (Figure 2.1). Following
incubation, colonies on agar plates were counted using a Stuart™ Scientific colony counter
model SC5 (Sigma-Aldrich). Colony counts were recorded as colony forming units (CFUs)

per swab (Swan et al., 2016) unless otherwise specified.

2.2.2 C-390 diatabs

C-390 diatabs were utilised in this study to assist in the identification of potential P.
aeruginosa isolates. C-390 diatabs contain 40 pg of the antimicrobial agent 9-chloro-9-(4-
diethylaminophenyl)-10-phenylacridan (C-390), which is selective for P. aeruginosa (Davis
et al., 1983). In this study, suspect P. aeruginosa isolates were tested for susceptibility to C-
390 by placing a 9 mm C-390 diatab (Rosco Diagnostica, Taastrup, Denmark) in the centre
of a CBA agar plate the entire surface of which had been streak-inoculated with a single
purified colony and incubated overnight at 37°C. Following incubation, the plates were
examined for the presence of a zone of inhibition around the C-390 diatab. The absence of
a zone of inhibition on plates exhibiting heavy or confluent bateria growth is indicative of
P. aeruginosa (Figure 2.2). The presence of a zone of inhibition measuring <12 mm on plates
exhibiting semi-confluent growth may also be indicative of P. aeruginosa. Zones >12 mm
on plates exhibiting confluent or semi-confluent growth indicates that the organism being
tested is not P. aeruginosa (Figure 2.2). However, it should be noted that this method is not
a definitive method for P. aeruginosa identification as other Pseudomonas spp. and non-

fermenters may sometimes fail to yield zones of inhibition in the presence of C-390 diatabs.

2.2.3 Polymerase chain reaction (PCR) for P. aeruginosa identification
The identification of P. aeruginosa was undertaken by PCR amplification of a segment of
the oprL gene as described previously (Jami Al-Ahmadi and Zahmatkesh Roodsari, 2016)

using the primers listed in Table 2.3. The oprL gene encodes a peptidoglycan-associated
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Table 2.2 The relative growth characteristics of some environmental bacterial species on

PSCN agar!

Bacterial species Amount of growth on PSCN plate
Pseudomonas aeruginosa +++
Pseudomonas fluorescens ++
Pseudomonas putida ++
Burkholderia cepacia ATCC 25416 +

Burkholderia cepacia ATCC 17759
Proteus hauseri ATCC 13315 -

! Taken from Oxoid, Thermo Scientific

(http://www.oxoid.com/UK/blue/prod_detail/prod_detail.asp?pr=CM0559&c=UK &lang=

EN). The plus and minus signs represent the relative level of growth of the organisms on

PSCN agar.
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(b)

Figure 2.1 Photographs showing some examples of the growth characteristics of P.
aeruginosa samples on PSCN after incubation at 32°C for 24 h. The three photographs show
differences in colony morphology and pigmentation exhibited by three separate P.
aeruginosa isolates, which were definitively identified by MALDI-TOF-MS analysis.
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(b)

Figure 2.2 Photographs showing the use of C-390 diatabs on CBA plates streaked-
inoculated with (a) P. aeruginosa (PAO1), (b) P. aeruginosa (ATCC 15442), and a quality
control strain of (¢) Staphylococcus aureus (ATCC 6538). In photographs (a) and (b) no
zone of inhibition is evident for the P. aeruginosa strains, however the S. aureus strain
shown in panel (¢) exhibits a zone of inhibition >12 mm. Confluent or semi-confluent
bacterial growth on plates with zones of inhibition >12 mm indicates that the organism in

question is not P. aeruginosa.
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Table 2.3 Primers used for amplification of the P. aeruginosa oprL gene

Primer 5' — sequence — 3' Expected  product | Reference
length (bp)
OprL F ATGGAAATGCTGAAATCCGGC 504 (De Vos et al,
1997, Jami Al-
OprL R CTTCTTCAGCTCGACGCGACG Ahmadi and
Zahmatkesh

Roodsari, 2016)
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lipoprotein, OprL, which is specific to P. aeruginosa and responsible for inherent resistance
to antibiotics and antiseptics (Jami Al-Ahmadi and Zahmatkesh Roodsari, 2016). Aliquots
of 1 ul DNA extracted from P. aeruginosa (as described in Section 2.3 below) were used for
amplification in 50 pl reaction volumes. Each reaction consisted of 10 uM of the oprL gene
primer pair (Table 2.3), 1.5 mM magnesium chloride (MgCl,; Promega), 5X green GoTaq
flexi buffer (Promega), sterile water, 200 uM dNTPs (Promega) and 2.5 U of GoTaq DNA
polymerase (Promega). All PCRs amplification steps were carried out using either a Kyratec
Thermocycler model SC200 (Kyratec, Mansfield, Australia) or a G-Storm GSI
Thermocycler (G-Storm, Somerset, UK). The cycle conditions consisted of an initial
denaturation step at 96°C for 5 min, followed by 40 cycles of 96°C for 1 min, 55°C for 1
min, and 72°C for 1 min, and ending with an elongation step at 72°C for 10 min. PCR
amplimers were visualised using agarose gel electrophoresis as described in Section 2.1.2

above.

2.2.4 MALDI-TOF MS

MALDI-TOF-MS was used for the definitive identification of bacterial isolates recovered
on CBA, R2A and PSCN agar plates using the Vitek MALDI-TOF MS system (bioMérieux
Marcy I'Etoile, France) according to the manufacturer’s instructions. All MALDI-TOF MS
analyses was undertaken at the National Methicillin-resistant Staphylococcus aureus
Reference Laboratory (NMRSARL) at St. James’s Hospital, Dublin, Ireland. All isolates for
MALDI-TOF MS testing were subcultured on CBA and incubated for 24 h. Following
incubation, bacterial growth from a single colony was placed on a MALDI-TOF-MS target
plate with matrix crystallization solution (Alpha-Cyano-4-hydroxycinnamic acid [CHCA]).
The matrix solution was added to the bacteria to improve the spatial resolution for data
analysis. Once dry, a pulsed UV laser causes the proteins in the sample to ionize toward a
detector that differentiates mass based on time of flight. The mass spectra are generated and
compared to validated libraries. Accepted species identification was based on confidence

values of > 99.9%.

2.3 Extraction of genomic DNA

Genomic DNA was extracted from P. aeruginosa isolates using the Qiagen DNeasy Blood
and Tissue Kit (Qiagen, Crawley, West Sussex, UK). Isolates were reactivated from storage
by streaking a single stored cryogenic bead on a PSCN agar plate and incubating overnight

at 32°C in a stationary incubator. After 18 h incubation, a sterile inoculation loop was used
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to select a single bacterial colony, which was used to inoculate the entire surface of a CBA
plate followed by incubation overnight (18 h) at 37°C. Following incubation, an approximate
4 ¢cm? area of bacterial growth was collected using a sterile inoculation loop and added to
200 pl lysis buffer (Section 2.1.1) using a Gilson pipette (Gilson Inc., WI, USA) in a 1.5 ml
microfuge tube, vortexed for 30 s at max speed on a IKA Vortex shaker version 3 (IKA
Works GmbH & Co, Staufen, Germany) and incubated in a shaking incubator at 350 rpm
for 2 h. Following incubation, 25 pl proteinase K (20 mg/ul) and 200 pl buffer AL (both
provided with the Qiagen’s DNeasy Blood and Tissue Kit) were added to each tube for
degradation of proteins and nucleases. The tubes were then incubated on a stationary heating
block (Grant Instruments model QBD2, Royston, United Kingdom) at 70°C for 30 min
followed by the addition of 200 ul 100% (v/v) ethanol to each tube. The contents of each
individual tube were then transferred separately to individual 1 ml Qiagen mini-columns
placed inside of a 2 ml collection tube (both provided with the Qiagen’s DNeasy Blood and
Tissue Kit). All columns were then centrifuged at 13, 000 x g for 1 min using a Eppendorf
5430 bench top centrifuge (Eppendorf, Hamburg, Germany) with a 9.5 cm rotor FA-45-30-

11 (Eppendorf, Hamburg, Germany). Following centrifugation, the supernatant collected in
a 2 ml collection tube was discarded and the mini-column was placed inside of a fresh 2 ml
collection tube. A total of 500 ul of AW1 buffer (provided with the Qiagen’s DNeasy Blood
and Tissue Kit) was added to each mini-column and centrifuged at 13, 000 % g for 1 min.

The supernatant collected in a 2 ml collection tube was discarded and the mini-column was
placed inside of a fresh 2 ml collection tube. A total of 500 ul of AW2 buffer (provided with
the Qiagen’s DNeasy Blood and Tissue Kit) was added to each mini-column and centrifuged
at 21,000 x g for 3 min. The supernatant collected in each 2 ml collection tube was discarded
and the mini-column was placed inside of a fresh 2 ml collection tube, and was centrifuged
at 21,000 x g for 3 min. Then the 2 ml collection tube were discarded and the mini-column
was placed inside a fresh 1.5 ml microcentrifuge tube. A total of 50 ul AE buffer (provided
with the Qiagen’s DNeasy Blood and Tissue Kit) was added to each mini-column and
incubated statically at room temperature for 5 min and then centrifuged at 13, 000 x g for 1

min. The DNA eluted into the 1.5 ml microcentrifuge tube were stored at 4°C for 4 — 6 weeks,

or at -20°C for long term storage.

A nanodrop 2000c spectrophotometer (ThermoScientific, MA, USA) was used to determine
the quality and concentration of DNA in each sample. The quality was determined by an
A260:280 reading between 1.8 — 2, and an A260:230 reading between 2 —2.2. An A260:280
reading of 1.8 is accepted as ‘pure’ DNA, while an A260:230 reading outside the 2 — 2.2
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limit many be a due to other contaminants. For high sensitivity DNA readings, a Qubit
Fluorometer 3.0 (Fisher Scientific, Dublin, Ireland) was used according to manufacturers’

instructions.

2.4 Generation of electrochemically activated solutions (ECAS)

Anolyte and catholyte solutions were produced by electrochemical activation of 0.2% NaCl
solution using a Qlean-Genie™ Model UL-75a ECA generator (Qlean Tech Enterprises,
MN, USA). The anolyte solution is a positively charged solution, predominantly composed
of hypochlorous acid with disinfectant properties as described in Chapter 1, Section 1.6. The
generator produces anolyte measured at 800 parts per million (ppm) free available chlorine
(FAC) at pH 7.0, having an oxidation-reduction potential (ORP) of +880 mV and consisting
of approximately 632 ppm HOCI (79%) and 162 ppm OCI- (20.2%). Other constituents in

the anolyte solution include ozone, chlorine dioxide, chloric and chlorous acid, all of which

together constitute the final 0.8% of the activated solution.

The catholyte solution is a negatively charged solution with detergent properties, comprised
predominantly of sodium hydroxide. Catholyte was configured to a pH 12.5 with an ORP of
approximately -1000 mV, consisting of approximately 400 ppm NaOH. The catholyte
solution is an amphoteric surfactant with a surface tension of 63 mN force. For U-bend
treatment freshly generated anolyte was used undiluted. Freshly generated catholyte was
diluted 1:5 with heated mains water immediately prior to use with a temperature after

dilution of approximately 33°C. The anolyte was used undiluted.

2.5 Quality indicators of ECA solutions

2.5.1 Measurement of free available chlorine
The free available chlorine (FAC) levels in anolyte were measured using a Hach Pocket

Colorimeter II (Hach Company, lowa, USA) according to the manufacturer’s instructions.

2.5.2 Measurement of pH

The pH of the anolyte was measured using an Orion Star™ LogR Meter (Thermo Scientific).

2.5.3 Measurement of the redox potential
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The reduction-oxidation potential was determined on the Qlean-Genie™ Model UL-75a

ECA generator (Qlean Tech Enterprises, MN, USA).

2.5.4 Temperature of ECA solutions
Freshly generated catholyte was diluted 1:5 with heated mains water, and the temperature
was measured using a Fisherbrand™ Traceable™ Digital Thermometers with short sensors

(Fisher Scientific, NH, USA).

2.6 Hand washbasins, U-bends and wastewater pipes

All hospital pattern and the domestic pattern ceramic washbasins used in this study were
manufactured by Armitage Shanks (Stoke-on-Trent, UK). As discussed in Chapter 1, HP
washbasins contain an offset drain outlet in the back wall of the basin, whereas DP
washbasins contain an overflow outlet and tap water flow directly impacts the drain outlet
in the floor of the washbasin. Examples of each type of washbasin are shown in Figure 1.2
(Chapter 1). Each hospital pattern washbasin faucet had a thermostatic mixing valve set to
provide water at 38°C. The DP washbasin had a manual mixer tap. All washbasins were used
for hand washing only with Tork Extra Mild Liquid Soap (SCA Hygiene Products Ltd.,
Bedfordshire, UK) and were in frequent use Monday-Friday each week.

All washbasins investigated in the present study were located across four floors in DDUH.
These include staff bathrooms 5 & 6 on the third floor, staff bathrooms 3 & 4 as well as
Clinic 2 located on the second floor, staff bathroom 1 & 2, Clinic 1 and the Central Sterile
Services Department (CSSD) located on the first floor, and both the Accident and
Emergency (A&E) Department and West Clinic (WC) on the ground floor. A schematic
outlining the floor plan of DDUH is shown in Figure 2.3.

The washbasin U-bends used in this study were manufactured from polypropylene
(McAlpine Plumbing Products, Glasgow, Scotland) and equipped with two sampling ports
(Figure 2.4). The U-bends used in this study are similar to those found throughout other
healthcare facilities, however they included two sampling ports for the purpose of sampling
in this study. The wastewater pipes and fittings servicing all washbasins in DDUH were
made of polyvinylchloride (PVC) or acrylonitrile-butadiene-styrene (ABS), both of which

are compatible with long-term exposure to anolyte and catholyte (Deasy et al., 2018).
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3td Floor

Staff bathroom 5 & 6 2nd Floor
Clinic 2

Staff bathroom 3 & 4 CSsD . 13t Floor
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Staff bathroom 1 & 2 Ground Floor
A&E
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. ‘0"0
West cw Basement

Figure 2.3 Schematic diagram of the DDUH floor plan showing the relative locations of
clinics and bathrooms in which washbasins were investigated. Over the course of this study,
the following washbasin, U-bends and drains were sampled in the following locations: the
staff bathroom 5 & 6 on the third floor, the staff bathrooms 3 & 4 as well as Clinic 2 located
on the second floor, the staff bathrooms 1 & 2, Clinic 1 and Central Sterile Services
Department (CSSD) located on the first floor, both the Accident and Emergency (A&E)
Department and West Clinic (WC) on the ground floor.
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Figure 2.4 Photograph showing a cross-section of one of the polypropylene U-bends fitted
to DDUH washbasins. The washbasin U-bend is located immediately below the washbasin
and is connected directly to the washbasin drain outlet. The lower part of the U-bend is
connected to a vertical wastewater pipe that discharges into a common wastewater collection
pipe that discharges wastewater to the municipal sewerage system. Swab sampling of the
internal sections of the U-bend were facilitated by the incorporation of two sampling ports.
The dashed lines indicate the water level within the U-bends. Six internal sampling sites
within the washbasin U-bends were sampled in rotation. Three of these (labelled 1 — 3) are
shown in the panel (explained fully in Chapter 3, Figure 3.6). The additional three sites were

located on the other, mirror image half of the U-bend.
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All pipes and connections (except for U-bends) were permanently sealed by chemical

welding to reduce the potential for leaks (Deasy ef al., 2018).

2.6.1 Testing of washbasin faucets and water for P. aeruginosa

Cold water to washbasin faucets was provided from a 15,000-L tank supplied with mains
water, which also supplied a calorifier providing faucet hot water. Hot and cold water
supplied to DDUH washbasins is treated with residual anolyte (2.5 ppm), an
electrochemically activated disinfectant solution composed predominately of hypochlorous
acid (Boyle et al., 2012). One litre water samples from washbasin faucets were taken in
sterile glass bottles, neutralised with 0.5 % sodium thiosulfate (Na>SsO3) (0.5g sodium
thiosulfate per 100 ml ultra-purified water) and filtered vacuum filtered through 0.45 pm
Biosart microbial filtration units (Sartorius Stedim Biotech GmbH, Goettingen, Germany).
Following filtration, filters were removed using a sterile forceps and placed on a PSCN agar
plate. The plates were incubated upside down in a static incubator at 30°C for 48 h, after
which they were visually inspected for growth on the PSCN agar plate and colony counts

were recorded.

2.6.2 Testing of the drain outlet for P. aeruginosa

All investigated washbasin drain outlets were sampled using sterile viscose transport swabs
(Sarstedt, Niimbrecht, Germany). If the drains had been treated with ECA solutions, the
swabs were dipped into a neutralising solution of 0.5% sodium thiosulfate prior to sampling.
The swabs were processed by cutting off swab tips and placing them into individual
microcentrifuge tubes containing 1 ml of sterile PBS. The tubes were vortexed (IKA) for 1
min, serially diluted and 100 pl aliquots spread in duplicate on CBA, R2A and PSCN agar
plates. The plates were incubated as detailed in Section 2.2.1 above. Following incubation,
the colonies were counted using a Stuart™ Scientific colony counter and the colony counts

were recorded in CFU per swab.

2.6.3 Testing of washbasin U-bends for P. aeruginosa

All washbasins used in the study were equipped with U-bends containing two integrated
sampling ports. Six internal sampling sites were identified within the washbasin U-bends
(Figure 2.4). This permitted six selected sites to be sampled in rotation to reduce the
mechanical removal of biofilm from washbasin U-bends. Samples were recovered from
washbasin U-bends by swab sampling of the interior surface of the U-bend through the

sampling ports using sterile viscose transport swabs (Sarstedt) dipped in a neutralising
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solution of 0.5% sodium thiosulfate. The swabs were rotated 360° three times within the
sample ports, covering an average swab contact surface area of 3 cm x 1 cm. Prior to
sampling, all sampled U-bends were flushed with tap water. Once collected, the swab tip
was cut off, suspended in 1 ml of sterile PBS, vortexed, serially diluted and 100 pl aliquots
spread in duplicate on CBA, R2A and PSCN. The plates were incubated as stated in Section
2.2.1. Following incubation, the colonies were counted using a Stuart™ Scientific colony

counter and the colony counts were recorded in CFU per swab.

2.7 Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 5 (GraphPad Software,
San Diego, USA). Statistical significance of one set of data was determined using an

unpaired, two-tailed Student’s t-test with 95% confidence interval (C.L.).
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Chapter 3

Minimising microbial contamination risk simultaneously
from multiple hospital washbasins by automated cleaning
and disinfection of U-bends with -electrochemically
activated solutions
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3.1 Introduction

Over the last two decades many studies have reported hospital outbreaks, caused mainly by
Gram-negative bacilli (GNB), associated directly or indirectly with contaminated
washbasins and sink drains (Cholley et al., 2008; Hota et al., 2009; La Forgia et al., 2010;
Breathnach et al., 2012; Vergara-Lopez et al., 2013; Leitner et al., 2015; Chapuis et al.,
2016; Jung et al., 2020; Tracy et al., 2020). As described in Chapter 1, U-bends are pieces
of shaped pipework fitted beneath washbasins that retain a volume of water, creating a seal
preventing sewer gas from entering buildings from the downstream pipework. This water
may stagnate for considerable periods, encouraging the development of biofilms. The spread
of microorganism from U-bends has been observed with biofilm growth upwards towards
the washbasin drain, which can contaminate the washbasin and surrounding areas (Swan et
al., 2016; Kotay et al., 2017). The mode of transmission of these potentially pathogenic
microorganisms from the wastewater drain outlet into the hospital environment can include
contact, ingestion, or inhalation. These transmission events may occur by either direct
contact or interaction with microorganisms spread due to the generation of aerosols or spread
of droplets from tap water impacting drain outlets (Chinn and Sehulster, 2003; Kotay et al.,
2019). The establishment of effective decontamination practises, in particular washbasins
U-bends and drains, is vital for the reduction of HAIs associated with wastewater networks

(Hanlin and Myers, 2018).

A range of approaches have been developed to minimise the risk of infection from
washbasins, sink drains and U-bends in the hospital setting with varying degrees of success
(Table 3.1). As discussed briefly in Chapter 1, previous approaches have revolved around
one or more of the following: (i) washbasins designed to reduce release of microorganisms
from drain outlets, (ii) conventional disinfection of washbasin and sink drains, (iii) self-
disinfecting sink drains, (iv) ‘water-free’ patient care, (v) the use of antimicrobial materials,
and (vi) replacement of washbasins and U-bends. The quantification of bacterial burden
within washbasins, drains and U-bends has primarily been determined by the enumeration
of microorganism that readily grow on the selected media (Cundell, 2015). The predominant
measurement for estimating the viable number of microbial cells in a sample is recorded in
colony forming units (CFUs). The unit for measuring bacterial densities recovered from
swab sampling, where colonies may represent one or more cells, is determined in colony

forming units per swab (CFU/swab).

55



Table 3.1 Previous approaches for minimising the risk of infection from washbasin U-bends

Intervention

Advantage

Disadvantage

Reference

Use of disinfectants

HP washbasins

‘Water-free’ patient

care

Self-disinfecting

drains

Effective at minimising

contamination

Prevents generation and dispersal

of aerosols and droplets

The absence of washbasins
eliminates the risk of infection

from U-bends and drains

Automated system effective at

minimising biofilm in U-bends

Requires regular use. Negative effects on the environment.
Labour intensive. Organic material can affect disinfection efficiency.
Reduced contact time of disinfectant with pipework and incomplete

contact with all wastewater pipe surfaces.

Washbasin U-bends and drain outlets remain heavily contaminated.

Water is necessary for all aspects of healthcare. Need to store water
supplies. Could discourage hand hygiene and frequency of hand

hygiene.

Necessity for regular heating to high temperatures resulting in high

energy costs. Potential to release foul odours from drains.

(Clarivet et al., 2016;
Stjarne Aspelund et al.,
2016; Swan et al., 2016;
Kossow et al., 2017; Parkes
and Hota, 2018; Buchan et
al., 2019)

(Department of Health UK,
2013)

(Salm et al., 2016; Hopman
etal.,2017,2019; Mathers
et al., 2018; Shaw et al.,
2018)

(Déring et al., 1991; Fusch
et al., 2015; Cole and
Talmadge, 2019; de Jonge
etal., 2019)

Table 3-1 continued overleaf
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Table 3.1 (continued)

Modified washbasin

drain covers

Antimicrobial
materials for
wastewater fixtures

and fittings

Replacement of
wastewater network

fixtures and fittings

Water flow does not impact drain
outlets, reducing dispersal of
contaminated aerosols and

droplets

Use of materials such as copper
that exhibit significant

antimicrobial effects.

Eradication of a reservoirs of

contamination.

Not proven in long-term. Made from materials on which biofilms form

readily, which could lead to further contamination.

Copper pipes and associated fittings are expensive to purchase and
expensive to install. The development of oxidation layers over time

reduces antimicrobial effects.

A short-term solution only as replaced pipes and U-bends can rapidly

become recolonised from downstream wastewater pipes.

(Livingston et al., 2018)

(Schwartz et al., 1998;
Lehtola et al., 2004; Waines
etal,2011)

(Breathnach et al., 2012;
Starlander and Melhus,
2012; De Geyter et al.,
2017).
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In recent years an array of washbasins design adaptions have been explored to reduce the
release of microorganisms from drain outlets. As described in Chapter 1, the use of HP
washbasins with offset drain outlets reduces the incidence of aerosolisation of
microorganisms from drain outlets by eliminating direct impact of water flow with the drain.
This also reduces splashback of material and microorganisms from drains. Likewise, HP
washbasins do not have overflows, plug stoppers and chains, removing a protected opening
from the wastewater network into the hospital environment and reducing the overall surface
area for biofilm formation. Where HP washbasins have not been adopted, a number of
studies have developed drain covers to prevent the aerosolisation and spread of
microorganisms from within the U-bend and proximal drain outlet by the impact of the
running water (Livingston et al., 2018; Mathers et al., 2018). Livingston et al. (2018) utilised
plastic dome-shaped drain covers on washbasins in an ICU. In the facility 97% of sink drain
outlets were colonised by GNB, but within the two week test period where the drain covers
were incorporated, no dispersal of GNBs were detected by swab sampling of the sink bowl,
adjacent surfaces or the top of the drain cover (Livingston et al., 2018). However, the

efficacy of the a plastic drain cover over a long time period has not been determined.

The use of conventional disinfection of washbasin and sink drains has been a universally
adopted approach for minimising the risk of infection from washbasin U-bends. Disinfection
is defined as the process of reducing the number of microorganisms to acceptable safe levels
but not necessary all microorganisms (Hawley and Kozlovac, 2005). The use of
disinfectants, such as chlorine, has been widely adopted for their antimicrobial properties
for over 100 years (Cochran et al., 2000). A 2017 study of a French hospital concluded that
metallo-p-lactamase IMP-19—producing P. aeruginosa were endemic in the hospital drains
and pipework, which were not readily accessible for decontamination (Amoureux et al.,
2017). Disinfectants may exhibit a range of antimicrobial effects including reversible or
irreversible damage to the bacterial cell wall, or may act on nucleic acids, or by inhibiting
enzymes or cell growth (Montagna et al., 2019). Previously, liquid and foam disinfectants
used to decontaminate washbasin drains and U-bends have included sodium hypochlorite
solution (also known as bleach), hypochlorous acid, hydrogen-peroxide, quaternary
ammonium compounds (QACs) and acetic acid (Clarivet et al., 2016; Stjarne Aspelund et
al., 2016; Swan et al., 2016; Kossow et al., 2017; Parkes and Hota, 2018; Buchan et al.,
2019; Jones et al., 2020). A study by Stjarne Aspelund et al. used a combination of acetic

acid treatment and sink replacement to control a metallo-B-lactamase-producing P.
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aeruginosa outbreak associated with contaminated sink drains, yet the wastewater pipes

remained colonised after treatment (Stjarne Aspelund et al., 2016).

While widely used, there are a number of limitations associated with a disinfectant-only
decontamination approach for washbasin drains and U-bends. Disinfectants have diminished
efficacy against dense biofilms present in U-bends and whereas they can temporarily reduce
bioburden, they have to be applied regularly (Hota et al., 2009; La Forgia et al., 2010; Stjarne
Aspelund et al., 2016). Inadequate decontamination of U-bends using chemical disinfectants
is associated with neutralisation of disinfectants by heavy organic loads, failure to penetrate
dense biofilm matrix and inadequate contact time. Effective decontamination of any device
or system first requires a cleaning process to reduce the amount of organic material and other
deposits present, followed by disinfection to reduce the number of residual microorganisms
(Dancer, 2014). However, manually pouring disinfectants down washbasin drains is not an
effective approach to decontaminating U-bends and drains, as it has previously shown
transient results (Fusch et al., 2015; Cadnum et al., 2019). This is due to the short contact
times between the disinfectant and the biofilm present in drains and U-bends. Washbasin
and sink U-bends are seldom completely filled or flooded with disinfectant solution as
wastewater networks are designed to rapidly transport wastewater to the point of discharge
into the municipal sewerage system. In frequently used washbasins and sinks, disinfectant
in the U-bend is displaced by wastewater discharged down drains. Vergara-Lopez et al.
installed manual shut off valves into sink drainage pipes to increase contact time between
the disinfectant and wastewater pipes in an attempt to control a Klebsiella oxytoca hospital
outbreak in an ICU (Vergara-Lopez et al., 2013). Once the valves were shut, a 30 min
treatment with Biguanid, a surface disinfectant based on quaternary ammonium compounds
was implemented, followed by flushing with hot water. This approach was successful in
terminating the hospital ICU outbreak. However, owing to the manual operation of the stop
valves, air bubbles may be incorporated into the system and reduce overall contact of the

disinfectant with the pipework (Coleman et al., 2020).

Self-disinfecting sink drains were first proposed in 1991 to reduce the risk of infection from
wastewater networks. Doring et al. (1991) demonstrated the effective elimination of
detectable P. aeruginosa in aerosols generated by the impact of water flow on drain outlets.
This was achieved following the introduction of a heating element into U-bends to
decontaminate drain water and the drain by heating to 70°C overnight (Doring et al., 1991).

In 2015, this concept was again shown to be effective with self-disinfecting sinks that
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contained a heating element in the U-bend that heated the water in the drains to > 85°C,
followed by 5 min vibration cleaning (Fusch et al., 2015). Over the 13-month study period,
the self-disinfecting sink significantly reduced of the prevalence of P. aeruginosa in aerosols
generated by the impact of water flow on the drain. A 2019 study, engineered an
experimental sink combining UV light to kill any bacteria within the basin, a hood to contain
aerosols by establishing a negative pressure environment to control aerosols generated,
ozonated water and a specific spray and flush system to regularly spray the basin behind the
sink hood and to flush the drain and U-bend (Cole and Talmadge, 2019). Settle plates were
used to recover aerosolised microorganisms resulting from the impact of water flow on the
drain outlet. This study showed reduced bacterial recovery compared to the aerosols
generated by water flow with the control DP washbasins. A major limitation of self-
disinfecting sinks has been the costs of the units themselves and the high energy costs

incurred with their use.

Removing washbasins from patient areas in hospitals has been explored as a means of
reducing HAIs associated with washbasin U-bends and drains. A study by Hopman et al.
(2017) reported that removal of sinks in an ICU of a large tertiary care medical centre in the
Netherlands led to a reduction in the rate of GNB colonisation rates. The removal of
washbasins in clinical areas near patient rooms showed a drop in overall GNB colonisation
rate 26.3 to 21.6 GNB/1000 ICU admission days (Hopman et al., 2017). Similarly, over a
study period of six years, Shaw et al. (2018) demonstrated that reducing patient sink use
reduced the incidence of GNB in surrounding environments (Shaw et al., 2018).
Interestingly, in this study these interventions had a greater impact in reducing the number
of new cases of Klebsiella pneumoniae rather than P. aeruginosa. The authors suggest that
this finding may reflect P. aeruginosa spread down the wastewater pipes, while K.
pneumoniae remained in the proximal drains. A 2020 outbreak study demonstrated that the
cessation of the routine practice of bathing infants in washbasins and the subsequent
restriction of sink use, rapidly decreased the number of infants colonised by MDR GNB
(Tracy et al., 2020). These approaches have reduced incidences of colonisation of patients
and health-care workers, but do not completely eliminate patients or health-care workers
interacting with hospital water systems. A key limitation to this approach is the increased
demand for stored water facilities, which can increase the potential for contamination as
discussed in Chapter 1. The guideline quantities for water need per patient per day in a

healthcare facility is 5 litres per out-patient and 40-60 litres per in-patient (WHO, 2013).
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Furthermore, the absence of washbasins is likely to discourage good hand hygiene practices

in the hospital setting.

The use of antimicrobial materials in washbasin U-bend design has also been considered for
reducing the formation of biofilms. Most modern washbasin U-bends are manufactured from
polyvinyl chloride (PVC), and wastewater pipes are commonly manufactured from PVC,
polyethylene (PE), or high-density polyethylene (HDPE). Schwartz et al. (1998) used
coupons of PE, PVC and stainless steel, as examples of materials commonly used for water
pipes, to determine their relative ability to support microbial biofilm (Schwartz et al., 1998).
PE coupons were able to support more biofilm than PVC coupons. Furthermore, PE and
PVC coupons were colonised rapidly in significantly higher densities than either steel or
copper coupons (Schwartz et al., 1998). In a subsequent study over 200 days, biofilm
formation on copper pipes and PE pipes showed no significant differences (Lehtola et al.,
2004). The widespread use of copper and steel as antimicrobial materials is limited. This is
due to materials selection primarily focusing on factors such as the cost of the material, the
ease of installation, and the durability of the material. Also the antimicrobial activity of
copper pipes reduces over time due to the formation of oxidation layers, which significantly
reduces the release of copper ions and thus reduces antimicrobial effects (Waines et al.,

2011).

The final approach used to reduce the risk of outbreaks of infections from washbasin and
sink drains and U-bends has been the removal and replacement of wastewater network
components (Breathnach et al., 2012; Starlander and Melhus, 2012; De Geyter et al., 2017).
While this approach is effective in the short term, there are a number of limitations. The
removal and replacement of washbasins and associated pipework is an expensive solution,
which also causes disruptions to service in healthcare facilities. Furthermore, the mobility
of microorganisms commonly found in U-bends and wastewater pipes causes the replaced
components to become rapidly recolonised from the contaminated downstream wastewater
pipe network (Swan et al., 2016; Kotay et al., 2017). Replacement of sinks and U-bends has
been shown to stop outbreaks in numerous studies, however the approach is not effective in
the long-term due to recolonisation (Lowe et al., 2012; Vergara-Lopez et al., 2013; Salm et
al., 2016; Stjarne Aspelund et al., 2016; Kizny Gordon et al., 2017). Replacing wastewater
network components (e.g. U-bends) is usually used as a last resort approach to eradicate a

significant reservoir of contamination associated with a protracted outbreak.
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This chapter focuses on establishing proof of concept for a large-scale system developed for
the simultaneous automated decontamination of multiple washbasin U-bends in an active
healthcare facility using ECA solutions. The ECA solution anolyte has been used
successfully for many years to efficiently minimise microbial contamination of dental unit
waterlines in DDUH (O’Donnell et al., 2009; Boyle et al., 2010). Residual treatment of
supply water with anolyte has also been used successfully to consistently minimise microbial
contamination of washbasin hot (average aerobic bacterial counts 1 + 4 CFU/ml) and cold
water (average aerobic bacterial counts 2 + 4 CFU/ml), and washbasin faucets (Boyle ef al.,
2012). The system used in the present study involves automated sequential treatment of
multiple washbasin U-bends with the ECA solutions catholyte followed by anolyte.
Catholyte solution exhibits detergent properties and was selected to clean washbasin U-
bends and drains, whereas anolyte solution has disinfectant properties and was used to
disinfect U-bends and drains following catholyte treatment. The system permits the complete
filling of U-bends, common wastewater pipes connecting U-bends and washbasin drain
outlets with ECA solutions by retro-filling from below. This is facilitated by closing an
electronic ball valve on the downstream wastewater pipe that collects wastewater from
multiple washbasins. The automated U-bend decontamination system described in this
chapter is based on a smaller prototype programmable automated system developed in
DDUH with a single washbasin U-bend that was shown be effective at minimising U-bend
contamination over 35 decontamination cycles with a >4 log reduction in bacterial counts

on a variety of culture media compared to controls (Swan et al., 2016).

3.2 Objectives

The purpose of this study was to develop and test the effectiveness of a large-scale
programmable automated system for the simultaneous decontamination of multiple
washbasin U-bends using sequential treatment of U-bends, associated wastewater pipework
and washbasin drains with catholyte followed by anolyte. The DDUH Accident and
Emergency Department (A&E) was selected as the test site for this work.

The specific aims of this study were:
- To develop a large-scale automated ECA treatment system capable of
decontaminating 10 HP washbasin U-bends and drains simultaneously in a busy

hospital clinic with no disruption to service.
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To assess the efficacy of ECA solutions as a means of decontamination of
washbasin U-bends over a period of 62 cycles, while also investigating potential
residual effects of ECA treatment by sampling the U-bends 24 h after each

decontamination cycle.

To identify the microbial populations present in ECA-treated and control U-
bends during a sustained period (i.e. 62 decontamination cycles) of recurrent

ECA decontamination of test U-bends.

To monitor the effects of ECA decontamination on biofilm formation in
washbasin U-bends following 62 decontamination cycles, visually and using

electron microscope examination.

To determine the impact of ECA decontamination on reducing microbial

contamination on the drain outlets of ECA-treated washbasins versus controls.

To monitor washbasin wastewater network components for potential adverse

effects following repeated cycles of ECA decontamination.
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3.3 Materials & Methods

3.3.1 Test and control washbasins

The Accident and Emergency Department (A&E) of the DDUH was selected as the test site
for large-scale automated decontamination of washbasins, U-bends and associated
wastewater pipes. This square shaped clinic consists of 11 separate clinical treatment bays,
each equipped with identical new ceramic HP washbasins (Armitage Shanks, Staffordshire,
United Kingdom; compliant with the Department of Health United Kingdom Health
Building Note 00-10 Part C: Sanitary assemblies (Department of Health UK, 2013)). The U-
bends of 10 of these washbasins were sampled throughout this study (Figure 3.1). All
washbasins were fitted with new polypropylene U-bends (McAlpine Plumbing Products,
Glasgow, Scotland), which had two access ports, one above and one below the U-bend water
line (Chapter 2, Figure 2.4). The U-bends of each of the 10 washbasins were connected by
a vertical 1 metre pipe that discharged into a common horizontal wastewater collection pipe,
that was located directly beneath the A&E Department in the DDUH basement (Figure 3.1).
Washbasin faucets were fitted with a thermostatic mixing valve and provided output water
at an average temperature of 38°C. Hot and cold water supplied to washbasins at DDUH has
been treated with residual anolyte (2.5 ppm) for several years (Boyle ez al., 2012). The A&E

Department operates seven days a week and washbasins are in frequent daily use.

A number of additional washbasins were used as controls. These included one HP washbasin
identical to the A&E washbasins located in the DDUH Central Sterile Supplies Department
(CSSD) and five ceramic DP washbasins located in five DDUH staff bathrooms (2 — 5). All
six control washbasins were fitted with polypropylene U-bends (McAlpine Plumbing
Products) identical to those fitted to A&E washbasins. None of the control washbasin U-
bends were decontaminated with ECA solutions during the study (Chapter 2, Figure 2.3).
All of the control washbasins were in frequent daily use Monday-Friday, and located in non-

clinical settings.

A secondary control group was selected to investigate the effects of ECA decontamination
on washbasin drain outlets, consisting of six HP washbasins from Clinic 1 (Chapter 2, Figure
2.3). The control group was selected as the primary control group consisted of one HP and
five DP washbasins, while all the washbasins from A&E were HP design (Figure 3.2). No
other clinics were available for sampling washbasin U-bends due to the use of washbasins

without sampling ports, HP washbasins were in wide use throughout clinics in DDUH.
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Figure 3.1 Schematic showing the layout of the DDUH Accident & Emergency Department
(A&E). The ten washbasins included in the study are located in separate clinical treatment
bays and each washbasin U-bend was connected by a 1-m vertical pipe to a common
horizontal wastewater collection pipe located directly beneath A&E in the DDUH basement.
The electronic ball valve used to seal the common wastewater collection outflow pipe to
enable backfilling with electrochemically activated solutions (ECAs) is indicated. The
anolyte and catholyte storage tanks were each connected to a separate dosing pump

connected to the common wastewater pipe located in the basement of DDUH.
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Figure 3.2 DDUH floorplan indicating the 10 sampled ECA-treated washbasin U-bends in the A&E (in black), the five sampled untreated U-bends

sampled as comparators (in red) and the five untreated hospital HP drain outlets in Clinic 1 (in purple).
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Washbasins were used for hand washing only. Tork Extra Mild Liquid Soap (SCA Hygiene
Products Ltd., Bedfordshire, United Kingdom) was used for hand washing with all
washbasins. Cold water supplied to test and control washbasin taps was provided from a
15,000 L tank supplied with potable quality mains water. This tank also supplied the
calorifier, which provided hot water to all the washbasin taps. Automatic temperature
recording was fitted on the out and return legs of the hot water network. Hot and cold water
supplied to washbasins at DDUH has been treated with residual anolyte (2.5 ppm) for several
years. Previous studies over 54 weeks showed average bacterial densities in hot and cold tap

water of 1(+ 4) and 2(+ 4) CFU/ml, respectively (Boyle et al., 2012).

3.3.2 Electrochemically activated solutions
The anolyte and catholyte solutions used in this part of the present study are described in

detail in Chapter 2, Section 2.4.

3.3.3 Design of the automated ECA decontamination system for U-bends

Anolyte and catholyte solutions were generated by electrochemical activation of a brine
solution (Figure 3.3). The generation of the ECA solutions is described in Chapter 2, Section
2.4. The ECAs were generated, and stored in the basement of DDUH, directly below the
A&E Department. The solutions were stored next to the generator in medium density UV-
stabilised linear polyethylene tanks and were each connected to a dosing pump (Grundfos,
Bjerringbro, Denmark) (Figure 3.4). A 25 mm diameter acrylonitrile butadiene styrene
(ABS) rigid pipe from each dosing pump connected to the common wastewater pipe
servicing all A&E washbasins. A 100 mm diameter Praher unplasticized-PVC S4 two-way
ball valve (Schwertberg, Austria) was used in this study to allow for the retro-filling of the
ECAs and holding of the solutions in the system (Figure 3.5). The common wastewater pipe
and ball valve were accessible for visual inspection in the basement of DDUH, directly
below the A&E Department. A H-004 24 V DC electric actuator was used to operate the
opening and closing of the ball valve (Actuated Solutions Ltd., Bognor Regis, United
Kingdom). The timing, sequence of activation and duration of activation of the actuator-
controlled valve, dosing pumps and ECA reservoir outlet valves was managed by a

programmable electronic process controller (Open System Solutions Ltd, Southampton,

UK).
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Figure 3.3 Schematic of the automated ECA decontamination system used in this study.
Panel (a) Diagram of the automated system for the simultaneous decontamination of 10
A&E washbasin U-bends, drain outlets and associated wastewater pipes by sequential
treatment with catholyte followed by anolyte throughout the study. Only four washbasins
are shown for clarity. Each U-bend had two ports to facilitate sampling. Panel (b) Process
control schematic for automated decontamination. The programmable process controller
initiates treatment cycles. At the start of each cycle the process controller sends a signal to
the actuator to close the ball valve on the wastewater outflow pipe. After a 20 s delay, a
signal is sent that activates the catholyte dosing pump for 3.5 min and catholyte is pumped
into the pipework below the washbasin U-bends until the pipework and U-bends are
completely filled to a level a few cm above the washbasin drain outlets. Catholyte is left in
situ for 10 min, after which time a signal from the process controller opens the ball valve
voiding catholyte to the wastewater stream. The ball valve is then closed and after a 20 s
delay another signal from the process controller activates the anolyte dosing pump for 3.5
min and the cycle proceeds as per catholyte dosing. After 10 min the anolyte is voided to the

wastewater stream completing the cycle.
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Figure 3.4 A photograph showing the ECA generator and anolyte and catholyte storage tanks used in this study. All were located in the basement of
DDUH under the A&E Department. The anolyte (A) and catholyte (B) storage tanks, the ECA generator (C) and the brine solution storage tank (D) are

indicated.
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Figure 3.5 Photograph of the common wastewater collection pipe servicing all A&E washbasins located in the DDUH basement beneath the A&E
Department. The red dashed box indicates the electronic ball valve fitted to the common wastewater pipe servicing A&E washbasins. Closing this valve

permitted backfilling of the wastewater pipes and U-bends of all A&E washbasins with ECA solutions.
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3.3.4 Automated ECA solutions decontamination cycle

The ECA decontamination system was programmed to automatically begin the cleaning and
decontamination cycle for 13.00 h every Monday, Wednesday and Friday. The clinic was
not in use during these times. The decontamination cycles began with the process controller
activating the actuator and closing the valve on the common wastewater pipe (Figure 3.2).
Following a 30 s delay, the catholyte-dosing pump was activated and began retro-filling
catholyte into the wastewater pipe towards the ten washbasins and washbasin drain outlets
over a 3.5 min period. The common wastewater pipe, vertical 1-m pipes, U-bends, and
washbasins were retro-filled with 220 L of catholyte. Each washbasin was filled to a level
of 5-cm above the drain outlet. Once filled, the catholyte-dosing pump was signalled to stop
and the catholyte was held in sifu for 10 min. Following the 10 min contact time, the solution
was voided to waste by the opening of the valve on the common wastewater pipe (Figure
3.2). Following a further 30 s delay, the process was repeated with the anolyte solution.
Upon completion, the anolyte was discharged to the sewerage system. This completed the
automated ECA decontamination cycle. Control washbasins were flushed with mains water

instead of ECA.

3.3.5 Microbiological culture

U-bend decontamination efficacy was determined by quantitative microbiological culture of
U-bend samples (n = 620) immediately following each decontamination cycle for a total of
62 treatment cycles over the five-month study period in 2017 (3 treatment cycles per week).
Additional samples (n = 420) were taken 24 h post-treatment for 42 cycles to assess
microbial recovery following decontamination. Contemporaneous samples were also taken
from the control U-bends (n = 372) following each cycle of decontamination of the test
washbasin U-bends. After completion of the decontamination cycle, U-bends were flushed
with tap water prior to sampling to void any retained residual anolyte. The interior surface
of the U-bends from the test and control washbasins were sampled through the two sampling
ports using sterile viscose transport swabs (Sarstedt, Niimbrecht, Germany) dipped in a
neutralising solution of sodium thiosulphate (0.5% w/v) (Boyle et al., 2010; Boyle et al.,
2012). The swabs were rotated 360° three times within the sampling ports, covering an
average swab contact surface area of 3-cm x 1-cm. To avoid continually sampling the same
part of each U-bend, six internal sampling sites were selected and sampled in rotation
(Chapter 2, Figure 2.4). Only one site was sampled following each ECA treatment cycle and
swabs were processed immediately. The tip of each swab was processed as described in

Chapter 2, Section 2.6.3.
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3.3.6 Identification of bacterial isolates
Definitive identification of bacterial isolates recovered on CBA, R2A and PSCN media was

undertaken using MALDI-TOF-MS analysis as described in Chapter 2, Section 2.2.4.

3.3.7 Electron microscopy

At the end of the five-month study period of ECA decontamination of U-bends, one ECA-
treated U-bend and one untreated U-bend were removed, cut longitudinally and the interior
surfaces examined for the presence of microbial biofilm. Small sections of each U-bend were
also examined for the presence of biofilm, without prior fixation, by electron microscopy
using a Zeiss Supra 35 variable pressure field emission scanning electron microscope (SEM;
Zeiss Microscopy, Jena, Germany). The SEM analyses were conducted and carried out under

the supervision of the TCD Centre for Microbiology and Analysis.

3.3.8 Statistical Analysis

Statistical analyses were performed as described in Chapter 2, Section 2.7.
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3.4 Results

3.4.1 Automated U-bend decontamination with ECA solutions

An automated decontamination system was developed and installed at the DDUH A&E
Department that permitted the U-bends, drains and associated wastewater pipes of 10
identical hand washbasins to be completely filled sequentially with the ECA solutions
catholyte followed by anolyte. The U-bends were exposed to three weekly decontamination
treatment cycles (Monday, Wednesday and Friday) over a five-month period (62 cycles in
total). Six additional washbasins located elsewhere in DDUH were used as controls. Swab
samples were taken from the internal surfaces of the U-bends and quantitative bacterial
counts recovered on CBA, R2A and PSCN agar media were determined. The average
bacterial densities recovered from the six-untreated control U-bends during the study period
on CBA, R2A and PSCN were 2 x 10° (£ 4 x 10%), 3.3 x 10° (£ 1.1 x 10°) and 2.7 x 10* (+
1.2 x 10°) CFU/swab, respectively (Table 3.2). The average bacterial densities recovered
from thel0 ECA-treated U-bends immediately after ECA-treatment (62 cycles) on CBA,
R2A and PSCN were 73.4 (£ 258.2), 122.5 (+ 371.3) and 15.3 (£ 184.5) per swab,
respectively (Table 3.2). The average bacterial densities of culturable bacteria from ECA-
treated U-bends compared to the control washbasins displayed a >3 log difference.
Differences in the average bacterial densities recorded from treated U-bends on all media
relative to the corresponding counts from untreated U-bends were highly significant (P
<0.0001) (Table 3.2). Additional U-bend samples were taken from all 10 treated U-bends 24
h after ECA treatment for 42 of the 62 decontamination cycles and no significant increase

(P >0.05) in bacterial counts recovered was observed (Table 3.2).

3.4.1.1 Bacterial count recovered in different U-bend sampling sites

The washbasin U-bends used in this study contain two sampling ports that enabled six sites
to be swab sampled in rotation. Figure 3.5 displays a U-bend cut longitudinally showing the
six U-bend sampling sites used in this study. For the purposes of this study, the U-bend was
divided into two segments: the U-shaped segment that retains water, containing the water
entry and exit sections, and the overflow segment (Figure 3.6). The U-bend was situated
directly below the offset washbasin drain outlet, which retained water creating the seal
within the U-shaped segment of the U-bend (Figure 3.6). The U-bend overflow connected

the U-shaped segment to the downstream wastewater drainage pipe (Figure 3.6).
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Table 3.2 The average quantitative bacterial counts from ten washbasin U-bends subjected

to automated treatment with ECA solutions and the corresponding counts from six untreated

U-bends
Agar U-bend Average bacterial counts in SD Range of bacterial P value
medium CFU/swab from ECA-treated counts in
(n =62 cycles, 620 swabs) CFU/swab
and control (n = 372 swabs)
U-bends
CBA Treated 73.4 258.2 0-4.6x10°
<0.0001
Untreated 2x 10° 4x10° 0-4x10°
R2A Treated 122.5 371.3 0-58x10°
<0.0001
Untreated 3.3 x 10° 1.1x10° 0-1.8x107
PSCN Treated 153 184.5 0-34x10°
<0.0001
Untreated 2.7 x 10* 1.2x10° 0-1.4x10°
Average bacterial counts in
CFU/swab 24 h after ECA
treatment (n = 42 cycles, 420
swabs) and control (n = 252
swabs) U-bends®
CBA Treated? 532 127.6 0-1x103
<0.0001
Untreated  2.1x 10° 43x10° 500-3.2x 10°
R2A Treated? 91.7 277.6 0-35x10°
<0.0001
Untreated  2.9x 10° 6.1 x10° 1.3x10°-5x10°
PSCN Treated® 15.6 119 0-1.7x10°
<0.0001
Untreated 2.6 x 10* 1.1x10° 0-1.4x10°

2 The average bacterial counts in CFU/swab were determined for the 10 ECA-treated U-

bends and the 6 untreated U-bends 24 h after treatment for 42/62 ECA treatment cycles.
Abbreviations: ECA, electrochemically activated; CBA, Columbia blood agar; R2A, R2A

agar; PSCN, P. aeruginosa selective agar; SD, standard deviation.
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Figure 3.6 An example of one of the washbasin U-bends used in this study cut longitudinally
to show the six U-bend sampling used. For the purposes of this study, the U-bend was
divided into two segments: the U-shaped segment, containing the water entry and exit
sections, and the overflow segment. The U-bend is situated directly below the offset
washbasin drain outlet, which retains water creating the seal within the U-shaped segment
of the U-bend. The dashed line represents the air-water junction, the level to which water in
the seal is filled. The U-bend overflow connects the U-shaped segment to the downstream
drainage wastewater pipe. Swab samples were taken in rotation from the two sampling ports.
Port A is positioned at the bottom of the U-shaped segment of the U-bend and Port B is
positioned at the U-bend overflow. Port A facilitated sampling of the water entry section of
the U-shaped segment of the U-bend, with sampling sites labelled 1 and 6. The longitudinally
cut washbasin U-bend demonstrates the two sampling sites on opposite sides of each section.
Port B facilitated sampling of the water exit section of the U-bend segment, with sampling
sites labelled 2 and 5. This U-bend segment was labelled ‘exit’ as the water exited the U-
bend via the overflow towards the sewer network. Port B also facilitated sampling of the

‘overflow’ segment of the U-bend with sampling sites labelled 3 and 4.
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Swab samples were taken in rotation from the two sampling ports. One sampling port (Port
A) was positioned at the bottom of the U-shaped segment of the U-bend (Figure 3.5). The
other sampling port (Port B) was positioned at the U-bend overflow (Figure 3.5). Port A
facilitated sampling of the water entry section of the U-shaped segment of the U-bend (see
sampling sites 1 and 6 in Figure 3.5). This section was labelled ‘entry’ as the water entered
the U-bend from the drain outlet. The longitudinally cut washbasin U-bend in Figure 3.5
displays the two sampling sites on opposite sides of each section. Port B facilitated sampling
of the water exit section of the U-shaped segment of the U-bend (see sampling sites 2 and 5
in Figure 3.5). This segment was labelled ‘exit’ as the water exited the U-bend via the
overflow towards the sewer network. Port B also facilitated sampling of the ‘overflow’
segment of the U-bend (see sampling sites 3 and 4 in Figure 3.5). The bacterial densities
recorded from sample sites 1 to 6 were amalgamated under the three section labels of the U-

bend: entry, exit and overflow (Table 3.3).

On all three media the ‘entry’ section of the U-shaped segment of the U-bend, which allowed
recovery of bacterial within the water retained section at the air-water interface, exhibited a
higher average recovered bacterial density from ECA treated U-bends than both the exit and

overflow sections (Table 3.3).

3.4.2 Bacterial species identified from ECA-decontaminated and control U-bends

The range of Gram-positive and Gram-negative bacterial species identified from ECA-
treated and control U-bends throughout the study is shown in Table 3.4. Although the
bacterial density in ECA-treated U-bends was consistently much lower than the control U-
bends, the diversity of species identified was greater. This was due to a greater number of
Gram-positive bacterial species identified comprising several species of staphylococci
(Table 3.4). The array of Gram-negative bacterial species identified from treated and control
U-bends were similar. Pseudomonas aeruginosa was recovered from all 10 treated and all
six control U-bends during the course of the study and was recovered from 78% (290/372)
of the control and 12% (74/620) of the ECA-treated U-bends samples investigated,

respectively.

3.4.2.1 Bacterial species identified from ECA-decontaminated U-bends immediately
following decontamination.
A narrower range of Gram-positive and Gram-negative bacterial species was identified from

ECA-decontaminated washbasin U-bends immediately after decontamination (Table 3.5).
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Table 3.3 The average bacterial counts from the 10 ECA treated washbasin U-bends and six
non-treated U-bends, based on swab sampling of the different internal sampling sites (n =

33/U-bend location)

U-bend Agar Average bacterial SD Range of CFU/swab
location® medium counts in CFU/swab
ECA- Outflow CBA 47.93 104 0-509
treated (Locations R2A 95.77 146.5 0-600.5
3 and 4)° PSCN 15.29 52.04 0268
Exit CBA 57.46 58.06 0-208.9
(Locations R2A 83.98 117.4 0—-660
2 and 5)° PSCN 8.93 29.9 0-171.5
Entry CBA 98.38 98.67 0-335.5
(Locations R2A 171.2 206.5 2-821.5
1 and 6)° PSCN 23.35 65.06 0-346
Untreated Outflow CBA 1x10° 4.2x 10* 3.89x 10*-2.03 x 10°
(Locations R2A 1.65x 10° 1.06 x 10° 1.8x10*-49x10°
3 and 4)° PSCN 1.83 x 10* 3.17 x 10* 352-1.27x 10°
Exit CBA 1.51x 10° 1.12x 10° 1.68 x 10* - 5.84 x 10°
(Locations R2A 2x10° 1.49x 10° 2.79 x 10*—8.43 10°
2 and 5)° PSCN 1.26 x 10* 1.36 x 10° 1.9x 10°~7.510*
Entry CBA 1.59x 10° 7.91 x 10* 43510*-3.88x 10°
(Locations R2A 2.33x10° 2.73x 10° 4.54x 10*—1.65x 10°
1 and 6)° PSCN 1.67 x 10* 2.47x 10° 1.14x10°-1.28 x 10°

2 The three U-bend segments entry, exit and overflow refer to the segments within the U-
bends used in DDUH.

® The locations of these sites in relation to Figure 3.5.
Abbreviations: ECA, electrochemically activated; CBA, Columbia blood agar; R2A, R2A

agar; PSCN, P. aeruginosa selective agar; SD, standard deviation; CFU/swab, colony

forming unit per swab.
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Table 3.4 Bacterial species recovered from ECA-treated and control U-bends during the

study
Bacterial species identified Bacterial species identified in Bacterial species identified in
in ECA-treated U-bends ECA-treated and non-ECA non-ECA-treated U-bends
treated U-bends
Gram Positive
Aerococcus viridans Micrococcus luteus Brevibacterium casei

Bacillus cereus

Bacillus pumilus

Bacillus simplex
Staphylococcus aureus
Staphylococcus capitis
Staphylococcus cohnii
Staphylococcus epidermidis
Staphylococcus haemolyticus
Staphylococcus hominis
Staphylococcus saprophyticus

Staphylococcus warneri

Gram-negatives

Acinetobacter johnsonii Acinetobacter ursingii Acinetobacter junii
Acinetobacter radioresistens Aeromonas hydrophila Enterobacter hormaechei
Brevundimonas diminuta Citrobacter freundii Rhizobium radiobacter
Chryseobacterium indologenes Cupriavidus pauculus

Enterobacter cloacae Delftia acidovorans

Klebsiella oxytoca Hafnia alvei

Pseudomonas fluorescens Raoultella ornithinolytica

Raoultella planticola Stenotrophomonas maltophilia

Pseudomonas aeruginosa

Pseudomonas putida

Abbreviations: ECA, electrochemically activated solutions
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Table 3.5 Bacterial species recovered from ECA-treated washbasin U-bends recovered

immediately following decontamination

Bacterial species
Gram-positive bacteria Micrococcus luteus

Staphylococcus saprophyticus
Staphylococcus haemolyticus
Bacillus cereus

Bacillus pumilus

Gram-negative bacteria Pseudomonas aeruginosa
Stenotrophomonas maltophilia
Cupriavidus pauculus
Acinetobacter ursingii
Citrobacter freundii
Raoultella planticola
Raoultella ornithinolytica
Enterobacter cloacae
Klebsiella oxytoca

Hafnia alvei
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Of the 13 Gram-positive species recovered from ECA-treated U-bends at both time points,
only five Gram-positive species were recovered from ECA-treated U-bends immediately
following decontamination. Likewise for the Gram-negative group, 18 species were
recovered from ECA-treated U-bends at both times points, with 10 species recovered from

ECA-treated U-bends immediately following decontamination.

3.4.3 Visual and electron microscope examination of an ECA-treated and a control
U-bend
Immediately following the completion of the ECA treatment period of the present study, one
ECA-treated U-bend and one control U-bend were removed and cut in longitudinal sections.
Direct visual examination of the control U-bend revealed the ECA-treated U-bend was
visually free from biofilm (Figure 3.7 (a)). In contrast, the presence of patchy, dense slimy
biofilm on the inner surface of the untreated U-bend were visible. This biofilm extended
towards the region of pipework connecting to the washbasin drain outlet (Figure 3.7 (b)).
Scanning electron microscopy of several sections of the inner surfaces of the control U-bend
confirmed the presence of dense biofilm and its virtual absence in the ECA-treated U-bend

(Figure 3.8).

3.4.4 Biofilm on washbasin drain outlet surfaces

The washbasins used in this study were entirely cast as single ceramic units. These units
included the offset drain outlet, washbasin bowl and were contiguous with the vertical back
wall of the washbasins. At the end of the study period a visual examination of the drain
outlets from the ECA-treated washbasins in A&E and six non-ECA treated identical HP
washbasins from Clinic 1 were investigated. The washbasin drain outlet from Clinic 1 was
chosen for comparison as the HP washbasin was identical to the HP washbasins in the A&E
Department, and both clinics had similar use. Biofilm was clearly evident within the drain
outlet of all the Clinic 1 control washbasins, but no visible biofilm was evident in the
corresponding ECA-treated drain outlets from A&E (Figure 3.9). Neutralised swab samples
taken at this point from the drain outlets of six ECA-treated washbasins yielded average
quantitative bacterial densities on CBA agar of 1 CFU/swab (range 0 — 5). No bacteria were
recovered on PSCN agar. The corresponding average bacterial densities recovered from six
untreated washbasin drain outlets were 4.1 x 103 (range 120 — 5.6 x 10°) on CBA and 874.2
(range 5 — 2.7 x 10°) CFU/swab on PSCN. Additional swab samples were taken from the

surface of each washbasin immediately adjacent to the drain outlets. No bacteria were
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Figure 3.7 A photographic comparison of an ECAs treated and untreated U-bends. Panel (a)
A longitudinal section of a U-bend following 62 cycles of ECA treatment over a five-month
period. Panel (b) A longitudinal section of a control U-bend at the end of the study. Both U-
bends were installed at the same time. The dashed lines indicate the water level within the
U-bends. Following each ECA treatment cycle, treated and control U-bends were swab
sampled through the ports indicated. To avoid sampling the same part of each U-bend
continually, six internal sampling sites were selected and sampled in rotation. Three of these
(labelled 1-3) are shown in (a). The additional three sites were located on the other, mirror
image half of the U-bend. The treated U-bend is noticeably free from visible biofilm,
whereas the control U-bend contains slimy biofilm, especially above the waterline and at the

junctions connecting to the washbasin drain outlet andwastewater discharge outlets.
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Figure 3.8 Electron microscope images of sections of the internal surfaces of (a) an
untreated U-bend (b) an ECA-treated U-bend. The untreated section harbours dense biofilm,
whereas the ECA treated section is totally free of biofilm. Both sections were taken from the
U-bend cross sections shown in Figure 3.5 from the areas immediately above the waterline
of' sampling surface. The black line represents a distance of (a) 100 um at 100x magnification

and (b) 20 um at 500x magnification.
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(a) (b)

Figure 3.9 Photographs of (a) a control and (b) an ECA-treated HP washbasin drain outlet
at the end of the study. The U-bend and drain outlet of the treated washbasin were
subjected to 62 cycles of ECA treatment over five months. The treated drain outlet is

noticeably free from visible biofilm, whereas the control drain outlet contains visible

biofilm.

84



recovered from samples from the six test washbasins on CBA or PSCN media. In contrast
from the control washbasin surface samples 3.6 x 10° (range 30 — 8.6 x 10°) CFU/swab was

recovered on CBA and 1.2 x 10° (range 0 — 6.2 x 10°) on PSCN media (Figure 3.2).

3.4.5 Adverse effects on washbasin wastewater network

No adverse effects were observed following regular visual inspection of the washbasins, U-
bends or associated wastewater pipework during and at the end of the study. All fitting

incorporated into this system were ECA compliant.
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3.5 Discussion

Hand washbasins, drain outlets and U-bends have been increasingly identified as significant
environmental reservoirs of contamination in hospitals, predominantly with GNB. This
chapter details the development of an effective approach for the automated simultaneous
decontamination of multiple hand washbasins U-bend using ECA solutions. This research
adopted the two-prong decontamination approach previously utilised by Swan et al. (2016)
to reduce the bioburden of the biofilm present in washbasin U-bends by harnessing the
detergent properties of catholyte to clean followed by disinfection with anolyte. This study
builds on previous work conducted in DDUH that demonstrated that bacterial contamination
of a single ECA-treated washbasin U-bend and drain outlet was virtually eliminated over the
three-month study period relative to controls (Swan et al., 2016). This chapter demonstrated
the effective and consistent decontamination of the washbasin U-bends in an active
healthcare facility where all previous single approaches to developing IPC protocols for
decontaminating washbasin U-bend reservoirs have proved ineffective, ineffective in the

long-term or effective but expensive.

This study reports the successful development, installation and testing of a large-scale
system, based on the original prototype, for automated simultaneous decontamination of 10
washbasin U-bends, drain outlets and associated pipework. The decontamination system was
field tested successfully in a busy hospital clinic with no disruption to daily clinical activities
(Figure 3.3). The adaption of the prototype system for use in the A&E Department of DDUH
required the establishment of the decontamination system parameters. The parameters
known to affect the efficacy of decontamination processes include the concentration and
potency of the disinfectants and detergents used, the physical and chemical factors including
heat and pH, the presence of organic and inorganic matter, and the duration of treatment with

the disinfectants and detergents (Rutala et al., 2008).

Empirical experiments were undertaken with the system to determine the optimal
concentrations of each ECA for effective decontamination of the 10 U-bends in a relatively
short time period. The pilot study by Swan et al. (2016) used anolyte at a concentration of
450 ppm and catholyte at a concentration of 40 ppm, while for the A&E washbasin U-bend
decontamination system, this was increased to 800 ppm anolyte and 80 ppm of catholyte.
The increased strength of the solutions used with the larger system was necessary due the

size of the wastewater network to be decontaminated. To increase the initial cleaning
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efficiency of the catholyte solution, freshly generated catholyte was diluted 1:5 with heated
mains water immediately prior to use with a temperature after dilution of approximately
33°C. Heating was included as a process in the decontamination system to increase cleaning

efficacy of catholyte.

The contact time between the solutions and the pipework was increased from 5 min to 10
min. As previously discussed, a key feature of this system was the use of a ball valve in the
wastewater pipe to hold the ECAs that were retro-filled into the wastewater pipework up
into the washbasin bowl. All points of the wastewater system above the ball valve were
therefore in contact with the ECAs. This was in contrast to the other studies that have used
manual valves as a method to increase contact time of disinfectants with washbasin U-bends
and associated pipework. As discussed in the introduction, Vergara-Lopez ef al. (2013)
installed manual shut off valves into sink drainage pipes in order to control a K. oxytoca
hospital outbreak. The 30 min treatment with Biguanid, and the subsequent flushing with
hot water for 5 min, resulted in an effective approach to cease the hospital outbreak, however
this approach had its limitations. Each sink selected for disinfection was installed with
individual valves that were manually operated. This manual approach and filling of the
wastewater system through the drain outlet may lead to the trapping of air in the pipework
shielding some areas from disinfection. More recently, Cadnum et al. (2019) tested the
efficacy of multiple disinfectants with and without the use of stop valves in the drainage
pipes of a single washbasin. A stop valve was installed below the U-bend of a washbasin
known to be colonised with P. aeruginosa. Three interventions were tested (i) pouring 500
ml of 5 % acetic acid directly down the drain over a period of 1 min, (ii) pouring 500 ml of
diluted household bleach (1:10) directly down the drain over a period of 1 min, and finally
(ii1) pouring the same quantity and concentration of diluted household bleach directly down
the drain over a period of 1 min once the stop valve had been manually closed. When closed,
the manual stop valve held the diluted household bleach to a level just above the drain outlet
of the washbasin and also filled the associated wastewater pipework above the stop valve
for a contact time of 1 h (Cadnum et al., 2019). The effects of the disinfection were
quantified using swab sampling a 2.5-cm area below the drain outlet both before the
experiment was carried out and at five time points over 15 days. Each experiment was
repeated a total of two times. Pouring bleach or acetic acid down the drain alone displayed
only transient suppression of recovered bacterial drain colonisation. The third approach,
where bleach was poured down the drain outlet and held in the wastewater pipework for 1

h, displayed lasting suppression of bacterial counts recovered by swab samples for up to 10
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days post treatment (Cadnum et al., 2019). Both studies were carried out over short time
periods (3 months and 15 days) thus limiting the investigation of the long-term effects these

approaches over time.

Both the pilot system and the system described in this study adopted three decontamination
cycles times per week (Monday, Wednesday and Friday). The automated system developed
during this study does not require direct staff involvement in U-bend decontamination and
ECA solutions were generated on demand. A recent study by Ramos-Castaneda et al. (2020)
aimed to investigate the ideal frequency of sink-drain decontamination using two hydrogen
peroxide-based disinfectants. The CFU reductions observed following treatment, utilising
swab sampling of the sink drains immediately following disinfection, returned to baseline
five days post-disinfection with both disinfectants (Ramos-Castaneda et al., 2020). This
study failed to determine the ideal frequency of drain decontamination and one limitation of
the study was that the swabs used for sampling the drain sites were not neutralised, thus
significantly reducing the reliability of the results. In the design of the present study, the
possibility of mechanical removal of U-bend biofilm by continuous swab sampling was
taken into account. Compared to the Swan et al. (2016) study that utilised a single access
port U-bend, the U-bends in the A&E Department all included two access sampling ports.
This permitted six selected sites (Figure 3.6) to be sampled in rotation to reduce the
mechanical removal of biofilm by sampling. The ECA-treated U-bends were sampled a total
of 1040 times during the course of the study (Table 3.2). Apart from the number of sampling
ports, the U-bends used in both studies were identical. The six sampling locations included
sampling of the sections of washbasin U-bend containing the water seal as well as at the

water-air interface, and the overflow section of the U-bend (Figure 3.6).

The results of this study demonstrated that the large scale ECA treatment system has a
comparable decontamination efficacy to the pilot system as both resulted in a >3 log
reduction in bacterial counts in U-bends relative to untreated controls (P <0.0001) (Table
3.2). The pilot study encompassed a total of 35 decontamination cycles and this current study
investigated 62 decontamination cycles. The bacterial recovery data immediately following
ECA-treatment and 24 h after ECA-treatment was similar on all media tested (Table 3.2),
which demonstrated that biofilm within the pipework did not recover rapidly from ECA
treatment. The study also investigated the bioburden within the internal sections of the U-
bends sampled (Figure 3.6). The internal section of the U-bend was separated into the

following segments: the water retention segment of the U-bend (both entry and exit
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sections), and the overflow (where the water is flushed towards the sewer). On all three
media, the ‘entry’ section of the ECA-treated U-bends, which allowed recovery of potential
pathogens within the seal and at the air-water interface, demonstrated higher average
bacterial densities than both the exit and overflow sections. The photograph of the control
washbasin U-bend shown in Figure 3.6 shows visibly denser biofilm present in the entry
section of the U-bend. One explanation for the observed biofilm, both visually and
quantitatively at the entry section of the U-bend, is the ability of P. aeruginosa to readily

form biofilm at an air-water interface (Abraham et al., 2008).

In the pilot study, P. aeruginosa was not recovered from the ECA-treated U-bend. In the
current study, the ECA-treated A&E washbasins yielded an average P. aeruginosa count
from U-bends of 15 + 185 CFU/swab (n = 620 samples), however, only 12% of samples
plated on agar selective for P. aeruginosa yielded growth, and of these only 2% yielded >10
CFU/swab. In contrast, 78% of swab samples (n = 372) from the 6 control U-bends yielded
growth on the same selective agar and of these, 58% yielded >1000 CFU/swab. The finding
of low densities of P. aeruginosa in some U-bends following ECA treatment with the larger
system relative to the pilot system is not surprising as it is a much larger network of pipes
servicing the 10 washbasins and U-bends. Kizny Gordon et al. (2017) carried out a
systematic review of 32 reports where CROs were recovered from hospital water reservoirs
causing HAIs. P. aeruginosa was found to be the most frequent organism detected among
the papers, detected in 41 % of all the studies as well as being isolated in all water reservoirs
(Kizny Gordon et al., 2017). In accordance with previous results, P. aeruginosa is the
predominant species found in wastewater pipe biofilms (Roux et al., 2013). A study by
Cholley et al. (2008) sampled 28 U-bends over 8 weeks found that all U-bends were
colonized at least once by P. aeruginosa. Likewise, Varin and colleagues reported that
79.3% (69/87) of U-bends tested harboured P. aeruginosa at least once but sampling was

only performed over a two-week period (Varin et al., 2017).

A wide variety of Gram-negative bacterial species other than P. aeruginosa were identified
in both ECA-treated and control U-bends (Table 3.3). Some of those identified have been
previously implicated in hospital outbreaks such as Citrobacter freundii, Acinetobacter
Jjunii, and Stenotrophomonas maltophilia, the latter of which is intrinsically carbapenem
resistant (Kappstein et al, 2000; Denton et al., 2003; Hammerum et al., 2016; Meletis,
2016). Other than Stenotrophomonas maltophilia, no observed carbapenem-resistant or

carbapenemase-producing bacteria were recovered in the study. This is unsurprising, as this
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project was undertaken in an environment of low antibiotic administration in a DDUH A&E
Department. However, antimicrobial resistant bacteria are becoming more prominent in
washbasin U-bends due to the draining of fluid containing antibiotics in hand washbasins
(De Geyter et al., 2017). The increased abundance of antibiotics promotes the selection of
resistant bacterial strains. In contrast to the Gram-negative species recovered, a greater range
of Gram-positive bacterial species was identified from treated U-bends. This may be due to
the recovery of several staphylococcal species not identified in control U-bends.
Staphylococci are common skin commensals that inevitably get transferred into washbasin
U-bends during hand washing. The recovery of staphylococci from treated U-bends, albeit
in low numbers, could be due to their presence being masked by the high densities of other
bacteria, especially GNB within the control samples. However, further investigation of the
array of species recovered immediately following decontamination, showed that only 5
Gram-positive species were recovered (Table 3.4). The reduced number of Gram-positives
may be indicative of the decontamination process removal of species incorporated in the
wastewater network by handwashing, which do not adapt readily to the aquatic
environments. P. aeruginosa was the most prominent single species identified in the
untreated U-bends. This finding was in accordance with the literature, as P. aeruginosa is
well adapted to this environment and can produce a range of antimicrobial substances
enabling it to compete against other bacteria and fungi within its environment (Bédard et al.,

2016; Gionco et al., 2017).

The presence of Gram-negative bacteria in washbasin wastewater pipework constitutes a
greater risk due to their motility and ability to grow upwards, against the water flow, towards
the drain outlet. Kotay ef al. (2017) used green fluorescent protein tagged E. coli found that
bacteria inoculated into a U-bend supplied with nutrients reached the drain outlet in a week.
In the present study, an ECA-treated washbasin U-bend and untreated U-bend were removed
and cut longitudinally to visually inspect the biofilms. Both U-bends were installed at the
same time. In Figure 3.7, the ECA treated U-bend following 62 ECA decontamination cycles
was visually free of biofilm. In comparison, the cut control U-bend contains slimy biofilm,
especially above the air-water interface extending towards the drain outlet and at the
junctions connecting to the washbasin drain outlet and wastewater discharge outlet pipes.
Utilising electron microscopy, the untreated section harbours dense biofilm, whereas the

ECA treated section is totally free of biofilm (Figure 3.8).
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In the present study, visual inspection of untreated offset drain outlets in HP washbasins
indicated that bacteria are not entirely confined to the wastewater pipe network (Figure 3.9).
Sampling from ECA-treated drain outlets recovered average bacterial counts of 1 CFU/swab
(range 0 — 5) on CBA and no bacterial recovery on PSCN agar. Whereas untreated drain
outlets recovered 4.1 x 103 (range 120 — 5.6 x 10°) on CBA and 874.2 (range 5 — 2.7 x 10%)
CFU/swab on PSCN. This observed 3-log reduction in bacterial colonisation reduces the
potential of transmission of potentially pathogenic bacteria. Previous studies have
demonstrated the risk of bacterial biofilm at drain outlets. Starlander and Melhus (2012)
identified four patients, over a seven-month period, becoming colonised by an ESBL
producing strain of Klebsiella pneumoniae. Following environmental sampling, the source
of the outbreak was determined to be a contaminated sink drain. In this present study, the
washbasin was also swabbed adjacent to the drain. In this study, sampling of the drain outlet
was investigated to determine if the bacteria contamination in wastewater pipe network was
being pushed upwards by the dosing of the solutions. These observed reduction in biofilm
formation in washbasin drains and washbasin indicates the effect ECA-solution effect on

washbasins as well as the washbasin U-bend.

This study did not definitively demonstrate whether the decontamination approach would be
of benefit in helping to control an actual hospital outbreak associated with contaminated
washbasin or sink U-bends and/or drains. However, several previous studies managed to
control such hospital outbreaks by replacing washbasins/sinks and U-bends or by treating
U-bends with chemicals (La Forgia ef al., 2010; Stjarne Aspelund et al., 2016; De Geyter et
al., 2017; Mahida et al., 2017). Such approaches offer short-term solutions to the problem
of U-bend contamination as new sanitary ware and pipework rapidly becomes recolonised
from the wastewater network pipework (Hota et al., 2009; La Forgia et al., 2010; Roux et
al., 2013; Vergara-Lopez et al., 2013; Leitner et al., 2015; Wendel et al., 2015; Stjarne
Aspelund et al., 2016). DDUH operates on an outpatient basis only between 08.00 h and
17.00 h daily, which enabled significant out-of-hours access to the A&E Department in
which we installed and tested the large-scale automated system. Such access would not be

as readily available for system optimisation and sampling in a busy acute hospital setting.

In conclusion, the novel decontamination approach described in this chapter, provides an
effective multi-facetted automated approach for minimising infection risks from drain
outlets. This approach effectively reduced biofilm formation in washbasin U-bends, which

comprise a ubiquitous contamination reservoir in healthcare facilities. This novel approach
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demonstrated effective and consistent decontamination of multiple washbasin U-bends over
a period of 62 cycles or 5 months. The use of automated U-bend decontamination would be
of most benefit in ICUs and in hospital wards with vulnerable patient groups such as
immunocompromised patients and cystic fibrosis patients. The system is capable of
decontaminating multiple washbasin U-bends simultaneously and can be tailored to manage

as many or as few washbasins and sinks as desired for a particular healthcare setting.
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Chapter 4

Investigating the efficacy of automated decontamination
of multiple washbasin U-bends with electrochemically-
activated solutions over a period of 52 weeks and
identifying the bacterial communities at multiple DDUH
wastewater network locations using Illumina high-
throughput 16S rRNA amplicon sequencing
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4.1 Introduction

Hand washbasins, U-bends, associated fixtures and wastewater pipes have been increasingly
identified as reservoirs of microorganisms responsible for nosocomial infections, including
infections caused by antibiotic resistant organisms. The successful development of a large-
scale programmable automated system for the simultaneous decontamination of multiple
washbasin U-bends in the A&E Department of DDUH using sequential treatment with
catholyte followed by anolyte solutions was previously described in Chapter 3. This system
was shown to effectively and consistently reduce the bacterial bioburden within the 10
washbasin U-bends and drains over a period of five months (Deasy et al., 2018). However,
two main factors of a good decontamination protocol are the long-term feasibility-of-use of
the decontamination approach and the long-term efficacy of the decontamination approach.
Continuous chemical disinfection has previously been shown to lead to selective
environmental pressures for the emergence of AMR organisms, alongside adverse effects on
wastewater network pipes and components (Cooper et al., 2010; Mao et al., 2018; Jin et al.,

2020).

As previously discussed, a plethora of approaches have been described for the
decontamination of washbasin wastewater drains, U-bends and associated fixtures. While
today, chemical disinfectants and novel decontamination approaches continue to be
developed, long-term studies are necessary for investigating the efficacy of decontamination
within aging wastewater networks. One recent review compared the interventions used
against CRO-associated outbreaks transmitted from wastewater drain biofilms. The review
identified 23 wastewater drain-associated CRO outbreak studies between 1990 — 2018
(Carling, 2018). Comparison of routine disinfection approaches determined disinfection had
limited, if any, impact on CRO drain colonisation, and generally necessitated the

replacement of wastewater fittings to terminate outbreaks (Carling, 2018).

Since the discovery of microorganisms, scientists have aimed to identify potential pathogens
associated with diseases. However, this process has not always been straightforward. A 2003
study determined that 50% of all sepsis cases documented between 1979 and 2000 within
representative hospitals throughout the United States could not identify the causative
pathogen by microbiological culture-based testing in a clinical setting (Martin et al., 2003).
Likewise, it has been estimated that > 99% of microorganisms in nature cannot be cultivated

using standard laboratory techniques (Hugenholtz et al., 1998). The advent of NGS
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technologies brought about rapid, culture-independent and relatively cost-efficient methods
to profile diverse microbial communities. NGS facilitates the sequencing of thousands of
organisms in parallel compared to other techniques, such as PCR-based approaches and

capillary sequencing, which were reduced in parallel sequencing capacities.

Wastewater networks are complex ecosystems that are exposed to differing levels of use.
While parts of the wastewater network can be continuously utilised and subjected to
continuous incorporation of microorganisms, organic materials and/or chemicals, other parts
may remain dormant for considerable periods. Yet, all parts of healthcare facility wastewater
networks are connected to and lead to sewer discharge points. The sewers also receive
effluent from domestic, clinical and commercial discharge pipes and sometimes
groundwater (Guo et al., 2019; McLellan and Roguet, 2019). While these sewers lead to
wastewater treatment plants for processing of the effluent, sewers are ideal locations for
microbial propagation and can potentially retro-contaminate healthcare facility discharge
pipes. Wastewater network in healthcare facilities, especially hospitals, are generally
exposed to high levels of antibiotics and disinfectants, which increase the risk of genetic
transfer of genes conferring antimicrobial resistance to non-resistant organisms and also

exert selective pressures on antibiotic resistant organisms (Perry et al., 2019).

The field of microbial community analysis has rapidly expanded in recent years, with
hundreds of articles published recently. One area of confusion in this field concerns the
utilisation of certain terms, oftentimes used interchangeably or incorrectly. In dealing with
this subject matter, a number of commonly used terms will be defined in Table 4.1 for the
sake of clarity, including microbiota, microbiome, metagenome, and metagenomics.
(Handelsman et al., 1998). Metagenomics can analyse single genes within a population, such
as 16S rRNA sequencing, but can also analyse multiple genes and genomes within a
population, such as whole genome shotgun sequencing (Chen and Pachter, 2005).
Characterisation of both the microbiome and microbiota can involve the application of
metagenomic  analysis, alongside other applications such as metabonomic,
metatranscriptomic, and metaproteomic analyses (Marchesi and Ravel, 2015). Utilisation of
these analyses can determine the bacterial community classification by taxonomic rank
defined under the taxonomic hierarchy. Microorganisms are defined under the following

taxa: domain, kingdom, phylum, class, order, family, genus and species.

95



Table 4.1 Terms used to describe microbial community analyses

Term Definition
Microbiota The collection of microorganisms within a defined
environment.
Microbiome The collection of microorganisms defined by their
genomes and genes within a defined environment.
Metagenome The total collection of genomes and genes of a collection
of microorganisms.
Metagenomics The term metagenomics is the study of genetic material

recovered directly from environmental samples.
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The two main NGS approaches for characterising microbial communities and metagenomic
analyses include, amplicon sequencing and whole-genome shotgun sequencing (Rausch et
al., 2019). Amplicon sequencing relies on PCR amplification and sequencing of conserved
regions of bacterial genomes that contain phylogenetically informative polymorphisms (de
Muinck et al., 2017). A number of phylogenetic molecular markers have been investigated,
with the 16S ribosomal RNA (16S rRNA) gene being the most commonly adopted. This is
due to a number of factors previously explored in Chapter 1. Other less adopted markers
include the methyl coenzyme-M reductase (mcrA) gene and the rpoB gene that encodes the
beta-subunit of bacterial RNA polymerase (Luton et al., 2002; Vos et al., 2012). Amplicon
sequencing provides information on bacterial diversity, taxonomic composition and
structure, and is utilised for monitoring bacterial communities. There are two major
limitations of 16S rRNA sequencing: amplification bias and abundance bias. Amplification
bias may occur when choosing the PCR primers and also, when template concentrations are
not standardised in the PCR protocol (Vétrovsky and Baldrian, 2013). Abundance bias may
occur based on the variability of 16S rRNA copy number in bacteria, where the average copy
number per genome is four but can reach a maximum of 15 (Vétrovsky and Baldrian, 2013;
Ibarbalz et al., 2014). For these reasons, the relative bacterial abundance in total populations
identified utilising 16S rRNA sequencing are considered estimates. To date, [llumina 16S
rRNA amplicon sequencing analysis of the variable V3 and V4 regions of the 16S rRNA
genes have been utilised for experiments ranging from investigating bacterial communities
within the gut microbiota of mice with and without acute colitis, to the bacterial communities
within wastewater influent and effluent from wastewater treatment plants (Jones-Hall ef al.,

2015; Limayem et al., 2019).

The second approach, whole-genome shotgun sequencing, randomly shears the total
extracted sample DNA, and parallel sequences all of the DNA fragments, which can be
assembled computationally into larger contigs or contiguous DNA fragments (sets of
overlapping DNA segments that together form a consensus region of DNA) (Quince et al.,
2017). Whole-genome shotgun sequencing enables the detection of genes, the determination
of the gene functions following annotation and the determination of microorganism
population structures, providing functional characterisation of the whole communities. This
approach can be utilised to discover microorganisms acting as reservoirs of antibiotic
resistance genes, study the epidemiology of transmission events in a microbial community,
to detect novel genes, and to detect genes within viral communities that lack the 16S rRNA

gene (Chen and Pachter, 2005; Li ef al., 2015). However, currently amplicon sequencing is
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more widely adopted due to the high costs associated with whole-genome shotgun

sequencing (de Muinck et al., 2017).

Finally, a key limitation in comparing results and conclusions of environmental sampling
studies is the high levels of variability between sampling tools and individual sampling
techniques, that result in low reproducibility. Standardisation of environmental sampling of
surfaces, like washbasin U-bends, and recovery rates of microorganisms are limited by a
number of factors. These factors include the variability of surface material sampled, the
density and diversity of microorganisms on the sampled surface, the surface area sampled
and the type of sampling device (Jones et al., 2020). To date, swab sampling is the most
common method for monitoring and detection of microorganisms on hard surfaces
(Keeratipibul et al., 2017). While standardisation of environmental sampling techniques may
not be feasible, the reporting of individual studies of determined individual rates of recovery
of microorganisms would lead to more transparent and informative environmental sampling

analyses.

4.2 Objectives

The main aims of this chapter were to determine the efficacy of long-term ECA
decontamination of washbasin U-bends in a functioning out-patient clinic in DDUH, to
investigate the bacterial communities within the DDUH wastewater network, and finally to
determine the bacterial recovery rates using the swab sampling technique adopted in these

studies.

Specifically this chapter aims:
- To determine the efficacy of automated decontamination of washbasin U-
bends using ECA solutions over a relatively long period of time, 52 weeks.
Bacterial counts from 10 untreated U-bends were recorded once weekly, and
three times weekly from 10 identical ECA decontaminated U-bends. The
three times points included sampling: immediately following
decontamination, 24 h post decontamination and 48 h post decontamination.
The additional sampling time point of 48 h post decontamination was
included to determine longer term residual effects of ECA decontamination

on washbasin U-bends.
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To investigate the bacterial communities present in multiple wastewater
network locations in DDUH. The representative culturable bacterial
communities were determined in one ECA-treated washbasin U-bend in
A&E over a five week period and in all 10 untreated washbasin U-bends in
Clinic 2 over two time points. Secondly, the bacterial communities were
investigated in 16 wastewater network locations throughout DDUH utilising

[llumina high throughput 16S rRNA amplicon sequencing.

To determine the bioburden within washbasin U-bends and drain outlets
seven months after the cessation of decontamination in the A&E Department
and to investigate the spread of bacteria from HP and DP washbasins in

DDUH.
To determine the efficacy of the swab sampling technique used in these

experiments using different P. aeruginosa isolates and to determine the

relative bacterial recovery rates of three different types of swabs.
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4.3 Materials and Methods

4.3.1 Test and control washbasins

The development of the large-scale automated ECA system for decontaminating washbasin
U-bends, drains and proximal wastewater pipes in A&E was described in Chapter 3. In this
Chapter, the same U-bends of the 10 A&E HP hand washbasins were subjected to an
additional 52 weeks of routine ECA decontamination (as described in Chapter 3, Section
3.3.1). The 52 week test period was spaced over a period of greater than one year (Winter
2017 — Spring 2019) owing to the closure of DDUH due to public holidays. All ten
washbasins were each connected by a vertical pipe 1-m in length that discharged into a
common horizontal wastewater collection pipe, that was located directly beneath the A&E

Department in the basement level of DDUH (Chapter 3, Figure 3.1).

In this study, Clinic 2 was chosen as the location for sampling control washbasin U-bends
not subjected to routine ECA decontamination. Clinic 2 was refurbished exactly one year
after the A&E Department, in the Summer of 2017. All washbasins, U-bends, wastewater
pipes and associated fittings were identical to those in the A&E Department. Likewise, all
control washbasins sampled were used for hand washing only and were similar use clinics.
Tork Extra Mild Liquid Soap was used for hand washing at all A&E and Clinic 2 washbasins.
The water supply to Clinic 2 washbasins was identical to that in A&E as described in Chapter
3, Section 3.2.1. Ten washbasins in Clinic 2 were chosen as controls to determine the
bacterial bioburden within washbasin U-bends not subjected to routine ECA
decontamination. The ten washbasins were sampled over the same 52 week test period as
the ECA-treated washbasin U-bends. Clinic 2 is equipped with 15 washbasins located in five
clinical bays, with three washbasins per bay (Figure 4.1). Two washbasin U-bends from each
bay were selected for sampling in this study. The U-bend of each Clinic 2 washbasin is
connected via a 1-m vertical pipe to one of a series of five horizontal wastewater pipes, each
of which serviced three washbasins. Each horizontal pipe discharges wastewater into an
individual vertical pipe, which passes through the building into the basement. Two vertical
pipes (labelled A and B in Figure 4.1) connected to separate, larger common horizontal
wastewater pipes that discharged wastewater to the municipal sewer at separate locations. A
sampling port was incorporated into vertical pipe B to enable swab sampling (Figure 4.1).
The other three vertical pipes (labelled C — E in Figure 4.1) all connected to a larger common

horizontal wastewater pipe in the basement of DDUH that also services all the washbasins
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Figure 4.1 Schematic diagram showing the layout of Clinic 2 in DDUH. Clinic 2 was equipped with 15 HP washbasins divided between five bays. For
the purpose of this study, two washbasins per bay were samples as indicated in the schematic by a red box. The U-bend of each Clinic 2 washbasin was
connected via a 1-m vertical pipe to one of a series of five horizontal wastewater pipes, each of which serviced three washbasins. Each of these horizontal
pipes discharged water into an individual vertical pipe, which passed through the building into the basement. The five vertical pipes are labelled A — E.
Vertical pipes A and B discharge wastewater to the municipal sewer at separate outlets. The three remaining vertical pipes (pipes labelled C — E in Figure
4.2) all connect to a larger common horizontal wastewater pipe in the basement of DDUH that discharges to the municipal sewer at the building perimeter.
The U-bends of each A&E washbasin also discharge wastewater to the same larger common horizontal wastewater pipe servicing vertical pipes C — E

from Clinic 2.
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from A&E and discharges wastewater to the municipal sewer at the building perimeter (as
labelled in Figure 4.1). Similarly to vertical pipe B, a sampling port was incorporated into
the larger common horizontal wastewater pipe in the basement of DDUH at the point-of-

discharge to enable swab sampling (Figure 4.1).

4.3.2 Electrochemically activated solutions
The anolyte and catholyte solutions used in this study are described in Chapter 2, Section

2.4.

4.3.3 Design of the automated ECA decontamination system for U-bends

The design of the ECA decontamination system is described in Chapter 3, Section 3.3.3.

4.3.4 Automated ECA decontamination cycles

Automated ECA decontamination cycle are described in Chapter 3, Section 3.3.4.

4.3.5 Microbiological culture

ECA decontamination efficacy within A&E U-bends was determined by quantitative
microbiological culture of 10 U-bend sampled over a period of 52 weeks. A total of 156
ECA decontamination cycles of A&E U-bends occurred within the 52 week test period.
Swab samples were taken from each U-bend at three time points once weekly over the test
period as follows: immediately following disinfection (n = 520), 24 h post-treatment (n =
520) and 48 h post-treatment (n = 520). After completion of each decontamination cycle,
A&E U-bends were flushed with tap water prior to sampling to void any retained residual
anolyte. Water drainage in washbasins were monitored after every decontamination cycle to

investigate if any blockages were occurring further down in the pipework.

Contemporaneous samples were also taken from 10 control Clinic 2 U-bends (n = 520
swabs) once weekly over the period of 52 weeks. Clinic 2 U-bends did not undergo ECA
decontamination. In each case, the washbasin U-bends were swab sampled and processed

following the protocol described in Chapter 2, Section 2.6.3.

4.3.6 Recolonisation of A&E U-bends seven months post cessation of ECA treatment
At one-time point seven months post cessation of ECA decontamination of the A&E U-
bends, all 10 A&E washbasin U-bends and washbasin drain outlets were swab sampled to

determine the average bacterial density in the U-bends. The tip of each swab was processed
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as described in Chapter 2, Section 2.6.3. Bacterial colonies were counted following

incubation on CBA, PSCN and R2A plates, as described in Chapter 2, Sections 2.2.1.

4.3.7 Use frequency of washbasins in A&E
The frequency of washbasin usage, the activities utilising the washbasins, and the inspection
of incorrect disposals of chemicals and solutions in the A&E Department were recorded over

a period of one week by a dental nurse.

4.3.8 Air sampling adjacent to washbasins with tap water flowing

Air sampling was carried out using an EMOI00A model air sampler (Oxoid/Thermo
Scientific, Fannin Healthcare, Dublin, Ireland) fitted with a 90 mm-diameter aluminium
head with a 219-hole impactor (Thermo Fisher Scientific Oxoid, United Kingdom). The
aluminium head was disinfected between use using Sani-Cloth 70% Alcohol Wipes (PDI,
Flintshire, UK). Active air sampling was conducted by placing either a PSCN or a CBA agar
plate into the air sampler head and the vacuum turned on. The test washbasin taps were
turned on for the duration of the air sampling and the air sampler was tilted to a 45° angle
from the flowing tap and held 50-cm away. Air samples were taken in duplicate from HP
washbasins in Clinic 2 and A&E, and from one DP washbasin in West Clinic. The PSCN
and CBA plates were incubated as previously described in Chapter 2, Section 2.2.1.

Following incubation, bacterial colonies were counted using a Stuart™ Scientific colony
counter. The number of colonies counted on the surface of the agar plate needed to be
corrected for the statistical possibility of multiple particles passing through the same
impactor hole. The correction calculation was carried out by multiplying the most probable
number (MPN; as determined in Table 4.2) by 1000. This number was divided by the volume
of air sampled resulting in a number in colony forming units per 1000 L of air or CFU/m?

(1000 L = 1 m®).

4.3.9 The relative abundance of bacterial species identified from ECA-
decontaminated and control U-bends

Similar to the identification of the range of bacterial species from the control and ECA-
treated U-bends described in Chapter 3, the approximate relative abundance of culturable
bacterial species were determined within washbasin U-bends in A&E and Clinic 2. The
processed samples from one washbasin U-bend in A&E were investigated over a period of

five weeks (winter 2018). The colonies were observed following the routine processing of
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Table 4.2 Correction table of colony counts recovered from a 219-hole impactor using 90
mm petri plates. Adapted from the SAS SUPER 100/180, DUO SAS SUPER 360, SAS
ISOLATOR Instruction Manual, 2006

Colonies MPN Colonies MPN Colonies MPN Colonies MPN
(r) (Pr) (L) (Pr) (L) (Pr) (L) (Pr)
1 1 56 64 111 154 166 309
2 2 57 66 112 156 167 313
3 3 58 67 113 158 168 317
4 4 59 69 114 160 169 322
5 5 60 70 115 162 170 326
6 6 61 71 116 165 171 331
7 7 62 73 117 167 172 335
8 8 63 74 118 169 173 340
9 9 64 76 119 171 174 344
10 10 65 77 120 173 175 349
11 11 66 78 121 175 176 354
12 12 67 80 122 178 177 359
13 13 68 81 123 180 178 365
14 14 69 83 124 182 179 370
15 15 70 84 125 185 180 375
16 17 71 86 126 187 181 381
17 18 72 87 127 189 182 387
18 19 73 88 128 192 183 393
19 20 74 90 129 194 184 399
20 21 75 92 130 196 185 405
21 22 76 93 131 199 186 412
22 23 77 95 132 201 187 418
23 24 78 96 133 204 188 425
24 25 79 98 134 206 189 432
25 26 80 99 135 209 190 439
26 28 81 101 136 212 191 447
27 29 82 102 137 214 192 455
28 30 83 104 138 217 193 463
29 31 84 106 139 220 194 471
30 32 85 107 140 222 195 480
31 33 86 109 141 225 196 489
32 34 87 110 142 228 197 499
33 36 88 112 143 231 198 508
34 37 89 114 144 234 199 519
35 38 90 116 145 237 200 530
36 39 91 117 146 240 201 542
37 40 92 119 147 243 202 554
38 42 93 121 148 246 203 567
39 43 94 122 149 249 204 580
40 44 95 124 150 252 205 595
41 45 96 126 151 255 206 611
42 46 97 128 152 258 207 627
43 48 98 130 153 261 208 646
44 49 99 131 154 265 209 666
45 50 100 133 155 268 210 687
46 51 101 135 156 271 211 712
47 53 102 137 157 275 212 739
48 54 103 139 158 278 213 770
49 55 104 141 159 282 214 807
50 57 105 142 160 286 215 851
51 58 106 144 161 289 216 905
52 59 107 146 162 293 217 978
53 60 108 148 163 297 218 1088
54 62 109 150 164 301 219 1307
55 63 110 152 165 305
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Abbreviations: r, colony forming units counted; MPN, most probable number; Pr, probable

count.
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swab samples from A&E U-bends, as described in Chapter 2, Section 2.6.3. The colonies
were counted following incubation of CBA agar plates, as described in Chapter 2, Section
2.2.1. Due to the low bacterial counts observed from A&E washbasin U-bends following
ECA decontamination, undiluted aliquots from processed swabs samples were spread in
duplicate onto CBA plates. Following incubation, bacterial colony counts were recorded,
along with the relative abundance of colonies with distinct morphologies. A representative
of each distinct colony morphology type was stored as described previously in Chapter 2,

Section 2.1.5.

Likewise, the relative abundance of culturable bacterial species was determined for control
washbasins in Clinic 2. Unlike A&E, all 10 washbasins were investigated at two time points
(winter 2018). The high bacterial counts recovered by swab sampling of washbasin U-bends
in Clinic 2 required 10-fold dilutions of the bacterial solutions recovered from the processed
swabs samples, and aliquots of the dilutions were spread in duplicate onto CBA plates. The
relative abundance of each colony morphology type observed was recorded for each sample.
A representative of each morphologically distinct colony was stored as described previously

in Chapter 2, Section 2.1.5.

Stored bacterial isolates from A&E and Clinic 2 U-bends were identified using MALDI-
TOF-MS, as described in Chapter 2, Section 2.2.4.

4.3.10 Illumina 16S rRNA amplicon sequencing

Following the determination of the relative abundance of culturable bacterial species
identified from ECA-decontaminated and control U-bends, Illumina 16S rRNA amplicon
sequencing was used to identify the range of bacterial species present in multiple wastewater
network locations in DDUH. Sixteen distinct location within the wastewater pipe network
in DDUH were sampled including: six washbasin U-bends from the individual staff
bathrooms in DDUH (sample sites 1 — 6), five washbasin U-bends in Clinic 2 (sample sites
7 — 11), one washbasin U-bend in CSSD (sample site 12), the internal pipe surface of a
vertical pipe connecting Clinic 1 and Clinic 2 (sample site 13), one washbasin U-bend from
the A&E Department seven months post cessation of ECA decontamination (sample site
14), one washbasin U-bend in West Clinic (sample site 15), and the point-of-discharge
sampling site of the main common wastewater pipe connecting Clinic 1, Clinic 2, CSSD and

A&E (sample site 16) (Figure 4.2). The [llumina 16S rRNA amplicon sequencing protocol
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Figure 4.2 Schematic showing the locations of the 16 wastewater network sampling sites selected for Illumina 16S rRNA amplicon sequencing of the
wastewater network in DDUH. Samples 1 —12 and 14 — 15, were recovered by swab sampling of washbasin U-bends. Sample 13 was recovered following
the removal of segments of wastewater pipe containing biofilm. Sample 16 was recovered by swab sampling of the internal surface of the point-of-

discharge wastewater pipe.
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was divided into four main stages, which included DNA isolation, library preparation,

sequencing, and data interpretation.

4.3.10.1 DNA extraction for 16S rRNA amplicon sequencing

The bacterial populations of all selected wastewater network locations were investigated
utilising the Illumina 16S rRNA amplicon sequencing analysis protocol. The wastewater
pipe fixtures were sampled by one of two methods: swab sampling using sterile viscose
transport swabs (Sarstedt, Niimbrecht, Germany), or the removal of 1-cm? of biofilm from
the surface of removed segments of the pipework using a sterile scalpel. Ribosomal DNA
was extracted from biofilm samples using the Qiagen DNeasy PowerSoil Kit (Qiagen). DNA
was extracted from the 15 swab samples (viscose transport swabs; Sarstedt) by cutting off
the swab tip and placing it into individual microcentrifuge tube (labelled Tube A) containing
1 ml of sterile 1 X PBS. The tube was vortexed for 1 min, and the swab tip was removed and
placed into a fresh microcentrifuge tube (labelled Tube B) containing 500 pl PBS and
vortexed for 1 min. Tube A was centrifuged at 15,000 x g for 5 min, the supernatant
discarded and the 500 ul PBS from Tube B transferred into Tube A and the pellet was
resuspended. The entire volume of Tube A was then transferred into a fresh PowerBead tube
(provided with the Qiagen DNeasy PowerSoil Kit) and vortexed for 10 s. DNA was extracted
from biofilm removed directly from the surface of the selected pipework, by mechanically
removing a standardised surface area of 1-cm? of biofilm using sterile forceps. The removed
biofilm was transferred into a fresh PowerBead tube and vortexed for 10 s. Figure 4.3 shows
examples of excised segments of a vertical wastewater pipe covered in biofilm; this biofilm

was subsequently removed and DNA was extracted from the samples.

Once in the PowerBead tubes both initial extraction processes followed the same protocol.
To each PowerBead tube, a volume of 60 pul of Solution C1 (Qiagen) was added and the tube
were vortexed for 30 s. Each PowerBead tube was placed in a Fastprep FP120 Cell
Dismembranator (Thermo-Scientific) bead beater set at 3,000 oscillations per min for 30 s.
The process was repeated two times, with a 5 min ice incubation step in between. The tubes
were centrifuged at 10,000 x g for 30 s. The supernatant of each tube was transferred to a
fresh microcentrifuge tube and a volume of 250 pl Solution C2 (Qiagen) was added and
vortexed for 30 s. The tubes were incubated at 2 — 8°C for 5 min. Following incubation, the
tubes were centrifuged at 10,000 x g for 1 min and the supernatant was transferred to a fresh

microcentrifuge tube and a volume of 200 pl Solution C3 (Qiagen) was added and vortexed

110



(a)

(b)

Figure 4.3 Photographs showing the build-up of sediment and biofilm on excised horizontal
segments of a vertical wastewater pipe in DDUH. These segments were removed from a
vertical wastewater pipe connecting Clinic 1 and Clinic 2, which passed through the building

into the basement (Figure 4.2).
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for 30 s. The tubes were incubated at 2 — 8°C for 5 min. Following the incubation, the tubes
were centrifuged at 10,000 % g for 1 min and 750 pl of the supernatant was transferred to a
fresh microcentrifuge tube and a volume of 1,200 pl Solution C4 (Qiagen) was added
vortexed for 30 s.

For each sample, 650 pl of the Solution C4-supernatant solution was added to a fresh MB
Spin Column (Qiagen). The column was centrifuged at 10,000 x g for 1 min, and the flow
through was discarded. This step was repeated a total of three times, until all the Solution
C4-supernatant solution had passed through the column. The column was placed into a fresh
collection tube and 500 pl of Solution C5 (Qiagen) was added and centrifuged at 10,000 x
g for 30 s. The collection tube and supernatant was discarded and the column was centrifuged
for a further 30 s at 10,000 x g. The column was placed into a fresh microcentrifuge tube,
and 50 pl of Solution C6 (Qiagen) was added directly onto the filter membrane of the
column. The column was centrifuged at 10,000 x g for 30 s. The eluted DNA was stored in
1.5 ml microcentrifuge tubes were stored at 4°C for 4 — 6 weeks, or at -20°C for long term
storage. The DNA was quantified and the quality was checked using the nanodrop 2000c

spectrophotometer and Qubit Fluorometer 3.0, as described in Chapter 2, Section 2.3.

4.3.10.2 Library preparation and loading

This Illumina 16S rRNA amplicon sequencing protocol prepares DNA samples for
sequencing of the variable V3 and V4 region of the 16S rRNA gene (approximately 460 bp)
(Klindworth et al., 2013). The 168 library preparation was broken into six steps: (i) the first
stage amplicon PCR where primers target the V3 and V4 regions of the 16S rRNA gene in
the DNA samples, (ii) a post amplicon PCR clean-up step, (iii) the second stage index PCR

that adds Illumina sequencing adapters and dual-index barcodes to the amplicon target, (iv)

a post index PCR clean-up step, (v) the library quantification and normalisation step, and

finally (vi) the denaturation and MiSeq sampling loading.

4.3.10.2.1 First stage amplicon PCR

The first stage amplicon PCR was prepared for each sample. A reaction mixture was
prepared in individual 0.2 ml PCR tubes containing 2.5 pl of 5 ng/ul DNA, 5 ul of 1 uM of
amplicon PCR forward primer (Table 4.3), 5 pul of I uM of amplicon PCR reverse primer
(Table 4.3), and 12.5 pl of 2X KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Roche,
MA, USA). The total 25 pl reaction mixture was aspirated using a laboratory pipette (Gilson)
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Table 4.3 Primers used for amplification of the V3 and V4 region of the 16S rRNA gene

Primer 5' — sequence — 3' Expected Reference

product length
(bp)

V3V4-F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 550 (Klindworth

V3V4-R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC etal, 2013)
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and placed in either a Kyratec Thermocycler model SC200 (Kyratec) or G-storm GSI
Thermocycler (G-Storm). The cycle conditions consisted of an initial denaturation step at
95°C for 3 min, followed by 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s,

and ending with an elongation step at 72°C for 5 min.

4.3.10.2.2 Post amplicon PCR clean-up step

The post amplicon PCR clean-up step began following completion of the PCR cycles. Each
PCR tube was centrifuged at 1,000 x g for 1 min. Each PCR tube was transferred to a PCR
tube rack where 20 pl of AMPure XP (Beckman Coulter Life Sciences, CA, USA) beads
were added to each reaction tube. The mixture was aspirated using a laboratory pipette,
vortexed for 10 s and incubated at room temperature for 5 min. Following incubation, the
PCR tubes were placed on a magnetic stand (Thermo Fisher Scientific, Dublin, Ireland) for
2 min or until the supernatant cleared. Once cleared, the supernatant was discarded and each
tube was washed twice with 200 pl freshly prepared 80% (v/v) ethanol. All liquid was
removed from the PCR tubes and allowed to air dry for 2 min. The PCR tubes were then
removed from the magnet and the pellet was resuspended in 52.5 pl 10 mM Tris pH 8.5 or
Resuspension Buffer (RSB; Illumina) and incubated at room temperature for 2 min. The
tubes were once again placed on the magnetic stand for 2 min, and 50 pl of the supernatants

were transferred to fresh PCR tubes.

4.3.10.2.3 Second stage index PCR

The second stage index PCR was prepared for each sample. A reaction mixture was prepared
in individual 0.2 ml PCR tubes containing 5 pl DNA from the post amplicon PCR clean-up
step, 5 ul of 1 uM Nextera XT Index Primer 1 (Illumina), 5 pul of 1 uM Nextera XT Index
Primer 2 (Illumina), 25 pl of 2X KAPA HiFi HotStart ReadyMix and PCR grade water.
Each 50 pl reaction mixture was then aspirated using a laboratory pipette (Gilson) and placed
in either a Kyratec Thermocycler model SC200 (Kyratec) or a G-storm GSI Thermocycler
(G-Storm). The cycle conditions consisted of an initial denaturation step at 95°C for 3 min,
followed by 8 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and ending with an

elongation step at 72°C for 5 min.

4.3.10.2.4 Post index PCR clean-up step

The post index PCR clean-up step began following completion of the PCR cycles. Each PCR
tube was transferred to a PCR tube rack and 56 pl of AMPure XP beads were added to each.

The solution was mixed by aspiration using a pipette, vortexed for 10 s and incubated at
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room temperature for 5 min. Following incubation, the PCR tubes were placed on a magnetic
stand (Thermo Fisher) for 2 min or until the supernatant cleared. Once cleared, the
supernatant was discarded and each tube was washed twice with 200 pl freshly prepared
80% (v/v) ethanol. All liquid was removed from the PCR tubes and allowed to air dry for 2
min. The PCR tubes were then removed from the magnet and the pellet was resuspended in
27.5 ul 10 mM Tris pH 8.5 or Resuspension Buffer (RSB; Illumina) and incubated at room
temperature for 2 min. The tubes were then placed once again on the magnetic stand for 2

min, after which 25 pl of the supernatants were transferred to fresh PCR tubes.

4.3.10.2.5 Library quantification and normalization

The DNA library was quantified using the Qubit Fluorometer 3.0 (Thermo Fisher), as
described in Chapter 2, Section 2.3. The average library fragment size was determined on
an Agilent Technologies 211 Bioanalyzer trace (Agilent Technologies, CA, USA) prepared
using Agilent High Sensitivity DNA kit (Agilent Technologies, CA, USA). The DNA dye
concentrate, DNA gel matrix column, DNA chip, DNA marker were all produced by Agilent
Technologies. The Gel-dye mix was prepared by bringing the DNA dye concentrate and
DNA gel matrix column to room temperature for 30 min. A total volume of 15 pl of the
DNA dye concentrate was added to the DNA gel matrix column, vortexed and centrifuged
for 10 min at room temperature at 3800 x g. A total of 9 ul gel-dye mix was pipetted onto
the four separate control wells on the DNA chip. A combination of 1 ul DNA was added to
5 ul DNA marker for up to 11 sample wells on the DNA chip. A total of 1 pul ladder was
added to 5 ul DNA marker on the DNA chip. The DNA chip was then vortexed for 1 min at
610 x g and inserted into the Agilent 2100 Bioanalyzer for analysis. The expected average
library fragment size was 630 bp.

Once the average library fragment size was determined, each sample was diluted to a
concentration of 4 nM in nuclease free water to normalise the multiplex library. The DNA
molarity was determined using the following formula, with 660 g/mol referring to the

average weight of a single DNA base pair:

(concentration in ng/ pl) x 106 concentration in nM

(660 g/ mol x average library size)

Once normalised, 5 pl of each sample were pooled into a fresh 1.5 ml microcentrifuge tube

mixing into a single pooled library with unique indices. A quality control step was
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incorporated into the protocol, where the pooled library was quantified using the Qubit

Fluorometer.

4.3.10.2.6 Denaturation and MiSeq sampling loading

Once the library concentration was confirmed, 5 pl of the pooled library and 5 pl of freshly
prepared 0.2 N NaOH were mixed in a microcentrifuge tube. The tube was incubated at room
temperature for 5 min to denature the DNA into single strands, the 4nM library was diluted
I in 100 into 990 pl Hybridization buffer (HT1; Illumina), resulting in 1 ml of 20 pM
denatured library in 1 mM NaOH. Prior to loading onto the MiSeq sequencer, 20 pM of the
PhiX sequencing control library was combined with the denatured 20 pM amplicon library.
The 20 pM was diluted from the stock solution of 10 nM PhiX (Illumina). The 10 nM PhiX
was diluted 2:5 in RSB resulting in 4 nM, and further diluted 1:1 4 nM PhiX and 0.2 N
NaOH. The resulting 2 nM PhiX control was briefly vortexed and incubated at room
temperature. The 2 nM PhiX library was further diluted 1 in 100 in pre-chilled HT1 reagent
resulting in a 20 pM PhiX control.

The 16S rRNA pooled library was diluted to the loading concentration of 12 pM with a PhiX
control representing 20% of the sample. The 12 pM loading solution contained 240 pl 20
pM denatured library, 240 ul HT1 reagent and 120 pl 20 pM PhiX. The combined 600 pl
was kept on ice until immediate loading on a MiSeq Reagent kit v3 reagent cartridge
(Illumina). On a heating block, the tube of 12 pM loading solution was set on a heating block
for 2 min at 96°C. Immediately after the incubation the tube of 12 pM loading solution was

inverted and mixed placed in ice-water bath for 5 min.

4.3.10.3 Cluster amplification and sequencing
All libraries were sequenced on the Illumina MiSeq platform (Illumina) using the MiSeq
Reagent kit v3 (600 cycles) (Illumina) generating paired-end reads using the MiSeq

sequencing platform (Illumina).

4.3.10.4 Data interpretation and analysis

Alignment and data interpretation of the raw reads from the Illumina MiSeq sequencer was
sent on-line to the BaseSpace Sequence Hub (Illumina, Eindhoven, the Netherlands). The
[lumina FASTQ files were uploaded through BaseSpace to the 16S Metagenomics [llumina
application. This application performs rapid taxonomic classification of 16S rRNA target

amplicon reads using a taxonomic database and utilises an algorithm adopted from the

116



Ribosomal Database Project (RDP) (Wang et al., 2007). The output read data was classified
into several taxonomic levels: kingdom, phylum, class, order, genus and species. This
application clusters sequences into operational taxonomic units (OTU) at a cut-off of 97%

similarity and the approximate relative abundance was calculated for each sample (Limayem

etal., 2019).

4.3.10.5 Quality control

The quality metrics for each isolate was set at an average Phred quality score >30 (Q30).
The Phred quality score is a prediction of the probability of errors occurring in base calling
(Illumina Technical Note 2014, Pub. No. 770-2012-058). A higher quality score correlates
to a lower probability of error. A base call with a quality score of Q30 predicts one base call
in 1,000 is incorrect or an average base call accuracy greater than 99.9%. A number of
control metrics were investigated, including determining the percentage of reads classified
into genera, number of identified species, and use of the Shannon species diversity or
Shannon-Wiener index of diversity, to measure the diversity of the investigated sample

(Table 4.4).

4.3.11 Investigating the efficacy of swab sampling as a method of bacterial recovery
from washbasin U-bends

4.3.11.1Comparison of different types of swabs for bacterial recovery

In this study, three different types of swabs were compared to determine the efficacy of
bacterial recovery. This included the comparison of three swab materials: 20-mm cotton tip
and 15-cm wooden stick dry swabs (Megro, Wesel, Germany), sterile viscose transport
swabs (Sarstedt, Niimbrecht, Germany), and FLOQSwabs® Nylon® fibre swabs (Copan
Diagnostics Inc., CA, USA) (Figure 4.4). The viscose transport swabs were transported in
Remel Amies Transport Medium without charcoal. This medium contains potassium,
calcium and magnesium salts, all of which maintain an osmotic equilibrium by regulating
the permeability of bacterial cells. The P. aeruginosa reference strain ATCC 15442 was
selected as the organism to test bacterial recovery. The isolate was reactivated by removing
a single bead from a preserver vial containing plastic cryogenic beads (Microbank cryovials,
Prolab Diagnostics, Cheshire, UK) using a sterile forceps. The bead was streaked onto a
CBA plate using a sterile wire loop and incubating overnight in a static incubator
(Gallenkamp, Leceister, UK) at 37°C. Following incubation, a single colony was transferred
into a 13 ml tube containing 5 ml Trypticase Soy Broth (TSB; Oxoid, Basingstoke, UK) and

held in a shaking incubator overnight at 37°C. Following incubation, 1 ml of the P.
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Table 4.4 Quality control for [llumina 16S rRNA amplicon sequencing data

Percentage of Number of Shannon
Sample Name Number of reads classified genera Species
reads PF? to genus (%) identified Diversity”
1 861,464 95.82 421 1.302
2 264,567 90.85 469 2.352
3 1,307,372 90.55 549 1.862
4 1,641,396 91.15 552 2.099
5 2,962,473 85.07 573 1.869
6 1,660,892 84.32 573 2.263
7 1,493,612 94.67 323 2.172
8 1,310,902 98.75 291 1.789
9 1,986,171 96.04 382 2.292
10 1,784,524 93.26 450 2.2339
11 1,656,804 97.48 334 2.035
12 1,210,590 88.78 389 1.984
13 885,222 97.46 381 2.857
14 1,776,288 97.46 367 2418
15 729,072 95.18 433 2.11
16 764,068 97.8 511 2.658

2 Passing filter (PF) stands for the sequence reads which have passed Illumina chastity
filters.

b Shannon Species Diversity, also known as Shannon-Wiener index of diversity, is a
measurement of the diversity of a ‘ecosystem’. <1.5 represents low diversity. >1.5<x<2.5

represents medium diversity and >2.5 represents high diversity.
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(a) (b) (©)

Figure 4.4 Photographs of the three types of swab used to test the efficacy of bacterial
recovery from standardised inocula containing P. aeruginosa reference strain ATCC 15442.
The three types of swabs were: (a) FLOQSwabs® Nylon® fibre swab, (b) sterile transport
swab and transport tube containing Remel Amies Transport Medium, and (c) sterile cotton

wool dry swab.
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aeruginosa-TSB suspension was transferred into a 1.5 ml microcentrifuge tube and
centrifuged at 2,260 x g for 5 min. The supernatant was discarded and the pellet was
resuspended in 1000 pl 1X PBS. Standardised inocula were prepared for each experiment.
The inocula were diluted ten-fold in 1 ml PBS in duplicate 1.5 ml microcentrifuge tubes
(Tube A and Tube B). Tube A facilitated standardisation of the P. aeruginosa inocula per
experiment. Aliquots of 100 ul were spread in duplicate on CBA and incubated at 37°C for
48 h. Following incubation, the colonies were counted using a Stuart™ Scientific colony
counter and the average bacterial density of the suspension was determined. Tube B
facilitated investigating the relative recovery of bacteria from the three different swab
samples that were processed following the same protocol adopted in the ECA efficiency
experiments. The tip of each tested swab was cut and incubated in a microcentrifuge tube

containing 1 ml of the diluted P. aeruginosa-TSB suspension for 30 min.

Following incubation, individual swab tips were removed and placed in a fresh
microcentrifuge tube and processed following the same approach used in previous
experiments (Chapter 2, Section 2.6.3). Diluted aliquots of 100 ul were spread in duplicate
on CBA and incubated at 37°C for 48 h. Following incubation, the colonies were counted
using a Stuart™ Scientific colony counter and the average bacterial density of the suspension
was determined following incubation and recovery from each sampling materials. The
relative bacterial recovery rates using the three different swabs were determined by

comparing bacterial colony counts from standardised inoculum plates and test plates.

4.3.11.2 Comparison of the bacterial recovery of morphologically distinct isolates of P.
aeruginosa by swab sampling

The bacterial recovery from standardised inocula of an array of P. aeruginosa isolates was
determined using the same sampling technique used in Chapter 3 and Chapter 4. A total of
five isolates were selected from different U-bend locations in DDUH and their identities
were confirmed by MALDI-TOF-MS. These included isolates from A&E (AE24Aug), a
staff bathroom (LP3F2), and three isolates from Clinic 2 (19218 2232, B2D3dMay, and
B5D4alJul). One refence strain (ATCC 15442) was included in this analysis. The isolates
were chosen based on different colony morphology types including colony size after growth

after 48 h incubation (large and small), colony colour and mucoid and non-mucoid colonies.
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The bacterial densities of the suspensions were determined for each experiment and the
relative recovery rate of each P. aeruginosa isolate followed the same protocol used for

sterile viscose transport swabs (Sarstedt) as described in Section 4.3.7.3.
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4.4 Results

4.4.1 Long term efficacy of ECA decontamination of washbasin U-bends

The automated decontamination system installed at the A&E Department of DDUH was
used to investigate the automated decontamination of the drain outlets, U-bends and
associated wastewater pipes of 10 identical hand washbasins by sequential treatment with
the ECA solutions catholyte followed by anolyte over a period of five months. This chapter
investigated the efficacy of ECA decontamination over a study period of 52 weeks in the
DDUH A&E Department. The U-bends were exposed to three weekly decontamination
treatment cycles (Monday, Wednesday and Friday), resulting in a total of 156
decontamination cycles throughout the study period. The 10 washbasin U-bends were
sampled immediately following decontamination, 24 h post decontamination, and 48 h post
decontamination for one decontamination cycle weekly. Ten non-decontaminated washbasin
U-bends from a similar-use clinic, Clinic 2, were selected as controls and sampled once
weekly over the same 52 week period. Swab samples were taken from the internal surfaces
of the U-bends and quantitative bacterial counts recovered on CBA, R2A and PSCN agar
media were determined. The average bacterial density recovered from the 10 untreated
control U-bends in Clinic 2 during the study period on CBA, R2A and PSCN was 1.86 x 10°
(£6.78x 10°),1.55x 10 (+8.08 x 10°) and 1.13 x 10°(+ 8.40 x 10°) CFU/swab, respectively,
(Table 4.5). Swab samples taken immediately following ECA decontamination from the 10
A&E U-bends once weekly over the 52 weeks yielded average bacterial densities on CBA,
R2A and PSCN of 28.6 (+ 57.13), 52.64 (+ 111.7) and 13.54 (= 77.63) CFU/swab,
respectively (Table 4.5). The average bacterial densities from ECA-treated U-bends
immediately following decontamination compared to control U-bends showed a >4.4 log

reduction.

Similar to the five month study described in Chapter 3, swab samples were taken from the
10 ECA-treated U-bends 24 h post decontamination. The average bacterial densities
recovered from the 10 ECA-treated U-bends on CBA, R2A and PSCN were 84.52 (£ 147.7),
122.9 (£ 198.5) and 41.06 (x 97.15) CFU/swab, respectively, (Table 4.5). The average
reduction in bacterial counts from ECA-treated U-bends 24 h post decontamination relative
to the corresponding bacterial counts from the 10 untreated control U-bends showed a >4.1
log reduction. Finally, an additional sampling time-point of 48 h post decontamination was

taken for all 10 ECA-treated A&E U-bends. The average bacterial densities recovered from
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Table 4.5 The average quantitative bacterial counts from 10 washbasin U-bends in A&E

subjected to automated treatment with ECA solutions over a period of 52 weeks and the

corresponding counts from ten untreated U-bends in Clinic 2

Agar U-bend Average bacterial counts in CFU/swab SD Range of bacterial counts P value
medium immediately following ECA-treatment in CFU/swab
(n =52 cycles, 520 swabs) and control
(n =520 swabs) U-bends
CBA Treated 28.6 57.13 0-282.2
Untreated! 1.86 x 10° 6.78x 10° 1.96 x 10°~3.6 x 10° <0.0001
R2A Treated 52.64 111.7 0-606.1
Untreated' 1.55x 10° 8.08 x 10° 3.95x10°-4.27 x 10° <0.0001
PSCN Treated 13.54 77.63 0-596.9
Untreated' 1.13x 10° 8.40x 10° 1.73 x 10°-3.26 x 10° <0.0001
Average bacterial counts in CFU/swab
24 h after ECA treatment (n = 52 cycles,
520 swabs) and control (n = 520 swabs)
U-bends
CBA Treated 84.52 147.7 0-844.4
Untreated' 1.86 x 10° 6.78x 10° 1.96 x 10°~3.6 x 10° <0.0001
R2A Treated 122.9 198.5 0-129x10°
Untreated' 1.55x 10° 8.08 x 10° 3.95x10°-4.27 x 10° <0.0001
PSCN Treated 41.06 97.15 0-428.9
Untreated' 1.13x 10° 8.40x 10° 1.73 x 10°-3.26 x 10° <0.0001
Average bacterial counts in CFU/swab
48 h after ECA treatment (n = 52 cycles,
520 swabs) and control (n = 520 swabs)
U-bends
CBA Treated 306.7 439.6 0-2.12x10°
Untreated' 1.86 x 10° 6.78x 10° 1.96 x 10°~3.6 x 10° <0.0001
R2A Treated 502 593.3 0-225x10°
Untreated' 1.55x 10° 8.08 x 10° 3.95x10°-4.27 x 10° <0.0001
PSCN Treated 481.5 594.9 0-2.74x10°
Untreated 1.13x 10° 8.40x 10° 1.73x 10°-3.26 x 10° <0.0001

Abbreviations: ECA, electrochemically activated; CBA, Columbia blood agar; R2A,

Reasoner’s 2A agar; PSCN, P. aeruginosa selective agar; SD, standard deviation.

! Untreated U-bend bacterial counts were recovered from samples taken once weekly over

the 52 week period as opposed to treated U-bends that were sampled three times weekly:
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immediately following decontamination, 24 h post decontamination and 48 h post
decontamination. For this reason, the same bacterial counts from untreated U-bends were
compared to the bacterial counts from treated U-bends on each media for each sampled time

point.
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the ten-treated U-bends on CBA, R2A and PSCN were 306.7 (£ 439.6), 502 (+ 593.3) and
481.5 (£ 594.9) CFU/swab, respectively, (Table 4.5). The average reduction in bacterial
counts from ECA-treated U-bends 48 h post decontamination relative to the corresponding

bacterial counts from the 10 untreated control U-bends showed a >3.3 log reduction.

At all-time points, reductions in average bacterial counts from treated U-bends on all media
relative to the corresponding counts from untreated U-bends were highly significant (P

<0.0001), (Table 4.5).

4.4.2 Recolonisation of A&E washbasin U-bends and drains seven months post
cessation of ECA treatment
Following the completion of the 52 week study, routine ECA decontamination of A&E U-
bends ceased. Swab samples were taken from each of the 10 A&E washbasin U-bends seven
months post cessation of ECA treatment in order to determine the average bacterial densities
within U-bends following cessation of routine decontamination. As detailed in Section 4.4.1
above, throughout the 52 week test period, the average bacterial densities from the 10 ECA-
treated U-bends immediately following decontamination on CBA, R2A and PSCN were 28.6
(= 57.13), 52.64 (= 111.7) and 13.54 (= 77.63) CFU/swab, respectively (Table 4.5). In
contrast, the average bacterial densities from 10 U-bends seven months post cessation of
routine ECA decontamination on CBA, R2A and PSCN were 1.59 x 10° (£ 1.34 x 10°), 3.19
x 10° (+ 2.77 x 10°) and 8.89 x 10* (+ 9.09 x 10*) CFU/swab, respectively. The average
bacterial densities in U-bends during the 52 week period of ECA-treatment compared to the
same U-bends seven months following cessation of ECA decontamination exhibited a >3.75

log increase in bacterial counts on all media.

The washbasin drain outlets from the 10 washbasins in A&E were also sampled seven
months post cessation of ECA decontamination. The average bacterial densities recovered
on CBA, R2A and PSCN were 2.97 x 103 (£ 2.65 x 10%), 6.1 x 103 (= 4.1 x 10°) and 1.16 x
10* (= 1.6 x 10%) CFU/swab, respectively. These drain outlet counts were compared to the
bacterial counts recovered from six of A&E washbasin outlets determined during the initial
five month ECA-decontamination test period described in Chapter 3, Section 3.4.4. In the
five-month study, the average bacterial density recovered on CBA agar was 1 (+ 5)
CFU/swab, whereas no colonies were recovered on PSCN agar. The average bacterial

densities in drain outlets during the five-month study of ECA-treatment compared to the
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same drain outlets seven months following cessation of ECA decontamination displayed a

>3.4 log increase in bacterial counts on all media.

4.4.3 Use frequency of washbasins in A&E

Over a period of one week, washbasin usage in the A&E Department was monitored by a
dental nurse. The average daily use frequency was recorded as 12 times per day per
washbasin. The average volume of water discharged from A&E washbasin taps during hand

washing (n = 5) was 650 ml.

4.4.4 The spread of bacteria from HP and DP washbasins in DDUH

Air samples were taken from three washbasins (one DP in West Clinic; one HP in A&E; one
HP in Clinic 2) throughout DDUH while the tap water was flowing. All three washbasins
were not routinely decontaminated with ECAs. The A&E sample was taken seven months
after the cessation of routine decontamination in the A&E. Air samples were taken to
investigate if bacteria, and in particular P. aeruginosa, was aerosolised from drain
outlets/washbasin surfaces while the tap water was flowing at these sites. Prior to sampling,
the tap was turned on at each site, the air sampler was held at a distance of 50-cm away from
the drain outlet and tilted to face the drain outlet. No colonies were recorded on PSCN agar
plates sampling at all three sites. All sites were also sampled using CBA agar plates, yielding
132 CFU/m? from the DP washbasin in West Clinic, 92 CFU/m? from the HP washbasin tap
in Clinic 2, and 214 CFU/m? from the HP washbasin tap in A&E.

4.4.5 Relative abundance of potentially pathogenic culturable bacteria in an ECA
treated U-bend in A&E and untreated U-bend in Clinic 2

The approximate relative abundance of culturable bacterial species in ECA-treated
washbasin U-bends in A&E and untreated control washbasin U-bends in Clinic 2, during the
52 week study period was investigated. The approximate relative abundance of potentially
pathogenic culturable bacteria in one A&E U-bend was assessed over a five week period. A
total of 1120 bacterial colonies were observed on CBA plates from swab samples within the
U-bend at the three sampling time points per week over the five week period (n = 15). A
representative selection of distinct colony morphology types (n = 23) were selected for
identification, based on the colony morphology and colour, and identified using MALDI-
TOF-MS.
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MALDI-TOF-MS analysis successfully identified 91% of colonies (21/23). Gram-negative
bacterial species represented 85% (18/21) of the identifiable colonies including: P.
aeruginosa (13/21), and Pseudomonas putida (5/21). Gram-positive bacterial species
represented 15% (3/21) of the identifiable colonies including: Micrococcus luteus (2/21) and

Dermacoccus nishinomiyaensis (1/21).

The relative abundance of culturable bacterial species was determined for 10 control
washbasins in Clinic 2. Unlike A&E, all 10 washbasins were investigated at two time points.
The high bacterial counts recovered by swab sampling of washbasin U-bends in Clinic 2
required 10-fold dilutions of the bacterial solutions recovered from the processed swabs
samples, and aliquots of the dilutions were spread in duplicate onto CBA plates. The relative
abundance of each colony morphology type observed was recorded for each sample. A total

of 33 representative colonies were selected for identification using MALDI-TOF-MS.

MALDI-TOF-MS analysis successfully identified all 33 colonies selected for identification
resulting in the identification of nine bacterial species. Eight Gram-negative species were
identified including: P. aeruginosa (10/33), Stenotrophomonas maltophilia (5/33), Delftia
acidovorans (3/33), Achromobacter denitrificans (2/33), Achromobacter xylosoxidans
(2/33), Burkholderia cenocepacia (2/33), Enterobacter cloacae (2/33), and Elizabethkingia
meningoseptica (2/33). One Gram-positive species was identified, Micrococcus luteus

(5/33).

4.4.6 Characterisation of bacterial communities in sixteen DDUH wastewater

network locations by Illumina high-throughput 16S rRNA amplicon sequencing
The targeted variable V3 and V4 regions of 16S rRNA genes present within bacteria
recovered from wastewater network samples were sequenced to determine the bacterial
population structure across 16 sampled wastewater network locations in DDUH. The 16S
rRNA sequencing was undertaken to provide an estimate of the total bacterial abundance in
the DDUH wastewater system. The 16 sampled locations included: fourteen U-bend samples
(five U-bends in Clinic 2, one U-bend in A&E, one U-bend in CSSD, six U-bends in six
individual staff bathrooms, and one U-bend in West Clinic) and two wastewater pipe
samples (one from a vertical wastewater pipe common to Clinic 2 and Clinic 1, and one site
at the point of discharge of a wastewater pipe to the municipal sewer). All site locations are

shown in Figure 4.3. Taxonomic annotation of the sequence read data revealed that the

127



bacterial domain predominated (average 99.997%), with the Archaea domain and viruses

representing the remaining 0.003%.

4.4.6.1 The bacterial community in DDUH wastewater network

A total of 22,295,417 quality assured sequence reads were utilised in this study, with an
average of 1,393,464 reads (range 729,072 — 2,962,473) obtained per sampled location
(Table 4.4). An average of 93% of the total bacterial sequence reads (range 84.3% — 98.8%)
could be classified at the genus level taxonomic ranking. The bacterial communities among
the 16 samples were dominated by the following four phyla: Proteobacteria (median 86.6%,
range 48.3% — 99.2%), Bacteroidetes (median 5.9%, range 0.29% — 17.8%), Actinobacteria
(median 1.45%, range 0.01% — 39.8%) and Cyanobacteria (median 0.5%, range 0.01% —
3.4%).

The data were organised based on the relative abundance of the five most abundant bacterial
families identified in each of the 16 sampled locations (n = 28), as shown in Figure 4.5. The
median number of bacterial families observed among the population was 186.5 (range 126
— 232). The top five most abundant bacterial families identified in each of the 16 sampled
locations represent an average 76.1% (range 39.9% — 98.9%) of the total abundance. The
following families represented >10% of the relative total abundance in one or more of the
16 samples: Alcaligenaceae, Burkholderiaceae, Caulobacteraceae, Comamonadaceae,
Enterobacteriaceae, Flavobacteriaceae, Hyphomicrobiaceae, Methylobacteriaceae,
Mycobacteriaceae,  Oxalobacteraceae,  Pseudanabaenaceae,  Pseudomonadaceae,
Rhodocyclaceae, Rhodospirillaceae, and Sphingomonadaceae. Families Comamonadaceae,
Rhodocyclaceae, Pseudomonadaceae, Oxalobacteraceae and Rhodospirillaceae were

identified as one of the most abundant families in at least half of the samples.

Analysis of the data based on bacterial genera, a median number of 421 genera (range 291 —
573) were observed among the population. The top five most abundant bacterial genera
identified in each of the 16 sampled locations represent an average 69.8% (range 32.2% —
96.1%) of the total abundance. The following genera represented >10% of the relative total
abundance in one or more of the 16 samples: Achromobacter, Acidovorax, Azospira,
Burkholderia, Caulobacter, Cupriavidus, Delftia, FElizabethkingia, Enterobacter,
Flavobacterium, Janthinobacterium, Magnetospirillum, Methylobacterium,
Mycobacterium, Paracoccus, Pseudomonas, Rhodoplanes, Sphingomonas, Trabulsiella and

Zoogloea.
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Figure 4.5 Stacked bar charts representing the relative abundance of the top five taxonomic rank families of each of the 16 samples from the DDUH
wastewater network. The 16 distinct locations within the wastewater pipe network included: six washbasin U-bends from the individual staff bathrooms
in DDUH (sample sites 1 — 6), five washbasin U-bends in Clinic 2 (sample sites 7 — 11), one washbasin U-bend in CSSD (sample site 12), the internal
pipe surface of a vertical pipe connecting Clinic 1 and Clinic 2 (sample site 13), one washbasin U-bend from the A&E Department seven months post
cessation of ECA decontamination (sample site 14), one washbasin U-bend in West Clinic (sample site 15), and the point-of-discharge sampling site of
the main common wastewater pipe connecting Clinic 1, Clinic 2, CSSD and A&E (sample site 16). Segments of the stacked bar charts shown in red,
purple or yellow represent families belonging to the Proteobacteria phylum: red represents class o-proteobacteria, purple represents class f-
proteobacteria, and yellow represents class y-proteobacteria. Segments of the stacked bar charts shown in blue represent families belonging to the
Bacteroidetes phylum, green represents a family belonging to the Cyanobacteria phylum. All families not comprising the top five taxonomic rank families

for each location were collectively grouped under Other.
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The following bacterial species were identified as the most abundance organisms in one or
more of the 16 samples: Achromobacter insolitus, Acidovorax temperans, Azospira oryzae,
Burkholderia vietnamiensis, Caulobacter crescentus, Chryseobacterium soli, Cupriavidus
metallidurans, Cupriavidus pauculus, Delftia lacustris, Elizabethkingia meningoseptica,
Flavobacterium succinicans, Janthinobacterium lividum, Leptolyngbya laminose,
Mycobacterium abscessus, Mycobacterium ulcerans, Sphingopyxis taejonensis, Paracoccus
aminovorans,  Pseudomonas  aeruginosa,  Pseudomonas  azotoformans,  and

Pseudoxanthomonas indica.

4.4.6.2 The relative abundance of the family Pseudomonadaceae and genus Pseudomonas at
the 16 sampled locations

At both the family level Pseudomonadaceae and genus level Pseudomonas, only 5/16
samples from the DDUH wastewater network locations contained Pseudomonadaceae and
Pseudomonas that represented >10% of the relative population of that sample. However,
Pseudomonadaceae and Pseudomonas was detected at all 16 locations of the wastewater
pipe. The average relative abundance of Pseudomonadaceae per sample was 10.4%, with a
median of 1.35%. Figure 4.6 shows the relative abundance of the genus Pseudomonas of the
total bacterial population at each location sampled. Within Clinic 2, the genus Pseudomonas
represents 50.4% of the relative abundance of bacterial genera from U-bend sample 8, and
39% of the relative abundance of bacterial genera from U-bend sample 9 (Figure 4.2). The
genus Pseudomonas represents 38.6% of the relative abundance of bacterial genera from the
internal pipe surface of a vertical pipe connecting Clinic 1 and Clinic 2 (sample site 13),
16.2% of the relative abundance of bacterial genera from U-bend sampled in the A&E
Department seven months post cessation of ECA decontamination (sample site 14), and
11.7% of the relative abundance of bacterial genera from the point-of-discharge sampling
site of the main common wastewater pipe connecting Clinic 1, Clinic 2, CSSD and A&E
(sample site 16). Within two of the remaining samples, the genus Pseudomonas comprised
>1% — 10% of the relative abundance of bacterial genera (7.9% of the relative bacterial
genera from Clinic 2 U-bend sample 10 and 3.4% of the relative bacterial genera from West
Clinic U-bend sample 15). The remaining nine samples consisted of the genus Pseudomonas
comprising 0% — 1% of the relative bacterial genera. At a species, P. aeruginosa was

detected in level 15/16 sampled locations.
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Figure 4.6 Schematic showing the relative abundance of the Pseudomonadaceae family and Pseudomonas genus recorded at the 16 separate DDUH
wastewater network locations investigated. Fourteen of the 16 locations were U-bends, and two were sampling ports in wastewater pipes (the vertical
wastewater pipe connecting Clinic 1 and Clinic 2 and the point-of-discharge large common wastewater pipe). White boxes display the percentage of
Pseudomonas genus representing 0 — 1% of the relative population. Yellow boxes display the percentage of Pseudomonas genus representing >1% —

10% of the relative population. Red boxes display the percentage of Pseudomonas genus representing >10% of the relative population.
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4.4.7 Efficacy of swab sampling as a method of bacterial recovery

4.4.7.1 Comparison of different swab types for bacterial recovery

Three different types of swabs were compared to determine the efficacy of bacterial
recovery. The relative bacterial recovery rates of P. aeruginosa ATCC 15442 strain using
three different kinds of sampling swabs (n = 7) were determined by comparing the relative
bacterial colony counts on CBA plates recovered from standardised inocula. The average
bacterial densities recovered from three swab types were determined as a percentage of the
total bacterial density of standardised inocula. The average relative recovery rates were as
follows: 19.4% bacterial recovery (£ 7.60) using sterile viscose transport swabs, 40.7%
bacterial recovery (£ 15.14) using FLOQSwabs® Nylon® fibre swabs, and 45.5% bacterial

recovery (+ 17.96) using 20-mm cotton tip and 15-cm wooden stick dry swabs.

4.4.7.2 Bacterial recovery of morphologically distinct isolates of P. aeruginosa by swab
sampling
The bacterial recovery of five confirmed morphology distinct P. aeruginosa isolates and one
references P. aeruginosa ATCC 15442 strain was compared to determine whether colony
morphology affected bacterial recovery. The relative bacterial recovery rates using the five
morphologically distinct isolates and the reference strain (n = 6) were determined by
comparing bacterial colony counts recovered from standardised inocula and following
recovery from swabs. The average recovery rate of the six P. aeruginosa isolates from swab
sampling using a sterile viscose transport swabs was 21.4%, which is in accordance with the

experiment discribed in section 4.4.7.1.

The average relative recovery rates were as follows: a bacterial recovery rate of 24.76% (+
6.28%) was observed using the reference strain ATCC 15442, a bacterial recovery rate of
23.52% (£ 17.15%) was observed using the mucoid displaying A&E originating isolate
AE24Aug which produced small colonies, a bacterial recovery rate of 16.82% (£ 7.36%)
was observed using the non-mucoid small staff bathroom originating isolate LP3F2 which
produced small colonies, a bacterial recovery rate of 14.88% (£ 4.13%) was observed using
the non-mucoid Clinic 2 originating isolate 19218 2232 which produced a rich pyoverdine
pigment in large colonies, a bacterial recovery rate of 27.295% (+ 14.48%) was observed
using the non-mucoid Clinic 2 originating isolate B2D3dMay which produced a rich
pyocyanin pigment in small colonies, and a bacterial recovery rate of 23.88% (£ 28.76%)
was observed using the Clinic 2 originating isolate BSD4alJul producing pyocyanin pigment

large colonies.
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4.5 Discussion

The escalating number of reports identifying washbasin U-bends as reservoirs of AMR
bacteria highlights the necessity of developing and maintaining effective decontamination
protocols. The present study examined the long-term efficacy of ECA-decontamination
system described in Chapter 3 (Deasy et al., 2018). This chapter monitored the effects of
ECA decontamination on washbasin U-bend bioburden over a period of 52 weeks. Routine
ECA decontamination of the A&E washbasins proved to be a consistently effective approach
in reducing the bacterial bioburden within the wastewater environment. This chapter also
accurately identified the bacterial communities within the wastewater network in DDUH.
The accurate identification of the bacterial communities within these environments may lead

to effective assessment of washbasin decontamination and mitigation strategies.

In this study, three main modifications were made to the large-scale U-bend decontamination
system described in Chapter 3 and the experimental monitoring techniques adopted. Firstly,
the untreated control washbasin U-bends were changed. Exactly one year after the
refurbishment of the A&E Department, Clinic 2 on the second floor of DDUH was equipped
with identical washbasins, U-bends and wastewater pipes (Figure 4.6). Clinic 2 and the A&E
Department share a common water supply and have similar usage. This modification enabled
the comparison of bacterial bioburden in washbasin U-bends in nearly identical test sites and
conditions. Secondly, the weekly sampling frequency and the sampling period were altered.
The five-month study described in Chapter 3 encompassed a total of 62 decontamination
cycles with three monitored decontamination cycles per week (Monday, Wednesday,
Friday). In the present study, the ECA-treated washbasin U-bends were subjected to a total
of 156 decontamination cycles three times weekly over a period of 52 weeks. However the
washbasin basin U-bends were sampled immediately following only one decontamination
cycle per week (n = 52) (Table 4.5). Extension of the sampling period enabled adequate
monitoring of the decontamination efficacy once weekly. A >4.4 log reduction was observed
on all media immediately following decontamination over the test period between the 10
ECA-treated washbasin U-bends and the 10 untreated U-bends in Clinic 2 (Table 4.5).
Furthermore, a >4.1 log reduction was observed between the ECA-treated U-bends and the
10 untreated U-bends in Clinic 2 on all media 24 h post decontamination over the 52 week
test period (Table 4.5). A third modification implemented in this chapter was the addition of
a third sampling time point: 48 h post ECA-decontamination. This sampling time point

facilitated the investigation of the recovery of bioburden within the washbasin U-bends after

135



48 h treatment with ECA solutions. The bacterial recovery data 48 h after decontamination
on all media tested showed a >3.3 reduction (Table 4.5). Results from these additional
timepoints may reflect the residual effects of ECA decontamination on the biofilm within
the pipework or may reflect slow recovery of the bacterial bioburden following ECA-
treatment. Following completion of the study, the washbasin drains and U-bends were
sampled seven months post cessation of ECA decontamination. The bacterial density in all
washbasin U-bends had recovered and exhibited a >3.4 log increase in bacterial counts on
all media relative to the average bacterial counts throughout the 52 week ECA-

decontamination study.

The installation of washbasin U-bends with two access ports in the study described in
Chapter 3 and in this chapter permitted the sampling of six selected sites in rotation to reduce
the mechanical removal of biofilm by routine swab sampling. In Chapter 3, washbasin U-
bends in the A&E Department were sampled following each decontamination cycle and 24
h after decontamination, resulted in six sampling events per week. In this chapter, the number
of weekly U-bends sampling events was reduced to three time points per week. The
availability of the average bacterial bioburdens within A&E washbasins from both studies
enabled the comparison of these data and the investigation of the role mechanical removal
may play on both these data. Both systems were subjected to identical decontamination
processes but varied on the frequency of sampling and the total duration of the test periods.
Interestingly, the bacterial recovery data immediately following ECA-treatment showed a
slight reduction in the average counts on all media from the five-month study to the current
study: 73.4 (+ 258.2) compared to 28.6 (= 57.13) CFU/swab on CBA, 122.5 (+ 371.3)
compared to 52.64 (= 111.7) CFU/swab on R2A, and 15.3 (+ 184.5) compared to 13.54 (+
77.63) CFU/swab on PSCN, respectively (Table 3.1 and Table 4.5). Likewise, both studies
observed a >3.3 log reduction in bacterial counts in U-bends on all media relative to
untreated controls (P <0.0001), (Table 3.1 and Table 4.5). Increased frequency of sampling
in Chapter 3 did not appear to reduce the bacterial bioburden in washbasin U-bends as the

average bacterial counts were larger compared to the corresponding data from this chapter.

Increased attention is now focusing on the misuse of hand washbasins in healthcare facilities.
Hand washbasins are intended for hand washing only. However, not all healthcare facilities
implement proper use protocols. In the present study, the frequency of use of A&E
washbasins was monitored over a course of one week by a dental nurse based in the A&E

Department. The washbasins were recorded as being utilised for hand washing events only,
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and the observed frequency of use was determined of an average of 12 times per day.
Furthermore, in this study, Tork Extra Mild Liquid Soap was the only hand washing
preparation provided at hand washbasins. Increasingly, studies are investigating the
improper usage of washbasins in healthcare facilities, as such events may lead to potential
bacterial seeding or transmission of organisms within the wastewater network. Grabowski
et al. (2018) investigated the range of activities being carried out using handwashing sinks
in two patient rooms and two patient bathrooms in an ICU over 60 days. Sink use was
observed by motion sensitive cameras and periodic in-person observations (Grabowski et
al., 2018). Unexpectedly, hand washing accounted for only 4% of the total observed
activities. The remaining 96% of activities including: medical patient care activities such as
short-term holding of medical items and emptying/filling syringes etc., and non-medical
patient care activities, such as wetting of patient cleaning cloths, patient nutrition, and
environmental cleaning (Grabowski ef al., 2018). The results of this study emphasised how
misuse of washbasins can lead to contamination events of the washbasins and washbasins

U-bends.

The effects of drainage and availablitity of nutrients have recently been identified as key
factors in bacterial proliferation and spread in wastewater networks. The general drainage
conditions were observed routinely following completion of the one decontamination cycle
per week. Following each decontamination cycle, all washbasins were flushed with water.
No blockages were observed or reported within the A&E U-bends throughout the study. The
importance of maintaining good cleaning practises in washbasins and their assoicated
drainage was highlighted in a paper by Aranega-Bou et al. (2018). This paper investigated
how drainage rates effected the dispersal of a Citrobacter freundii strain, K. pneumoniae
carbapenemase (KPC)-producing Enterobacteriaceae and other CRE strains from the drain
outlets of HP and DP washbasins. Slow drainage in HP sinks resulted in 30-fold less
dispersal of CREs from washbasin drain outlets than DP sinks, and when the drainage was
fast, HP sinks released fewer CRE from sink drain oulets than DP sinks measured by settle
plates placed around the perimeter of the sink (Aranega-Bou et al., 2019). Secondly, the
effects nutrients had on the growth of CRE in a model sink U-bend system has recently been
studied (Kotay et al., 2020). The study demonstrated that the four selected bacteria strains
(Citrobacter freundii, Enterobacter hormaechei, Serratia marcescens, and Klebsiella
quasipneumoniae) persisted in biofilms under nutrient deficit conditions within a sink U-
bend. The bacteria rapidly proliferated when exposed to nutrient rich conditions and spread

within the wastewater towards the drain outlets and further downstream (Kotay et al., 2020).
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While hand washing is vital for proper hygienic patient care, misuse or mismanagement of
washbasins, the lack of efficient decontamination or cleaning practise, and the action of hand
washing itself may lead to the increased risk of transmission of potential pathogens. The
primary dispersion mechanism of potential pathogens from washbasin drains and U-bends
was initially established to be caused by the generation of aerosols as airborne particles
originating from washbasins (Hota et al., 2009; Schneider et al., 2012; Fusch et al., 2015;
De Geyter et al., 2017). Aerosols are defined as airborne particles measuring <5 pm in
diameter, as opposed to droplets that measure >5 um in diameter (Siegel et al., 2007; World
Health Organization, 2014b). Following the cessation of ECA-decontamination, the air
around the three washbasins (two HP and one DP) where the flow of water had been
activated in DDUH was sampled. The counts were recorded on CBA and PSCN agar. No
bacterial colonies were detected on PSCN agar, and similar bacterial counts were recovered
from all three washbasins. On CBA agar, similar bacterial counts were observed from all
three washbasins, irrespective of the washbasin design. Parameters known to affect air
sampling include: quantity of air contaminants, the airflow in the environment, and the
activity levels in the environment being sampled that may have resulted in similar bacterial
counts in our study (Chia ef al., 2020). The previous assumption that aerosols were the
primary dispersion mechanism of bacteria from washbasins was recently challenged. Kotay
et. al (2019) demonstrated in a model system that droplets were the primarly method of
bacterial transmission from contamined handwashing domestic pattern sink U-bends.
Likewise, a Aranega-Bou et al. (2018) installed artifically contaminated and naturally
contamined wastewater U-bends into a model laboratory-based sink system. Active and
passive air sampling demonstrated the dispersal of pathogens from sinks was mainly droplet
based and multidirectional (Aranega-Bou et al., 2019). In either case, the generation of both

types of airborne particles facilitate the dissemination of bacteria from washbasins.

The second main aim of this chapter was to identify the environmental bacterial communities
within the wastewater network in DDUH. The two strategies adopted were: a culture-based
approach utilising MALDI-TOS-MS, and a culture-independent approach utilising I1lumina
high throughput 16S rRNA amplicon sequencing. Over the past three decades, washbasin
drain- and U-bend-associated outbreaks have primarily been linked with bacteria species
(Carling, 2018). Only recently other microorganims, such as the fungal Fusarium spp.
residing in the wastewater network, have been associated with hospital based outbreaks

(Hino et al., 2020). In that study, the clinical epidemiology of invasive fusariosis was
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monitored in patients with haematological disease in Japan. Drain outlets were detected as a
reservoir for Fusarium spp. and the high similarity of drain and clinical samples indicate a
key role that washbasins colonisation may have in transmission of infection (Hino et al.,
2020). For this reason, the majority of reports have focused on bacterial communities and
population structures in wastewater networks (Guo et al., 2019; Limayem et al., 2019;
Numberger ef al., 2019; Constantinides et al., 2020). In this chapter, MALDI-TOF-MS was
utilised to determine the approximate media-specific culturable bacterial communities
within one washbasin ECA-treated U-bends and within the 10 untreated Clinic 2 U-bends.
Gram-negative bacterial species accounting for 85% of the identifiable selected colonies in
the ECA-treated U-bends with P. aeruginosa the most predominant species (62%).
Pseudomonas aeruginosa was also identified as the predominant organism (30%) identified
among samples selected from 10 washbasin U-bends in Clinic 2. A wider range of
microorganism were identified in the non-ECA treated Clinic 2 U-bends (nine bacterial
species, eight Gram-negative and one Gram-positive) compared to the one tested A&E U-
bend (four bacterial species, two Gram-negative and two Gram-positive). The utilisation of
MALDI-TOF-MS provided a rough indication of the culturable bacterial species present in
the selected washbasin U-bends.

Culture-based approaches are time consuming and limited in their ability to identify
fastidious microorganisms and viable but non-culturable bacteria. For this reason, culture-
independent methods have increasingly been adopted for more accurate characterisation of
bacterial communities within wastewater networks (Guo et al., 2019; Limayem et al., 2019;
Numberger et al., 2019; Constantinides et al., 2020). The bacterial communities within the
wastewater networks reflect the environments they inhabit. These environments include the
pipe materials, the nutrients and oxygen availabilty available to microorganisms, the ability
of microorganisms to effectively compete with the large densities of viable bacteria and form
biofilms, the ability of microorganisms to adapt to rapidly changing environmental
conditions, and the selective pressures placed on the bacterial communities by antibiotic use
and decontamination processes (McLellan and Roguet, 2019). Illumina high throughput
sequencing of the V3-V4 regions of the 16S rRNA gene was used to determine the microbial
composition across 16 sampled wastewater network locations in DDUH. This methodology
was utilised because the V3-V4 regions have been shown to provide taxonomic accuracy, is
one of the most commonly adopted regions for microbiota analyses and the MiSeq Illumina
technology provides high-quality reads for futher analyses (Onywera and Meiring, 2020).

The phlyum Proteobacteria represented a median 86.6% of all the sequence reads, followed
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by Bacteroidetes (median 5.9%), Actinobacteria (median 1.45%) and Cyanobacteria
(median 0.5%). The phylum Proteobacteria contains Klebsiella pneumoniae, Acinetobacter
baumannii, P. aeruginosa, and Enterobacter spp., pathogens that have been identified in
hospital wastewater and wastewater treatment effluent. These organisms have been listed as
priority status pathogens for the development of new antibiotics due to the increased
incidence of multi-drug resistance (World Health Organization, 2018; De Oliveira et al.,
2020). Proteobacteria have been identified as the dominant phylum in multiple metagenomic
studies of wastewater samples as well as being a dominant phylum in biofilms formed on
PVC, and stainless steel surfaces (Jiang et al., 2008; Li et al., 2014; Nascimento et al., 2018;
Ibekwe and Murinda, 2019).

At the bacterial family level, 15 familes were identified in the top five most abundant
families. The families Comamonadaceae, Rhodocyclaceae, Pseudomonadaceae,
Oxalobacteraceae and Rhodospirillaceae were identified in the top five families in at least
half of the samples investigated (Figure 4.5). Classification to genus level is thought of as
reliable using short-read sequencing technologies. Classification of short reads sequences to
species level may lead to high levels of misclassification, however here the species identified
are listed as an idicator of species within theses samples (Winand et al., 2020). At a species
level, of the 20 most abundant species eight have previously been identified as opportunistic
pathogens for human diseases including: P. aeruginosa, Cupriavidus pauculus, Delftia
lacustris, Mycobacterium ulcerans, Achromobacter insolitus, Burkholderia vietnamiensis,
Elizabethkingia meningoseptica, and Janthinobacterium lividum (Sizaire et al., 2006;
Jassem et al., 2011; Shin et al., 2012; Almasy et al., 2016; Li et al., 2017). Interestingly, two
species of note are Elizabethkingia meningoseptica, which is intrinsically resistant to many
commonly utilised hospital antibiotics, and Janthinobacterium lividum, which produces
violacein that has antibacterial, antiviral, and antifungal properties (Balm ez al., 2013; Valdes
et al., 2015). Also, the environmental species Cupriavidus metallidurans was listed as one
of the most abundant species and is a Gram-negative bacterium previously shown to adapt
for survival in heavy metal stresses such as copper, a prominent wastewater pipe material
(Lal et al., 2013). The bacterial diversity observed utilising high-throughput 16S rRNA

amplicon sequencing demonstrates the limitations of culture-based approaches.

As previously discussed, P. aeruginosa is a microorganism of significant importance to
human pathology, and is ubiquitous within wastewater networks (Hota et al., 2009;

Breathnach et al., 2012; Leitner et al., 2015; Stjarne Aspelund et al., 2016). Carbapenem-
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resistant P. aeruginosa is listed at critical level for research and development into new
antibiotics (World Health Organization, 2018; De Oliveira et al., 2020). The family
Pseudomonadaceae was identified in all sampled locations, representing an average 10.4%
(median 1.35%) of the relative abundance of families identified across the samples. A 2019
review by McLellan and Roguet reported that the family Pseudomonadaceae represented a
relative abundance 2.38% of families examined in the metagenomic papers analysed
focusing on sewerage bacterial composition. Likewise, the family Pseudomonadaceae
represented a relative abundance 0.32% of families examined in the metagenomic papers
analysed focusing on biofilm in sewer pipes bacterial composition. On the genus level,
Pseudomonas was identified in all of the 16 DDUH wastewater network samples and

identified in varying abundances (0.03% — 50.4%) (Figure 4.6).

Metagenomic studies have helped to establish how bacterial bioburden levels and
composition in wastewater networks may lead to risks to patients in healthcare facilities
(Numberger et al., 2019; Constantinides et al., 2020). The accurate identification of
microorganims helps researchers understand community dynamics, indentify potential
antimicrobial reservoirs and investigate the adverse effects of decontamination and/or
antibiotic use on the microbial communities. All 16 samples from the wastewater network
in DDUH were taken in the absence of an observed outbreak and from wastewater sites not
subjected to routine deconatmination by ECAs. While no sample was taken for [llumina 16S
rRNA amplicon sequencing from the A&E washbasins throughout the 52 week ECA-
decontamination phase of the study, many studies have recently identified the role
disinfection can have on bacterial community structures. A 2020 study by Jin et al. was the
first of its kind to show that chlorine disinfection increased the frequency of natural
transformation in the four tested bacterial species (Escherichia coli, P. aeruginosa,
Salmonella aberdeen and Enterococcus faecalis) and therefore promoted horizontal transfer
of antimicrobial resistant genes across bacterial genera (Jin et al., 2020). This study used
culturable chlorine-injured bacteria and showed an enrichment of antimicrobial resistant
genes in the four bacterial strains after exposure to sodium hypochlorite (NaClO)(Jin et al.,
2020). A recent study by Dai et al. (2020) investigated the effects disinfectant residuals had
on the drinking water microbiome. The drinking water microbiome was structurally and
functionally less diverse in water treated with disinfectant residuals compared to systems not
treated with disinfectant residuals (Dai et al., 2020). The study also reported that the bacterial
domain was the most abundant domain across residual treated and untreated systems, with

archaea more abundant in residual untreated systems and eukaryota in residual treated

141



systems (Dai et al., 2020). Likewise, a study by Bautista-de los Santos et al. (2016) carried
out meta-analyses of 16S rRNA amplicon data from the published literature. The work
investigated the microbiome population structure of drinking water distribution systems
subjected to various levels of residuals disinfectants. The report showed that disinfectant
residuals affected the microbial community structure and the disinfected systems were less

diverse than their untreated counterparts (Bautista-de los Santos et al., 2016).

The bacterial communities structures within wastewater systems are not fixed. A study by
Guo et al. (2019) investigated the change in the microbial community structure and
functional traits of the associated genes over a short time period. In the study, the authors
investigated the microbial communities, using 16S rRNA gene amplicon sequencing, at 4 h
intervals over 2 days (Guo et al., 2019). The data showed large variation in the microbial
community structure at phylum and genus levels. For example, the phylum Proteobacteria
ranged from 44% to 63% of the total relative abundance. Likewise, a study by Perry et al.
(2019) investigated the metagenomes of bacterial communities and AMR genes abundances
from hospital effluent using whole-genome shotgun sequencing. The study compared the
bacterial community structures and abundances of AMR genes from seven discharge points
representing clinical specialities and therefore representing clinical activities and washbasin
use in one hospital. The wastewater samples were taken over a period of 24 h from seven
wastewater locations from a hospital and one community sewerage works (Perry et al.,
2019). The microbiota and AMR genes varied between all sites, however AMR genes were
recovered in higher abundances in the hospital samples than the community samples and in
samples associated with prolonged patient stays. Within the seven hospital wastewater
sample sites and one community sample site, the most predominant genera were
Pseudomonas and Acinetobacter. At a species level, Pseudomonas fluorsecens and
Acinetobacter johnsonii were most abundant indicating high levels of environmental species

associated with hospital pipe biofilm (Perry et al., 2019).

Finally, the swab sampling technique utilised throughout the experiments in this thesis was
investigated and the relative recovery rates were determined. As stated previously, the major
factors affecting standardisation of environmental sampling include the type of sampling
device, the wvariability of surface material sampled, the density and diversity of
microorganisms on the sampled surface, and the surface area sampled (Jones ef al., 2020).
All sampled U-bend surfaces were made from PVC materials while a standardised surface

area was established as discussed in Chapter 3. For this reason, a variety of types of sampling
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devices were investigated to determine the efficacy of the sampling device utilised. As
environmental sampling is an integral part of many sectors including healthcare,
manufacturing, food processing, the variety of swab types and materials are ever increasing.
Swab sampling is currently the most widely adopted sampling device for microbiological
testing of hard surfaces, however other surface sampling devices are increasingly becoming

adopted including sponges, cloths, wipes and contact plates (Jones et al., 2020).

Washbasin network sampling has primarily relied on swab sampling due to the reduced
accessibility and restricted nature of wastewater pipes and U-bends. The large cotton tipped
swab was most efficient at recovery bacteria owing in part to the size of the swab tip (45.5%),
followed by the flocculated nylon fibre swab (40.7%), and then the sterile viscose transport
swabs utilised throughout these studies (19.4%). Keeratipibul et al. (2017) determined the
following recovery effieciency of different swabs on wet surfaces: polyurethane foam swabs
(94.5%), cellulose sponge swabs (94.4%), gauze swabs (90.3%), and cotton swabs (84%).
Lower recovery effieciency was found for all of the tested swabs on dry surfaces
(Keeratipibul et al., 2017). However, as environmental sampling is not standardised, U-bend
sampling results presented in this study give an accurate indication of the relative recovery

of the bacterial bioburden in DDUH washbasins.

The diversity and density of the microorganisms on the sampled wastewater network
surfaces could not be standardised. However, as the previous chapter and studies conducted
in DDUH showed, P. aeruginosa was the most prevalent culturable organism in DDUH
washbasin U-bends (Swan et al, 2016; Deasy et al., 2018). Pseudomonas aeruginosa
isolates recovered by the standardised swab sampling techniques was similar irrespective of
the colony morphologically. Recently, attention has focused on rapid non-culturable testing
techniques such as testing of adenosine triphosphate (ATP) levels to determine cleanliness
levels of surfaces in hospitals. However, one limitation of this technique is that this should
be used as an indication of bacterial contamination rather than a quantitative measurement

(Whiteley et al., 2016).

In conclusion, the automated ECA decontaminated system developed in Chapter 3 has
proved to be an efficient and consistent approach in reducing the bacterial bioburden in
washbasin U-bends. Regular decontamination was proven to be necessary for reducing the
bacterial bioburden in washbasins and their associated drains, and the cessation of

decontamination lead to increased levels of bacterial bioburden in the washbasin U-bends

143



and drains. As the literature states, increased bioburden increases the risk of transmission
from washbasin U-bends and drains. The use of culture-based approaches only as a method
to identify bacteria is limited and may portray misleading ranges of bacteria in washbasin
U-bends. Finally, while the type of swab may affect the density of microorganisms
recovered, the use of a consistent approach while defining the recovery rates lead to a more

transparent approach for other researchers to interpret data.
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Chapter 5

Whole-genome sequencing identifies highly related
Pseudomonas aeruginosa in multiple washbasin U-bends
at several locations in the Dublin Dental University
Hospital: evidence for trafficking of potential pathogens
via wastewater pipes
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5.1 Introduction

Hand washing is vital for reducing infections in the healthcare environment. As outlined in
Chapter 1, healthcare establishments facilitate hand hygiene in order to reduce opportunities
for the transmission of microorganisms and thus reduce the spread of infection. While,
ironically, the presence of hand washbasins in healthcare premises promotes more frequent
hand washing, it also results in increased associated infection risks (Hota et al., 2009;
Coleman et al., 2020). This is due to the fact that biofilm coated wastewater pipes servicing
washbasin and sink drain outlets are open to the healthcare environment throughout hospital

buildings in areas occupied by vulnerable patients.

Hospital washbasin and sink drains have been implicated in numerous episodes of
nosocomial infection as described in Chapter 1. However, the mechanisms of dispersal of
bacteria within the wastewater network and to patients have not been fully determined.
Previous studies have demonstrated that bacteria present in washbasin and sink drains can
be aerosolised by the impact of tap water flow or splash back and can contaminate the
washbasin, taps and local environmental surfaces (Hota et al., 2009; Breathnach et al., 2012;
De Geyter et al., 2017; Kotay et al., 2017; Aranega-Bou et al., 2019). A study by Hota et al.
(2009) demonstrated the dispersal of water droplets up to 1 m from a contaminated sink
drain using fluorescent markers when the sink was used for handwashing. Likewise, a 2017
study used a monoculture of a laboratory strain of Escherichia coli expressing green
fluorescent protein to show that the biofilm in a sink U-bend model system grows upwards
towards the sink drain outlet (Kotay et al., 2017). Bacterial movement through the pipe
network towards the sink drain was recorded at a rate of about 2.5-cm per day and
colonisation of the sink drain outlet led to water splatter contaminating the bowl and
surrounding area (Kotay et al., 2017). The trafficking of E. coli to adjacent sinks by means
of the common wastewater pipes study, while very informative, did have a number of
limitations (Kotay et al., 2017). Escherichia coli is an organism not largely associated with
washbasin biofilms, and was introduced into the model system as a laboratory-grown
monoculture and artificially supplemented with nutrients. Fundamentally, this study was an
artificial model system that demonstrated how microorganisms can spread within the
wastewater pipe network. The model system does not necessarily reflect the behaviour of
complex populations of competing microorganisms present in U-bends servicing

washbasins.
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Today, next generation sequencing (NGS) platforms, such as those marketed by Illumina,
are the ‘gold standard’ for genotyping bacterial isolates (van Dijk et al., 2014). As described
in Chapter 1, whole-genome sequencing (WGS) is the process of determining the complete
DNA sequence of an organism’s genome. Recently, studies have used WGS and
comparative genomic data analyses to type P. aeruginosa isolates recovered from cystic
fibrosis patients, from patients and environmental samples, and to determine and control
outbreaks of specific strains in hospital wards (Blanc ef al., 2016; Decraene et al., 2018;
Wee et al., 2018; Magalhaes et al., 2020). This high-throughput and high resolution method
of typing bacterial isolates was adopted in the present study to investigate potential
trafficking of P. aeruginosa in washbasin U-bends and the associated wastewater network
in DDUH. While WGS and the accompanying comparative data approaches are utilised
today, traditional methods for typing P. aeruginosa isolates for epidemiological and

surveillance purposes have evolved significantly since the 1930’s (Figure 5.1).

Typing of P. aeruginosa isolates began in the early twentieth century, based on phenotypic
typing methods. The four main phenotypic methods for typing P. aeruginosa have been
serotyping, pyocin typing, bacteriophage typing and biotyping (Pitt, 1988). Phenotyping is
based on the observation of an organism’s physical traits or characteristics. The most
commonly used phenotypic approach adopted in the 1930s was serotyping. Two types of
serotyping have been described for P. aeruginosa: O-antigen serotyping and H-antigen
serotyping. The O-antigen is a repeat polysaccharide portion of outer membrane
lipopolysaccharides (LPS) of Gram-negative bacteria (Lu et al., 2014). LPS contributes
greatly to the structural integrity of the outer membrane of Gram-negative bacteria and also
functions as bacterial endotoxin. Serotyping of P. aeruginosa is based on the significant
structural diversity of the O-antigen, with the International Antigenic Scheme consisting of
20 standard O serotypes (Lu et al., 2014). The H-antigens are located on the single polar
flagellum of P. aeruginosa. H-antigen serotyping was not largely adopted due to the
difficulty in preparation of the specific anti-flagellar sera (Pitt, 1988). The major weakness
of serotyping as an approach to type isolates of P. aeruginosa is the relatively poor
discriminatory power of the technique, as isolates within a serotype can exhibit large

genotypic variances.

While still used today, phenotype-based typing methods have largely been replaced by

molecular genotyping methods. These include, but are not limited to, PCR-based random

amplification of polymorphic DNA (RAPD) (also known as arbitrary primer PCR), pulsed
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Figure 5.1 A schematic timeline of the development of sequencing technologies and selected phenotypic and molecular typing methods for P. aeruginosa.
The selected phenotypic typing methods are indicated in pink and molecular typing methods are shown in blue. The timeline depicts the trend away from

phenotypic to molecular methods for epidemiological and surveillance purposes overtime.
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field gel electrophoresis (PFGE), multi-locus sequence typing (MLST), and NGS or second
generation sequencing technologies (Lopez-Canovas et al., 2019). Molecular genotyping
methods were originally developed to provide enhanced isolate discrimination based on
DNA or RNA analysis, relative to phenotypic typing methods based on chemotaxonomic
approaches that provide information on the constituents of the microorganism (Donelli ef
al., 2013). RAPD PCR utilises variable short length oligonucleotide primers to bind at low
stringency throughout the genome and yields a variety of amplimers that provide an isolate
profile or pattern following separation by conventional agarose gel electrophoresis (Tazumi
et al., 2009). This approach can rapidly differentiate P. aeruginosa isolates, however it is

limited by problems associated with poor reproducibility.

PFGE became established as the ‘gold-standard’ for genotypic typing of a range of
microorganisms in the 1980s, as it encompassed the four characteristics of a good typing
method: typeability, reproducibility, improved discriminatory power, ease of realisation and
interpretation (Lopez-Canovas et al., 2019). PFGE can separate DNA molecules up to 5 Mb
in size and can readily resolve complex patterns of genomic DNA fragments generated
following digestion of genomic DNA by restriction endonucleases that cleave DNA
infrequently. These banding patterns provide a DNA profile or fingerprint for each isolate
analysed. However, the discriminatory power of PFGE is somewhat limited. The limitations
are based on the methods itself, and the experience of the scientist. These include the
generation of DNA restriction fragment patterns that can vary slightly between technicians,
the necessity of a defined nomenclature for banding pattern difference interpretation for a
given organism, changes in a single restriction endonuclease cleavage site may lead to one
or more band changes, only nucleotide changes in restriction endonuclease recognition sites
can be detected and some strains are not typable by PFGE. These limitations indicate that
PFGE should be used only as a guide for isolate relatedness (Liith ez al., 2018). Nonetheless,
PFGE has been a key tool for comparing variation among P. aeruginosa isolates recovered
from the wastewater environment. Hota et al. (2009) used PFGE for investigating the
genotypic relatedness of multidrug-resistant P. aeruginosa isolates recovered from 36
patients and the patient environment. The source of the outbreak was traced to biofilm
located in the drain outlet of a handwashing sink. Likewise, the relatedness of multidrug
resistant hospital outbreak isolates of Klebsiella oxytoca and contemporary isolates from
hospital sinks was analysed using PFGE by Lowe et al. (2012). Using this approach the
outbreak associated clones were also identified in sink drains in the ICU, in the majority of

patient rooms and from staff washrooms (Lowe et al., 2012).
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In 1998, MLST was first described as an approach to provide enhanced molecular typing of
microorganisms. The first MLST typing scheme for P. aeruginosa was described in 2004,
which permitted the genetic relatedness of isolates to be determined based on sequence
variation within seven predetermined housekeeping genes or loci (Maiden et al., 1998;
Curran et al., 2004). MLST schemes assign sequence types (STs) to isolate collections that
are useful for population genetic studies. However, due to the conservative number of
housekeeping genes used, conventional MLST lacks the discriminatory power to

differentiate bacterial isolates in outbreak investigations.

Prior to the advent of WGS, phenotypic and genotypic typing methods were limited in their
ability to discriminate between isolates of P. aeruginosa. In this study, two comparative
genomic approaches were used to determine the relatedness of isolates investigated from the
WGS data: (i) single nucleotide variant (SNV), and (ii) gene-by-gene analysis, such as
whole-genome MLST (wgMLST) analysis. SN'Vs are variations within the DNA sequence
occurring when a single nucleotide in the genome differs to the comparison or reference
genome(s). The terms SNVs and single nucleotide polymorphisms (SNP) are sometimes
used interchangeably, however there is a difference between these two terms. While SNVs
refer to the change of a single nucleotide in the genome with no reference to the frequency
of this observed change in the population, SNPs are single nucleotide changes that have
become established amongst a population that are observed in at least 1% of population (He
et al., 2014). Standard SNV analysis involves the use of a selected reference genome to
identify SN'Vs throughout the query genomes. The sequence reads of the query genomes are
aligned to the reference using mapping algorithms and variations can be identified between
the sequences (Li and Durbin, 2010). SNV filters are essential to identify true point
mutations in contrast to assembly errors or recombination events. SNV are useful biological
markers to examine evolutionary change within populations. A study published in 2018
utilised Illumina NGS technology and SNV analysis to compare Sphingomonas koreensis
isolates recovered from an infected patient with environmental isolates from sink faucets in
the patient environment (Johnson et al., 2018). A single transmission event was identified in
which a patient and a faucet isolate recovered 15 days later were found to be very closely
related, differing by only 5 SNVs. Three recent studies further utilised Illumina NGS
technology and SNV analysis to investigate the relatedness of microorganisms from the
washbasin environment and patients. A study by Feng ef al. (2019) demonstrated that three

carbapenem-resistant Klebsiella pneumonia isolates recovered from two separate patient
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samples, and a washbasin differed from each other by 4 - 12 SNVs. This data revealed that
a common washbasin was the source of colonisation and infection in both patients. Another
study by Buhl ef al. (2019) evaluated the molecular evolution of extensively-drug resistant
P. aeruginosa isolates from patient samples and the hospital environment at two adjacent
hospitals during a prolonged outbreak. SNV analysis revealed adaptation within two genes
associated with a multi-drug efflux pump and a mercury detoxification operon, which may
result in resistance to antimicrobials in P. aeruginosa isolates (Buhl et al., 2019). Finally, a
study by Hopman et al. (2019) confirmed the transmission of carbapenemase-producing P.
aeruginosa strain between a patient, the air and the hospital environment. This study
demonstrated that P. aeruginosa isolates from a patient, the shower drains in eight patient
rooms, one sink sample, and air samples all differed by range of 1-12 SNVs. The study
highlighted the potential spread of P. aeruginosa via the wastewater network connecting the
shower drain in eight separate patient rooms, and the data suggested airborne transmission
was the most likely source of transmission to patients. One limitation of this study however
was the low read coverage (or depth) (cut-off of 20x) of isolate sequences used for
downstream SNP analysis. While Illumina WGS accurately detects individual nucleotides,
sequencing errors can occur, and a coverage of 50x (meaning every read has an average of

50 copies) ensures higher confidence in the detection of true point mutations.

A whole genome (wg)MLST scheme for comparison of P. aeruginosa isolates was first

described in 2018 (https://www.applied-maths.com/sites/default/files/extra/Release-Note-

Pseudomonas-aeruginosa-schema.pdf). wgMLST analysis provides a gene-by-gene

approach to the analysis of the entire bacterial genome. While wgMLST provides lower
resolution than SNV analysis, wgMLST analysis records various types of nucleotide
differences (SNVs, variable number tandem repeat, and insertion-deletion mutations or
INDELSs) for every open reading frame of an organism and provides standardisation of a
comparative genomic approach (Kingry et al., 2016). The wgMLST scheme provides high
discriminatory power for the comparison of multiple isolates, utilising the 15,136 validated
loci with the addition of the traditional 7 housekeeping gene MLST scheme for P.
aeruginosa. A recent study utilised wgMLST analysis to determine the relatedness of
isolates of Legionella anisa recovered from dental chair unit output water from separate
outlets in a hospital dental clinic (Fleres et al., 2018). The results of wgMLST analysis
revealed that all isolates investigated belonged to the same wgMLST cluster and exhibited
between two and four allelic differences. These findings indicated a common contamination
source for the Legionella anisa.
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5.2 Objectives

The objective of this study was to investigate if bacteria are trafficked between washbasin
U-bends and the associated wastewater pipe network in a hospital setting. The distribution
of highly related isolates may provide evidence for isolate trafficking throughout via the

wastewater network. The specific aims of the study were:

- To use P. aeruginosa isolates recovered from washbasin U-bends and other
wastewater pipe network sites in DDUH as marker organisms to investigate
trafficking in U-bends and associated wastewater pipes in a hospital setting. As
one of the most frequently encountered bacteria from washbasin U-bends, the
genetic relatedness of P. aeruginosa isolates recovered from multiple washbasin
U-bends located at adjacent and distant sites in DDUH were investigated in detail

using WGS analysis.

- To investigate the impact of routine decontamination of washbasin U-bends with

ECA solutions on the P. aeruginosa population.
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5.3 Materials and Methods

5.3.1 Hand washbasins

Thirty-one ceramic hand washbasins in the DDUH were included in the study. Twenty-seven
were hospital-pattern (HP) washbasins, without overflow outlets and with offset drain outlets
(Swan et al., 2016; Deasy et al., 2018). Four were domestic pattern (DP) washbasins with
the drain located directly below the tap water flow. Each HP washbasin faucet was equipped
with a thermostatic mixing valve set to provide water at 38°C. The DP washbasins each had
a manual mixer tap. All washbasins were in frequent daily use on weekdays and were fitted
with identical polypropylene U-bends with two sampling ports for bacterial isolate recovery,

as described in Chapter 2, Section 2.6.

Washbasins were selected to represent the diversity of large clinics and other areas in
different DDUH locations. Figure 5.2 shows the relative locations in DDUH of all
washbasins included in the study. Ten HP washbasins were located on the ground floor A&E
(equipped with 11 HP washbasins in total), and 10 in Clinic 2 (equipped with 15 HP
washbasins in total) on the second floor. Clinic 2 is divided into five separate treatment bays,
each equipped with three washbasins and one sink. Clinic 2 and A&E were refurbished in
August 2017 and 2016, respectively, and equipped with identical new washbasins, faucets,
U-bends and wastewater pipes (Deasy et al., 2018). Cold water to washbasin faucets was
provided from a 15,000-L water storage tank supplied with mains water, which also supplied
a calorifier providing faucet hot water. Hot and cold water supplied to DDUH washbasins is
treated with residual anolyte (2.5 ppm), an electrochemically activated disinfectant solution
composed predominately of hypochlorous acid (Boyle et al., 2012). A&E operates seven
days a week with lower use-frequency at weekends, while Clinic 2 operates Monday-Friday.
Both clinics are out-patient facilities. Additional HP washbasins from different locations in
DDUH were included: one on the first floor in CSSD, three on the first floor Clinic 1 and
three in West Clinic on the ground floor. The four DP washbasins were located distant from
clinics in the following areas: (i) a third-floor staff bathroom, (ii) a second-floor staff

bathroom, (iii) a first floor staff bathroom, and (iv) the DDUH microbiology laboratory.

The U-bend of each Clinic 2 washbasin was connected via a 1-m vertical pipe to one of
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Figure 5.2 Schematic showing the relative locations of the washbasins/U-bends and
associated wastewater pipes in the DDUH investigated in the study. Clinic 1 and Clinic 2
located on the first and second floors of DDUH, respectively, have an identical layout. Both
clinics are divided into five treatment bays, with each bay containing three hospital pattern
(HP) washbasins; two of the three washbasins per bay in Clinic 2 were sampled recurrently
during this study. While a total of three washbasins were sampled from Clinic 1. The 10
sampled HP washbasins in Accident & Emergency Department (A&E) are all connected by
one common wastewater pipe. All washbasins in the grey section of the schematic shown on
the left were domestic pattern fixtures, whereas all washbasins indicated in the blue section
of the schematic (Clinics 1 & 2, A&E and CSSD) were HP fixtures. Abbreviations: A&E,

Accident and Emergency Department; CSSD, Central Sterile Services Department.
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a series of five horizontal wastewater pipes, each of which serviced three washbasins (two
washbasins from each bay were included in the study) (Figure 5.2). Each pipe discharged
water into an individual larger vertical pipe which passed through the building into the
basement (Figure 5.2). Three of the five vertical pipes connected to a larger common
horizontal wastewater pipe connected to the municipal sewer at the building perimeter. The
other two vertical pipes connected to a separate common horizontal wastewater pipe that
discharged wastewater to the municipal sewer at a separate outlet. The U-bends of each A&E
washbasin were connected via 1-m vertical pipes to a common horizontal wastewater pipe
that discharged water to the same point of discharge to the municipal sewer as the wastewater
collection pipe servicing the three vertical wastewater collection pipes from Clinic 2 (Figure
5.2). The layout of Clinic 1 washbasins and wastewater pipes was identical to Clinic 2, with
both clinics discharging wastewater through the same common vertical wastewater pipes
(Figure 5.2). The CSSD washbasin discharged water into one of the vertical wastewater
collection pipes common to Clinic 1 and Clinic 2. The washbasin U-bends in West Clinic,
the single DP washbasin in the microbiological laboratory and the three DP washbasins in
staff bathrooms discharge wastewater to the sewer system at different outlets to Clinic 2 and

A&E (Figure 5.2).

Since their installation in August 2016 until March 2019, A&E washbasin U-bends
underwent automated decontamination three times weekly, involving sequential treatments
with two electrochemically-activated (ECA) solutions generated from brine; catholyte (80
ppm NaOH) with detergent properties and 800 ppm anolyte with disinfectant properties
(Deasy et al., 2018). The decontaminations cycles are described in both Chapter 3, Section
3.2.4 and Chapter 4, Section 4.3.4. All other DDUH washbasin U-bends were not

decontaminated during the study.

5.3.2 Recovery of P. aeruginosa from U-bends
Pseudomonas aeruginosa isolates were recovered from washbasin U-bends by swab

sampling and the swabs were processed as described in Chapter 2, Section 2.6.3.

5.3.3 Testing water and washbasin faucets for P. aeruginosa

Seventy-two 1-L water samples, eight from the washbasin cold water supply, eight from the
DDUH mains supply, and 56 from washbasin faucets (including 16 each from A&E and
Clinic 2) were tested for P. aeruginosa. Samples were taken in sterile glass bottles,

neutralised with 0.5% sodium thiosulfate and vacuum filtered through 0.45 um filters
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(Sartorius, Gottingen, Germany), followed by incubation on PSCN agar plates. Swab
samples of 20 representative DDUH washbasin faucets (including 5 each from A&E and
Clinic 2) were sampled four times at six-month intervals (i.e. 80 samples in total) with swabs
dipped in sodium thiosulphate (0.5%) and cultured on PSCN as described in Chapter 2,
Section 2.2.1.

5.3.4 Study design and isolate selection

Clinic 2 was selected as a model clinic to investigate the population of P. aeruginosa in non-
decontaminated washbasins U-bends (n = 10) by WGS. Pseudomonas aeruginosa isolates
recovered from other washbasin U-bend locations in DDUH (A&E, West Clinic, CSSD,
Clinic 1, three staff bathrooms and the microbiology laboratory; Figure 5.2), the wastewater
pipe network in DDUH (the main point of discharge wastewater collection pipe common to
Clinic 2 and A&E, and one larger vertical wastewater collection pipe common to Clinic 1
and Clinic 2; Figure 5.2), as well as external comparators and reference strains were

incorporated into this study.

A six-month time frame was established for the selection of P. aeruginosa isolates from
Clinic 2 to be sequenced (February — July 2018) to reduce WGS costs. Overall 55 isolates
were sequenced (Table 5.1). These included five P. aeruginosa isolates from at least three
independent U-bends recovered monthly for the six-month period (n = 30). An additional 17
P. aeruginosa from one individual U-bend (B2D3) consisted of isolates recovered at
intervals of at least a week over the six-months. The remaining eight isolates consisted of
separate P. aeruginosa isolates recovered in February 2019 from B2D3, sampled at one time

point following completion of the sampling period.

Twenty-six P. aeruginosa isolates from ECA-treated A&E U-bends were investigated
(Table 5.1). Isolates were recovered over a longer sampling period (January 2017 —
November 2019) for WGS due to reduced number of P. aeruginosa isolates recovered from
ECA-treated U-bends (Deasy et al., 2018). Isolates from four time points were investigated:
immediately after ECA treatment (n = 7), 24-h post-ECA treatment (n = 7), 48-h post-ECA
treatment (n = 7), and seven months after the cessation of regular three times weekly ECA

decontamination (n = 5) of the washbasin U-bends.

Additional isolates from other locations in DDUH were included in this study: three from
separate West Clinic washbasin U-bends (June and July 2017), two from a CSSD washbasin
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Table 5.1 Recovery timeline and sequence types of the 118 P. aeruginosa environmental

isolates and two reference strains investigated by Illumina whole-genome sequencing

Sequence Number of  Isolate name Date of isolation Location'
Type isolates
ST179 34 AE24Jan January 2017 A&E — washbasin 5 (24 h post-decontamination)
LP3F1 May 2017 DP washbasin in third-floor staff bathroom
AE24Aug August 2017 A&E — washbasin 9 (24 h post-decontamination)
LP3F2 August 2017 DP washbasin in third-floor staff bathroom
B2D3bFeb February 2018 Clinic 2 — washbasin B2D3
B2D3cMar March 2018 Clinic 2 — washbasin B2D3
B3D4Apr April 2018 Clinic 2 — washbasin B3D4
B2D3aMay May 2018 Clinic 2 — washbasin B2D3
B2D3bMay May 2018 Clinic 2 — washbasin B2D3
B2D3cMay May 2018 Clinic 2 — washbasin B2D3
B3D2May May 2018 Clinic 2 — washbasin B3D2
B2D3dMay May 2018 Clinic 2 — washbasin B2D3
B3D4May May 2018 Clinic 2 — washbasin B3D4
B1D2Jun June 2018 Clinic 2 — washbasin B1D2
B2D3alJun June 2018 Clinic 2 — washbasin B2D3
B3D2Jun June 2018 Clinic 2 — washbasin B3D2
B3D4Jun June 2018 Clinic 2 — washbasin B3D4
B4D3Jun June 2018 Clinic 2 — washbasin B4D3
B2D3cJun June 2018 Clinic 2 — washbasin B2D3
B1D4bJul July 2018 Clinic 2 — washbasin B1D4
B1D4clul July 2018 Clinic 2 — washbasin B1D4
B2D3alul July 2018 Clinic 2 — washbasin B2D3
B2D3bJul July 2018 Clinic 2 — washbasin B2D3
B2D3SNAP1 February 2019 Clinic 2 — washbasin B2D3
B2D3SNAP2 February 2019 Clinic 2 — washbasin B2D3
B2D3SNAP3 February 2019 Clinic 2 — washbasin B2D3
B2D3SNAP4 February 2019 Clinic 2 — washbasin B2D3
B2D3SNAPS February 2019 Clinic 2 — washbasin B2D3
B2D3SNAP6 February 2019 Clinic 2 - washbasin B2D3
B2D3SNAP7 February 2019 Clinic 2 - washbasin B2D3
B2D3SNAPS February 2019 Clinic 2 — washbasin B2D3
C1B1D2a November 2019 Clinic 1 — washbasin B1D2

Table 5.1 continued overleaf
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Table 5.1 (continued)

Sequence Number of  Isolate name Date of isolation Location'
Type isolates
C1B1D2b November 2019 Clinic 1 — washbasin B1D2
C1B5D4 November 2019 Clinic 1 — washbasin B5D4
ST560 27 AE24aMay May 2017 A&E — washbasin 4 (24 h post-decontamination)
AE24cMay May 2017 A&E — washbasin 3 (24 h post-decontamination)
CSSD1 May 2017 Central Sterile Services Department
CSSD2 June 2017 Central Sterile Services Department
A&E - washbasin 4 (immediately after
AEDalul July 2017 decontamination)
B1D4Feb February 2018 Clinic 2 — washbasin B1D4
B2D3aFeb February 2018 Clinic 2 — washbasin B2D3
B2D3cFeb February 2018 Clinic 2 — washbasin B2D3
B3D4Feb February 2018 Clinic 2 — washbasin B3D4
B1D4Mar March 2018 Clinic 2 — washbasin B1D4
B2D2Mar March 2018 Clinic 2 — washbasin B2D2
B2D3aMar March 2018 Clinic 2 — washbasin B2D3
B2D3bMar March 2018 Clinic 2 — washbasin B2D3
B3D4Mar March 2018 Clinic 2 — washbasin B3D4
B4D3Mar March 2018 Clinic 2 — washbasin B4D3
B2D3aApr April 2018 Clinic 2 — washbasin B2D3
B2D3bApr April 2018 Clinic 2 — washbasin B2D3
B2D3cApr April 2018 Clinic 2 — washbasin B2D3
B3D2Apr April 2018 Clinic 2 — washbasin B3D2
B2D3bJun June 2018 Clinic 2 — washbasin B2D3
B1D4alul July 2018 Clinic 2 — washbasin B1D4
B2D3clul July 2018 Clinic 2 — washbasin B2D3
B5D4Jul July 2018 Clinic 2 — washbasin B5D4
B5D4alul July 2018 Clinic 2 — washbasin B5D4
A&E — washbasin 3 (immediately after
AEDaOct October 2018 decontamination)
CWP3 May 2019 Common point of discharge wastewater pipe’
CWP6 May 2019 Common point of discharge wastewater pipe’
ST298 9 B5SD2Feb February 2018 Clinic 2 — washbasin B5D2
B5D2Apr April 2018 Clinic 2 — washbasin B5D2
B5D4Apr April 2018 Clinic 2 — washbasin B5D4
B5D2Jun June 2018 Clinic 2 — washbasin B5D2
B5D4bJul July 2018 Clinic 2 — washbasin BSD4

Table 5.1 continued overleaf
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Table 5.1 (continued)

Sequence Number of  Isolate name Date of isolation Location'
Type isolates
DH11 November 2018 Hospital 23
LP2R March 2019 DP washbasin in second-floor staff bathroom
A&E - washbasin 6 (seven months post ECA
AER6 November 2019 decontamination cessation)
LPIR November 2019 DP washbasin in first-floor staff bathroom
A&E — washbasin 7 (immediately after
ST308 7 AEDbJul July 2017 decontamination)
A&E — washbasin 1 (immediately after
AEDApr April 2018 decontamination)
AE48aJun June 2018 A&E — washbasin 1 (48 h post-decontamination)
AEA48bJun June 2018 A&E — washbasin 7 (48 h post-decontamination)
AE24Feb February 2019 A&E — washbasin 1 (24 h post-decontamination)
AE24Mar March 2019 A&E — washbasin 1 (24 h post-decontamination)
AE48Mar March 2019 A&E — washbasin 1 (48 h post-decontamination)
ST27 6 AE24bMay May 2017 A&E — washbasin 2 (24 h post-decontamination)
Westl June 2017 West Clinic
West2 June 2017 West Clinic
West3 July 2017 West Clinic
A&E — washbasin 1 (seven months post ECA
AER1 November 2019 decontamination cessation)
A&E — washbasin 10 (seven months post ECA
AER10 November 2019 decontamination cessation)
ST252 6 B5D4Feb February 2018 Clinic 2 — washbasin B4D3
B5D4Mar March 2018 Clinic 2 — washbasin B4D3
B1D2aMay May 2018 Clinic 2 — washbasin B1D2
B1D2bMay May 2018 Clinic 2 — washbasin B1D2
ATCC15442* N/A American Type Culture Collection 15442
RdRm November 2019 Basement level microbiology lab washbasin
ST773 5 AE48Aug August 2018 A&E — washbasin 5 (48 h post decontamination)
A&E — washbasin 7 (immediately after
AEDJan January 2019 decontamination)
AE48alJan January 2019 A&E — washbasin 5 (48 h post-decontamination)
AE48bJan January 2019 A&E — washbasin 1 (48 h post-decontamination)
A&E — washbasin 5 (seven months post ECA
AERS5S November 2019 decontamination cessation)
ST1320 5 DenS1 2005°¢ Recovered from dental suction systems
DenS2 2005°¢ Recovered from dental suction systems
DenS3 2005°¢ Recovered from dental suction systems
DenS5 2005°¢ Recovered from dental suction systems
DenS6 2005°¢ Recovered from dental suction systems
A&E — washbasin 7 (immediately after
ST296 4 AEDJun June 2018 decontamination)

Table 5.1 continued overleaf
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Table 5.1 (continued)

Sequence Number of  Isolate name Date of isolation Location'
Type isolates
AE48Sep September 2018 A&E — washbasin 2 (48 h post-decontamination)
A&E — washbasin 7 (immediately after
AEDbOct October 2018 decontamination)
A&E — washbasin 8 (seven months post ECA
AERS8 November 2019 decontamination cessation)
ST253 3 DH6 November 2018 Hospital 23
CWP2 May 2019 Common point of discharge wastewater pipe’
DenS4 2005°¢ Recovered from dental suction systems
ST17 2 LH1 March 2019 Hospital 13
LH4 March 2019 Hospital 13
Water sample from dental chair unit water reservoir
ST313 2 LPDP1 February 2019 outside DDUH
Water sample from dental chair unit water reservoir
LPDP2 February 2019 outside DDUH
ST395 2 DHI13 November 2018 Hospital 2*
LH3 March 2019 Hospital 13
ST2685 2 DenS9 2005° Recovered from dental suction systems
DSS 2005° Recovered from dental suction systems
ST309 1 Vertical wastewater collection pipe common to Clinic
DPC1C November 2019 1 and Clinic 2
ST282 1 DH1 November 2018 Hospital 23
ST348 1 DHI10 November 2018 Hospital 23
ST390 1 LH2 March 2019 Hospital 13
ST549 1 PAO1* N/A Genbank (AE004091.2) (Stover et al., 2000)
ST606 1 C1B3D4 November 2019 Clinic 1 — washbasin B3D4

Abbreviations: DDUH, Dublin Dental University Hospital; A&E, Accident and Emergency
Department; DP, domestic pattern washbasin; CSSD, Central Sterile Services Department. 'All
isolates were recovered from swab sampled U-bends unless otherwise stated. > Common wastewater
pipe collecting wastewater from Clinic 2, CSSD and A&E. ® Hospitals 1 and 2 are located 121 km
and 8 km from DDUH, respectively. * The two P. aeruginosa strains PAO1 and ATCC15442 were

included in the investigation as reference strains and are shown in bold typeface. > (O’Donnell et al.,

2005).
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U-bend (May and June 2017), four from three Clinic 1 washbasin U-bends (November 2019)
four from the three DP staff bathroom washbasin U-bends (August 2017, March 2019 and
October 2019) and one from a DP washbasin in the microbiology laboratory (November
2019). Three additional isolates recovered in May 2019 from the main point of discharge
wastewater collection pipe common to Clinic 2 and A&E at the point of discharge into the
municipal sewer were also investigated (Figure 5.2). One isolate was included from one of

the larger vertical wastewater collection pipe common to Clinic 1 and Clinic 2 (Figure 5.2).

A total of 99 isolates recovered from DDUH U-bends and other wastewater pipes were
sequenced in this study. These included 95 U-bend isolates, one isolate recovered from the
vertical wastewater pipe common to Clinic 1 and Clinic 2 and three additional isolates
recovered from the point of discharge wastewater collection pipe, were selected for

sequencing from DDUH (Table 5.1).

A selection of P. aeruginosa comparator isolates from separate washbasin U-bends from
two other Irish hospitals (n = 9), from a dental chair water reservoir from a clinic outside of
DDUH (n = 2) and isolates previously recovered from dental suction systems (n = 8)
(O’Donnell et al., 2005) were investigated as comparator isolates. The low abundance of
comparator isolates incorporated into this study was due to the financial costs associated
with sequencing a large bacterial genome. The P. aeruginosa reference strains PAO1 (Stover

et al.,2000) and ATCC 15442 (Wang et al., 2014) were also included.

In total, 118 environmental P. aeruginosa isolates and the reference ATCC 15442 strain
were sequenced (Table 5.1). The genome sequence of the PAO1 reference strain data was
imported from GenBank (Genbank accession number AE004091.2) into BioNumerics
(Applied Maths) for analysis.

5.3.5 Whole-Genome Sequencing
The Ilumina WGS protocol is divided into three main stages: library preparation, cluster
amplification and sequencing, and alignment and data interpretation as described in Chapter

1, Section 1.7.2. A simplified overview of the protocol is shown in Figure 5.3.

5.3.5.1 Library preparation
All P. aeruginosa isolates sequenced underwent genomic DNA extraction by enzymatic
lysis using the Qiagen DNeasy Blood and Tissue kit (Qiagen, West Sussex, UK) as

162



Step 1: Library preparation Step 3: Alignment and data interpretation

Tagmentation: Demultiplexing and primer trimming
+ Fragmentation of DNA and tagging of
adapter sequence Export FASTQ files:
+ Export data to BaseSpace and download
Amplification: to BioNumerics
+ PCR amplification of DNA libraries
« Primer ligation to fragmented ends Data interpretation depending on desired
outcome:
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Figure 5.3 A simplified workflow diagram of the three stages of whole genome-sequencing and analyses of P. aeruginosa isolates.

Abbreviations: DS, double stranded; NGS, next generation sequencing; ST, Sequence type.
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described in Chapter 2, Section 3. The sequencing library was prepared using the Nextera
Flex DNA Library Preparation kit (Illumina, Eindhoven, The Netherlands) and the Nextera
Flex Index kits (96 well index plate) (Illumina). A maximum of 20 DNA samples were

prepared per sequencing run based on the minimum desired 50x average read coverage.

5.3.5.1.1 Tagmentation and post tagmentation clean-up

A reaction mixture for each P. aeruginosa sample was prepared in individual 0.2 ml PCR
tubes containing 15 pul gDNA (100 — 500 ng/ul) (extracted as described in Chapter 2, Section
2.3), 5 pl Bead Linked Transposomes (BLT; provided in the Nextera Flex DNA Library
Preparation kit) and 5 pul Tagmentation Buffer (TB1; Illumina). The total reaction mixture
was aspirated using a laboratory pipette (Gilson) and incubated at 55°C for 10 min using the
Kyratec Thermocycler model SC200 (Kyratec) or G-storm GSI Thermocycler (G-Storm).
Immediately following incubation, 5 pul Tagmentation Stop Buffer (TSB; Illumina) was
added to each tube, aspirated using a pipette and incubated for a further 15 min at 37°C.
Once complete, the contents of each PCR tube were transferred into a 96 well plate (Corning
Inc. Co-star, NY, USA) and placed on a 96 well magnetic stand (Invitogen, Thermo
Scientific, MA, USA) until the solution went clear (~ 3 min) and the supernatant was
discarded. The 96 well plate was then removed from the magnetic stand and 50 pl
Tagmentation Wash Buffer (TWB; Illumina) was added to each sample and the pellet was
resuspended. The PCR plate was placed back on the magnetic stand until the solution went
clear (~ 3 min) and the supernatant was discarded. This TWB wash step was repeated a total

of three times.

5.3.5.1.2 Amplification of the DNA libraries

Each washed tagmented DNA sample was resuspended with 10 pl Enhanced PCR Mix
(EPM; Illumina), 10 pl nuclease free water and 5 pl index adapters (A1 — H12) from the 96-
well index primer plate (Illumina) and transferred to individual 0.2 ml PCR tubes. Each
unique adapter was selected to allow for multiple DNA samples (multiplexing) to be
sequenced on a single run. The entire volume of each sample was aspirated using a pipette
a minimum of 10 times. Each mixture underwent amplification using a Kyratec
Thermocycler model SC200 (Kyratec) under the following conditions: 68°C for 3 min, 98°C
for 3 min, six cycles of 98°C for 45 s, 62°C for 30 s and 68°C for 2 min, 68°C for 1 min and
hold at 10°C.

5.3.5.1.3 PCR clean-up

164



Following amplification, the contents of each PCR tube was transferred to a 96-well plate
(Corning) and placed on a Magnetic stand — 96 (Invitogen, Thermo Fischer Scientific, USA)
until the solution went clear (~ 5 min). Once clear, 22.5 ul of each PCR supernatant was
transferred to a fresh Abgene™ 96 Well 0.8 mL Polypropylene Deepwell Storage Plate
(ThermoScientific, MA, USA). The PCR clean-up step was performed using Sample
Purification Beads (SPB; Illumina). To each sample, 22.5 ul of room temperature SPB and
20 pl nuclease free water were added. The entire volume of each sample was aspirated using
a pipette a minimum of 10 times. This step is crucial for the proper size distribution of the
libraries. The samples were then incubated at room temperature for 5 min and placed on the

magnetic stand until the solution went clear (~ 5 min).

The supernatant (62.5 pl) was then transferred to a fresh Abgene™ 96-well plate
(ThermoScientific) and 7.5 pl SPB were added to each sample. The entire volume of each
sample was then aspirated using a pipette a minimum of 10 times. The samples were
incubated at room temperature for 5 min and placed on the magnetic stand until the solution
went clear (~ 5 min). The supernatant was then discarded and with the plate still on the
magnetic stand, 100 pl freshly prepared 80% (v/v) ethanol was washed over each pellet for
30 s and subsequently discarded. The ethanol wash was repeated twice. The beads were left
to air dry for a maximum of 5 min, after which the plate was removed from the magnet and
17 ul of Resuspension Buffer (RSB; Illumina) were added to each sample beads and
aspirated using a pipette. The samples were incubated for a total 2 min at room temperature
and then placed on the magnetic stand for a further 2 min, after which a final volume of 15

ul of each sample was transferred to a fresh microcentrifuge tube.

5.3.5.1.4 Determining DNA fragment size

The size range of the DNA libraries were determined using the Agilent 2100 Bioanalyzer
(Agilent Technologies, CA, USA) as described in Chapter 4, Section 4.3.10.2.5.

5.3.5.1.5 Pooling, denaturation and diluting

Following library clean up, the DNA concentration in each sample was determined using the
Quibit Fluorometer 3.0 (Thermo Fisher). The Qubit dsDNA High Sensitivity Assay Kit
(Thermo Fisher) was used to quantify each DNA sample. The Quibit Working solution was
prepared by diluting the Qubit dSDNA HS Reagent (Thermo Fisher) 1:200 in Qubit dsDNA
HS Buffer (Thermo Fisher). A final volume of 198 ul Quibit Working solution and 2 pl
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DNA sample were prepared and incubated at room temperature for 2 min before samples

were read in ng/pl.
Each sampled was diluted to a concentration of 4 nM in nuclease free water to normalise the
multiplex library. The DNA molarity was determined using the following formula, with 660

g/mol referring to the average weight of a single DNA base pair:

(concentration of the pooled library in ng/pl) x 106 = concentration in nM

(660 g/mol x the average library size in bp)

Once normalised, 5 pl of each sample were pooled into a fresh 1.5 ml microcentrifuge tube.
A quality control step was incorporated into the protocol, where the pooled library was
quantified using the Quibit Fluorometer. Once the library concentration was confirmed, 5 pl
of the pooled library and 5 pl of freshly prepared 0.2 N NaOH were mixed in a
microcentrifuge tube. The tube was incubated at room temperature for 5 min, and 990 pl
Hybridization buffer (HT1; Illumina) was added resulting in 1 ml of 20 pM denatured
library. For loading onto the MiSeq sequencer, the library was further diluted to 12 pM in a
total volume of 600 pl, by added 360 pl of the 20 pM library to 240 pl of the HT1 buffer.
Each run was spiked with PhiX DNA (Illumina) as an internal sequencing control. The
control PhiX library is included into the prepared sequencing library as an internal quality
control for cluster generation, alignment and to balance the nucleotide diversity in low-
diversity input samples. From the 600 pl loading volume, 6 pl was discarded using a pipette
and 6 pl of 12 pM PhiX (Illumina) was added. A control library generated by the PhiX virus

is included in each library preparation.

5.3.5.2 Cluster amplification and sequencing
All libraries were sequenced on the Illumina MiSeq platform (Illumina) using the MiSeq
Reagent kit v2 (500 cycles) (Illumina) generating paired-end reads using the MiSeq

sequencing platform (Illumina).

5.3.5.3 Alignment and data interpretation

All forward and reverse FASTQ files generated per isolate sequenced were uploaded from
the Illumina MiSeq sequence platform into BaseSpace Sequence Hub (Illumina, Eindhoven,
the Netherlands). The BioNumerics v7.6 (Applied Maths, Sint-Martens-Latem, Belgium)

suite of software applications were used to analyse WGS data from Illumina FASTQ files.
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The default quality control settings were applied for the import of the sequence reads files
into BioNumerics: all base calls below an average quality of 10% were removed, all read
lengths below 10% of the average read length were removed, and all read ends below 25%
of the average read end were removed. Raw reads were de novo assembled and contigs
generated utilising SPAdes v6.4 (Bankevich ef al., 2012). SPAdes is an example of a De
Bruijn graph method de novo assembler which is designed to assemble bacterial genomes
(Bankevich et al., 2012). The parameters of each assembly were determined automatically

by the SPAdes software.

5.3.5.3.1 MLST analysis

The MLST profile of all 118 environmental P. aeruginosa isolates sequenced and the two
reference strains was determined wusing PubMLST plug-in using BioNumeric

(https://pubmlst.org).

5.3.5.3.2 weMLST analysis

Whole genome MLST analysis was performed using the BioNumerics v7.6 (Applied Maths)
P. aeruginosa wgMLST scheme. This wgMLST scheme consists of 15,136 loci and 7 public
MLST loci (http://www.applied-maths.com/sites/default/files/extra/Release-Note-

Pseudomonas-aeruginosa-schema.pdf) and includes core and accessory genome (i.e. pan-

genome) loci identified from 400 annotated P. aeruginosa genomes. These loci have been
further validated using 2,286 additional annotated publicly available genomes. Two different
algorithms were utilised to generate a consensus wgMLST profile for each isolate: assembly-
free allele calling and assembly-based allele calling. The assembly free approach uses a k-
mer based algorithm to determine which loci are present and the allelic identity from the
wgMLST scheme. The approach identifies all sub-sequences (of length k) in every raw
sequence read. The parameters set for retention of alleles into the consensus wgMLST
profile for this approach include a default k-mer length of 35 and the retention of loci with
a minimum total coverage of 5x (with 1x coverage in both direction). Assembly-based allele
calling uses an approach to detect alleles in contigs using BLAST (Altschul ef al., 1990).
The parameters set for retention of alleles into the consensus wgMLST profile for this
approach include applying a minimum sequence similarity of 75% (single base threshold
75%., double base threshold 85%, triple base threshold 95% and gap threshold of 50%), and

exclusion of loci with more than one allelic variant.

5.3.5.3.3 SNV analysis
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Pairwise SNV analysis was performed using the BioNumerics v7.6 (Applied Maths). Each
experiment required selection of a reference isolate. The generated contigs of the reference
isolate were used to map other query sequence read sets against (Li and Durbin, 2010). The
tool for mapping query sequence read sets against the reference, was the Burrows-Wheeler
Aligner (incorporated into BioNumerics v7.6) (Li and Durbin, 2010). The parameters set for
base correction during read mapping were set by BioNumerics. These parameters include a
single base threshold of 0.75, a double base threshold of 0.85 and a triple base threshold of
0.95. The single base threshold requires that at a given position, the most frequently called
base must be present in at least 75% of all base calls at that position to be included into the
consensus sequence. The double base threshold requires that at a given position, the two
most frequently called bases must be present in at least 85% of all base calls at that position
to be included into the consensus sequence. Double base threshold was utilised for bases that
did not fulfil the criterion for the single base calling threshold. The triple base threshold
requires that at a given position, the three most frequently called bases must be present in at
least 95% of all base calls at that position to be included into the consensus sequence. Triple
base threshold was utilised for bases that did not fulfil the criterion for the single or double
base calling thresholds. SNV filter exclusion parameters were set to remove potential indel-
related SNVs (SNVs occurring within 12 bp), positions with ambiguous base calls caused
by mapping artifacts and contamination, gaps or non-covered regions, and SNVs in repeat
regions. SNVs with at least 5x coverage (including 1x in both direction), were included in

this analysis.

5.3.5.3.4 Minimum Spanning Trees

Minimal spanning trees (MSTs) were generated using BioNumerics (Applied Maths), for
wgMLST and SNV data. The minimum spanning tree was generated based on Kruskal’s
algorithm, connecting all nodes at the shortest distance (Kruskal, 1956; Kwapien et al.,
2017). Six MSTs were constructed based on wgMLST and SNV analysis in this chapter.

5.3.5.4.5 Quality control

The quality metrics for each isolate was set at an average Phred quality score >30 (Q30)
meaning the base call accuracy was greater than 99.9%, and all had an average read coverage
of >50x (Table 5.2). Other quality control parameters include the average NS50, that is
defined as the minimum contig length required to cover 50 % of the genome, the average
number of contigs, the average number of confirmed loci in the wgMLST scheme, the

average number of assembly-based allele calls present and the average number of assembly-
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Table 5.2 Whole-genome sequencing quality assurance data

Quality parameter Average result
Trimmed read quality 33.8
Trimmed assembly coverage 86.9
N50 ! 270,047.3
No. of contigs per isolate 105
No. assembly-based allele
6189.9
calls present
No. assembly-free allele
6157.2
calls present
No. of confirmed loci 2 5202

'"The N50 is the minimum contig length needed to cover 50% of the genome.
2In a scheme of 15,136 loci and 7 housekeeping genes.
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free allele calls present (Schatz et al, 2010). Read qualities were checked using Galaxy
software tools (Afgan et al., 2016), which utilises FastQC software and where necessary, the
reads with a Phred score of <30 were trimmed using Trimmomatic software using default

settings (Afgan et al., 2016).

5.3.5.3.6 Identification of resistance genes in P. aeruginosa isolates

All P. aeruginosa isolates sequenced in this study were analysed using the ResFinder version
3.2, to identify antibiotic resistance genes (Camacho et al., 2009). The resistance genes are
associated with the following antimicrobial agents only: aminoglycosides, beta-lactams,
colistin, fluoroquinolone, fosfomycin, fusidic acid, glycopeptides, MLS (macrolide,
lincosamide,and streptogramin B), nitroimidazole, oxazolidinone, phenicol, rifampicin,
sulphonamide, tetracycline, and trimethoprim. The default parameters were set at 90%

sequence identity and 60% sequence coverage.

5.3.6 Antimicrobial susceptibility testing of P. aeruginosa

Forty-nine P. aeruginosa isolates were selected for antimicrobial agent susceptibility testing.
These were selected to represent the diversity of the 120 P. aeruginosa investigated based
on the STs identified throughout DDUH and the comparator isolates. Antimicrobial agent
susceptibility testing was undertaken using the VITEK 2 system (bioM¢rieux, Marcy-
I'Etoile, France) with additional manual E-test testing (bioMérieux) for meropenem-
vaborbactam and netilmicin. All tests were carried out at the NMRSARL by the laboratory
staff. The following 15 antimicrobial agents were tested: piperacillin-tazobactam (TZP),
ticarcillin-clavulanic acid (TIM), cefepime (FEP), ceftazidime (CAZ), imipenem (IPM),
meropenem (MEM), meropenem-vaborbactam (MVB), aztreonam (ATM), ciprofloxacin
(CIP), levofloxacin (LVX), amikacin (AMK), gentamicin (GEN), netilmicin (NET),
tobramycin (TOB), and colistin (CST) (Table 5.3).

Antimicrobial susceptibility testing on the Vitek 2 system was carried out by initially
suspending P. aeruginosa culture into Muller-Hinton broth and incubated at 35°C for 18 h
in a shaking incubator. The desired inoculum is 5 x 103 CFU/ml adjusted in 0.45% sodium
chloride. Suspensions of isolates for testing were loaded onto AST N352 cards (bioM¢érieux)
and inserted into the Vitek 2 system. AST N352 cards include three to eight concentrations
of each tested antibiotic: TZP, 2/4 —48/8 pg/ml ; TIM, 8 — 64 pg/ml; FEP, 0.25 — 32 pg/ml;
CAZ, 0.25 - 32 pg/ml; IPM, 1 — 12 pg/ml; MEM, 0.5 — 12 pg/ml; ATM, 2 — 32 pg/ml; CIP,
0.5 -4 pg/ml; LVX, 0.25 — 8 pg/ml; AMK, 8 — 64 pg/ml; GEM, 4 — 32 ng/ml; TOB, 8 — 64
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Table 5.3 Antimicrobial classes and agents

Antimicrobial class

Antibiotic

Penicillins

Cephalosporins

Carbapenems

Monobactams

Fluoroquinolones

Aminoglycosides

Miscellaneous

Piperacillin-Tazobactam

Ticarcillin-Clavulanic acid

Cefepime

Ceftazidime

Imipenem
Meropenem

Meropenem-Vaborbactam

Aztreonam

Ciprofloxacin

Levofloxacin

Amikacin
Gentamicin
Netilmicin

Tobramycin

Colistin
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pg/ml; CST, 4 — 32 pg/ml. The system automatically analyses the turbidity of the suspension

every 15 min for 18 h for each antimicrobial agent-containing test well.

Antibiotic susceptibility testing with E-test strips was carried out in parallel to tests
undertaken with the Vitek 2 system to determine the MIC of meropenem-vaborbactam
(bioMérieux) and netilmicin (bioMérieux). Pseudomonas aeruginosa isolates were grown at
37°C for 24 h in a shaking incubator, adjusted to a turbidity of 0.5 MacFarland standard,
lawn plated onto a Muller-Hinton agar plate and incubated at 37°C for 24 h. The minimum
inhibitory concentrations (MIC) were read directly from the scale on the E-test strip placed
on the agar plate. The MIC breakpoints of netilmicin are susceptible <4 mg/l and R >4 mg/1
and of meropenem-vaborbactam are susceptible < 8 mg/l and R > 8 mg/l. The European
Committee on Antimicrobial Susceptibility Testing (EUCAST) MIC breakpoints were used
to determine whether isolates were recorded as susceptible (S), intermediate (I) or resistant

(R) (http://www.eucast.org/clinical _breakpoints/).
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5.4 Results

5.4.1 P. aeruginosa from Clinic 2 and A&E U-bends

5.4.1.1 P. aeruginosa STs in DDUH U-bends

Whole-genome sequencing analysis of 47 selected P. aeruginosa isolates recovered from
Clinic 2 U-bends over a period of six months (February — July 2018) and 8 P. aeruginosa
selected isolates recovered from one U-bend on completion of the study (February 2019)
yielded four STs from the 55 isolates sequenced (ST179, ST252, ST298, ST560). Clinic 2
U-bends were not subjected to decontamination during the study period. ST179 and ST560
accounted for 49% (27/55) and 35% (19/55) of isolates, respectively (Table 5.1). The
recovery locations of the ST179 and ST560 isolates are shown in Figure 5.4. Clinic 2 U-
bend B2D3 was sampled weekly during the same six-month period (February — July 2018)
and 17 isolates from separate samples belonged to ST179 (9 isolates, average allelic
difference of 1 [median 0, range 0 — 2]) and ST560 (8 isolates, average allelic difference of
1 [median 1, range 0 — 2]). Following the completion of the initial study period (February —
July 2018), eight isolates from one washbasin (B2D3) sample (February 2019) were
sequenced to provide a snapshot of the total P. aeruginosa population in one washbasin.
These eight isolates recovered from one B2D3 sample belonged to ST179 (average allelic
difference of 2 [median 0, range 0 — 7]). Analysis of all Clinic 2 ST560 (n = 19) and ST179
isolates (n = 27) showed that isolates within each ST were very closely related (average
allelic difference of 1 [median 1, range 0 — 4] and 2 [median 1, range 0 — 14]), respectively.
ST298 and ST252 accounted for 9% (5/55) and 7% (4/55) of isolates, respectively (Table
5.1). Analysis of the ST298 and ST252 isolates showed that isolates within each ST were
very closely related (average allelic difference of 1 [median 0, range 0 — 4] and 1 [median 1,

range 0 — 3]), respectively.

Concurrently, P. aeruginosa isolates recovered from washbasin U-bends in the DDUH A&E
Department, which were decontaminated three-times weekly with ECA solutions, were
sequenced. Twenty-one P. aeruginosa isolates were selected from seven A&E U-bends over
a period of 24 months (January 2017 — January 2019). The longer recovery period relative
to Clinic 2 was chosen because of the low abundance of P. aeruginosa in decontaminated

A&E U-bends, as described in Chapter 3, Section 3.2.4 and Chapter 4, Section 4.2.4.
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Figure 5.4 Schematic showing the relative locations of DDUH washbasins investigated
showing the distribution of the two predominant P. aeruginosa sequence types (STs)
identified (ST560 and ST179) in U-bends. The pale blue (clinical) and grey (administrative)
sections represent different areas of DDUH. The 15 washbasins in each of Clinic 1 and Clinic
2 are located in five bays, each with three washbasins, on both clinics. Wastewater from
each bay is discharged into a separate vertical wastewater pipe that passes down through the
building into the basement. The vertical pipes servicing bays 3 — 5 from each clinic connect
to a large common horizontal wastewater pipe in the DDUH basement where it discharges
to the municipal sewer at the building perimeter. This common wastewater pipe also receives
washbasin wastewater from the Accident and Emergency Department (A&E) and the
Central Sterile Supply Department (CSSD). Wastewater from clinical bays 1 and 2 connect
to a separate horizontal wastewater pipe in the basement and discharge wastewater to the
municipal sewer at a different exit point. Washbasin wastewater from bathrooms in the
administration area and West Clinic discharge wastewater to the municipal sewer at separate
connections. Ten washbasins each from Clinic 2 and A&E, three from Clinic 1, one from
CSSD, three from West Clinic, one from three separate staff bathrooms and one from an
independent lab were included in the study. Clinic 2 and A&E are equipped with 15 and 11

washbasins, respectively.

ST560 was recovered from 11 washbasin U-bends in Clinic 2, A&E, CSSD, and the common
wastewater collection pipe servicing clinical bays 3 — 5 just prior to discharge into the
municipal sewer. ST179 was recovered from 11 washbasin U-bends in Clinic 1, Clinic 2,
A&E, and the staff bathroom. SNV analysis of the 27 ST560 isolates grouped the isolates
into two clusters. In the present study the allelic and SNV thresholds of relatedness for P.
aeruginosa isolates were set at <14 allelic differences and <37 SN'Vs. Isolates from Cluster
I (n=25) exhibit an average SNV difference of 2 (median 1, range 0 — 8) and were recovered
in Clinic 2, A&E, CSSD and the common wastewater pipe. Cluster II exhibits five SNV

differences between two isolates recovered in A&E.
SNV analysis of the 34 ST179 isolates exhibit an average pairwise SNV difference of 10

SNVs (median 5, range 0 — 38). However, interestingly, there was no SNV differences

between isolates recovered from the A&E and the staff bathroom.
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Five additional isolates recovered from five A&E U-bends recovered seven months after the
cessation of regular ECA decontamination in November 2019 were also sequenced.
Sequencing of the 26 P. aeruginosa isolates from seven A&E U-bends yielded seven STs,
including ST308 (n=7), ST773 (n=15), ST560 (n =4), ST296 (n =4), ST27 (n=3), ST179
(n =2), and ST298 (n = 1). The four ST560 and two ST179 isolates exhibited an average
allelic difference of 14 (median 0.5, range 0 — 35) and 0 — 7 allelic differences, respectively.
Overall, the two most abundant STs recovered from Clinic 2 and A&E combined were
ST179 and ST560 and exhibited an average allelic difference of 3 (median 1, range 0 — 17)
and 10 (median 1, range 0 — 64), respectively.

Fourteen P. aeruginosa isolates were sequenced from other DDUH washbasin U-bend
locations including, one U-bend in CSSD (n = 2), three U-bends in West Clinic (n = 3), three
U-bends in Clinic 1 (n =4), a single DP washbasin U-bend from the microbiology laboratory
(n=1), four staff bathroom washbasin U-bends (n = 4) and one isolate from one wastewater
pipe sampling site in a vertical wastewater collection pipe common to Clinic 1 and Clinic 2
(Figure 5.2). These sixteen isolates yielded seven STs (ST27, ST179, ST252, ST253, ST309,
ST560 and ST606) (Table 5.1). Three additional isolates belonging to ST253 and ST560
were recovered from the main common wastewater pipe receiving wastewater from A&E,
Clinic 1, Clinic 2 and CSSD at the point of discharge to the municipal sewer (Figure 5.2,
Table 5.1).

5.4.1.2 P. aeruginosa STs among comparator isolates

The 11 P. aeruginosa isolates investigated from three other healthcare facilities (including
9 isolates from washbasin U-bends in two acute hospitals) yielded eight STs (ST17, ST253,
ST282, ST298, ST313, ST348, ST390 and ST395) (Table 5.1). Only two of these (ST253
and ST298) were identified in DDUH. The ST298 isolate from Hospital 2 exhibited at least
134 allelic differences to the ST298 isolates (n = 8) from Clinic 2, A&E and the first floor
and second-floor staff bathroom isolates LP1R and LP2R. Furthermore, the three ST253
isolates identified in Hospital 2, dental suction systems and the point of discharge wastewater
pipe common to Clinic 2 and A&E, exhibited an average of 26 (median 24.5, range 0 — 58)
allelic differences from each other. Pseudomonas aeruginosa isolates recovered from dental
suction systems (n = 8) yielded three STs including ST1320 (n = 5; average of allelic
differences 4 [median 4, range 0—11]), ST253 (n = 1) and ST2865 (n =2).

5.4.1.3 Population structure of DDUH and comparator P. aeruginosa
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A MST based on wgMLST profiles was generated showing the STs of all isolates
investigated (Figure 5.5). Overall eleven STs were identified among 99 DDUH isolates.
These included 95 isolates from DDUH U-bends, one isolate from a vertical collection pipe
common to Clinic 1 and Clinic 2, and the three isolates recovered from the point of discharge
wastewater pipe common to Clinic 2, Clinic 1 and A&E (ST27, ST179, ST252, ST253,
ST296, ST298, ST308, ST309, ST560, ST606, and ST773). One of the predominant DDUH
STs, ST179 (n = 34), exhibited an average allelic difference of 3 (median 2, range 0 — 17),
indicating these isolates were very closely related (Figure 5.5). Isolates of the second
predominant ST, ST560 (n = 27), exhibited an average allelic difference of 7 (median 1,
range 0 — 64), suggesting these isolates were more diverse. However, two isolate clusters
were evident within ST560; Cluster I (n = 25; average allelic difference of 3 [median 1,

range 0 — 21]) and Cluster II (n = 2; no allelic differences) (Figure 5.5).

ST560 and ST179 isolates were also investigated by pairwise SNV analysis; these isolates
exhibited an average of 9 SNVs (median 1, range 0 — 66) and 10 SNVs (median 5, range 0
— 38), respectively (Figure 5.6 (a) and (b)). ST560 Cluster I isolates exhibited an average of
2 SNVs (median 1, range 0 — 8) (including isolates from Clinic 2, A&E, CSSD and the
common wastewater pipe at the point of discharge to the municipal sewer), whereas the two
ST560 Cluster II isolates (from A&E) exhibited five SNVs. Cluster II was differentiated
from Cluster I by 59 SNVs (Figure 5.6 (a)). ST179 isolates (including isolates from Clinic
2, Clinic 1, A&E, and the isolate LP3F1 from the third-floor staff bathroom) exhibited an
average of 10 SNVs (median 5, range 0 — 38) (Figure 5.6 (b)). Two isolates from U-bends
in A&E and the staff bathroom exhibited no SNVs (Figure 5.6 (b)). The relative locations in
which all ST179 and ST560 isolates sequenced in this study were originally recovered are

shown in Figure 5.5.

5.4.2 Effects of A&E U-bend decontamination on the P. aeruginosa population
structure
Of the 26 isolates sequenced from A&E, four STs were identified immediately after U-bend
decontamination (ST296, ST308, ST560 and ST773), four 24 h-post decontamination
(ST27, ST179, ST308 and ST560), three 48 h-post decontamination the (ST296, ST308,
ST773), and five seven-months after cessation of routine decontamination (ST27, ST296,
ST298, ST773). Isolates from STs ST27, ST308, ST296, ST773, and ST560 were identified
between two or more of the sampling time points (Figure 5.7). Of all the P. aeruginosa STs
identified in DDUH, ST308 was found exclusively in the washbasin U-bends in A&E.
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Figure 5.5 Minimum spanning tree (MST) based on whole-genome multi-locus sequence
typing (WgMLST) of P. aeruginosa isolates. The MST is based on wgMLST data of all 120
P. aeruginosa (118 environmental isolates and reference strains PAO1 and ATCC 15442)
investigated showing the relationships between the sequence types (STs). The colour-coded
key identifies STs and the origin of isolates within each ST. Ninety-five isolates were
recovered from DDUH U-bends (ST27, ST179, ST252, ST296, ST298, ST308, ST560,
ST606, ST773), one (ST309) from a vertical wastewater pipe common to Clinic 1 and Clinic
2 (see Figure 5.2), and three (ST253 and ST560) from the point of discharge wastewater

collection pipe sampling port common to washbasins in Clinic 2, Clinic 1, and A&E.

Each node indicates at least one isolate and the colour of the node represents the ST. The
allelic threshold of relatedness for P. aeruginosa isolates has been set at <14 allelic
differences (Mellmann et al., 2016; Schiirch et al., 2018). A uniform colour surrounding the

node indicates that all the nodes are within the threshold of relatedness or form a cluster.

ST179 and ST560 accounted for 34% (34/99) and 27% (27/99) of the total DDUH isolates
sequenced. ST560 isolates had two distinct clusters; Cluster I consisted of 25 isolates,
whereas Cluster II consisted of two isolates. ST179 and ST560 were not identified among

comparator isolates investigated.
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Figure 5.6 Minimum spanning trees (MSTs) based on single nucleotide variation (SNV)
data of P. aeruginosa isolates. The threshold of isolate relatedness was set as <37 SNV
differences. Panel (a) An MST based on the SNV profiles of the 34 ST179 DDUH isolates
recovered from Clinic 1, Clinic 2, A&E and the third-floor staff bathroom. Isolates differed
by an average of 10 SNVs (median 5, range 0 — 38). Panel (b) An MST based on SNV
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analysis of the 27 ST560 DDUH isolates recovered from Clinic 2, A&E, CSSD and the point
of discharge wastewater pipe common to A&E, Clinic 1 and Clinic 2. The isolates formed
two distinct groups, Clusters I and II, differentiated by 59 SNVs. The average SNVs within
the 25 isolates of Clusters I was 2 (median 1, range 0 — 8), whereas the two Cluster Il isolates
differed by five SNVs. Isolates within each of the two clusters revealed by SNV analysis
corresponded to the same isolates identified within the two clusters identified within ST560
by wgMLST analysis. These findings confirmed that isolates within each cluster were very

closely related.
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Figure 5.7 Minimum spanning tree (MST) based on whole-genome multi-locus sequence
typing (WgMLST) of the 26 P. aeruginosa isolates recovered from A&E. The key on the
right-hand side represents the four times points over which the isolates were recovered:
immediately after decontamination, 24 h post- decontamination, 48 h post- decontamination,
or seven months after the cessation of ECA decontamination. Five of the seven STs
recovered (ST27, ST560, ST296, ST308, ST773) contain isolates from at least two different

sampling time-points.

Focusing on the ST296 cluster, the isolate recovered from the washbasin U-bend seven
months after the cessation of ECA decontamination exhibited two allelic differences from
the isolates recovered immediately after decontamination and 48 h post- decontamination.
This close relatedness is also reflected in isolates within ST773 and ST27 indicating
conserved wgMLST profiles in the wastewater pipe network in DDUH. ST308, ST179 and
ST560 were not recovered from washbasin U-bends seven months after the cessation of ECA
decontamination. ST179 and ST560 isolates were recovered from multiple location in
DDUH throughout the course of the study, ST308 was recovered only from the A&E

department suggesting possible adaptation of the ST to routine decontamination.
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5.4.3 Testing DDUH water outlets for P. aeruginosa

Testing of 72 1-L samples of DDUH water during the study failed to detect P. aeruginosa
including the potable mains water supply (n = 8), the anolyte-treated water storage tank
supplying washbasin faucets (n = 8), and washbasin faucet output water (n = 56). Previous
studies over 54 weeks at DDUH showed average aerobic heterotrophic bacterial densities in
hot and cold tap washbasin water of 1 (+4) and 2 (+ 4) CFU/ml, respectively (Boyle et al.,
2012). Swab sampling of 20 DDUH washbasin faucets including five each from Clinic 2
and A&E on four occasions each (total of 80 samples) during the study also failed to yield

P. aeruginosa.

5.4.4 Detection of antimicrobial resistance genes in P. aeruginosa

All P. aeruginosa isolates sequenced in this study were investigated for resistance genes
using the ResFinder plugin. ResFinder is a database that captures antimicrobial resistance
genes from whole-genome data sets. All 120 P. aeruginosa harboured a chromosomal
aminoglycoside phosphotransferase gene (aph(3')-1Ib), an oxacillinase gene (blaOXA-50), a
beta-lactamase resistance gene (blaPAQO), a fosfomycin resistance glutathione transferase
gene (fosA) and all, apart from three isolates (AE24May, West3, AERI1; Table 5.1)
harboured a chloramphenicol acetyltransferase gene (catB7). Isolate CWP2 harboured two
additional resistance genes including a sulphonamide resistance gene (su//) and an
aminoglycoside adenyltransferase gene (aadA7). Isolate DH6 harboured an additional two
streptomycin resistance genes (st#4 and strB), a sulphonamide resistance gene (sul/l), two
streptomycin resistance genes (aadB and aadAll), and an additional oxacillinase gene

(blaOXA-10).

5.4.5 Phenotypic resistance to antibiotics by P. aeruginosa

Of the 120 P. aeruginosa sequenced in this study, 49 isolates were selected for phenotypic
susceptibility testing to a range of antibiotics based on the diversity of STs identified
recovered from DDUH and comparator locations. The 15 antimicrobials chosen for
susceptibility testing were based on compounds for which EUCAST breakpoint information
was available (Table 5.4). The 49 isolates were grouped into four observed phenotypic
profiles: (i) susceptible to all 15 antimicrobials tested, (ii) resistance to one class of
antimicrobials, (iii) resistance to two classes of antimicrobials, and (iv) resistance to three or

more classes of antimicrobials or multi-drug resistant (MDR).
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Table 5.4 Phenotypic antibiotic resistance profiles of a selection of 49 P. aeruginosa isolates

No. of isolates containing specific resistance genes?

Penicillins Cephalosporins Carbapenems Monobactams | Fluoroquinolones | Aminoglycosides Miscellaneous
Isolates AR profile! TZP TIM | FEP CAZ IPM MEM  MVB | ATM CIP LVX AMK GEN NET TOB CST
Sequence Type 27
AE24bMay Non-MDR S S S S S S S S R R S S S S S
Westl Non-MDR S S S S S S S S S S S S S S S
Sequence Type 179
B1D2Jun Non-MDR S R S S S S S S S S S S S S S
B1D4clul Non-MDR S S S S R I S S S S S S S S S
B2D3cMar Non-MDR S S S S S S S S S S S S S S S
B2D3dMay  Non-MDR S S S S S S S S S S S S S S S
B2D3cJun Non-MDR S S S S S S S S S S S S S S S
B2D3bJul MDR R R R S R S S S R R R R R R R
B2D3SNAPI ~ Non-MDR S S S S R I S S S S S S S S S
B3D2Jun Non-MDR S S S S S S S S S S S S S S S
B3D4Apr Non-MDR S S S S S S S S S S S S R S S
B3D4Jun Non-MDR S S S S S S S S S S S S S S S
B4D3Jun Non-MDR S S S S S S S S S S S S S S S
AE24Aug Non-MDR S S R R S S S S S R S S S S S
LP3F1 Non-MDR S S S S S S S S S S S S S S S
Sequence Type 252
B1D2May MDR S R R S S S S R S R S S S S S
B5D4Feb MDR S R R S S S S R S R S S R S S

Table 5.4 continued overleaf
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Table 5.4 (continued)

Isolates AR profile! TZP TIM | FEP CAZ IPM MEM MVB | ATM CIP LVX AMK GEN NET TOB CST
Sequence Type 253

CWP2 Non-MDR S S S S S S S S S S S S R S S
DH6 Non-MDR S S S S S S S S S R S S R S S
Sequence Type 282

DHI1 Non-MDR S R S S S S S S S S S S R S S
Sequence Type 296

AEDbOct MDR S R S R S I S S R S S R S S S
Sequence Type 298

BS5D2Feb Non-MDR S S S R S S S S S S S S S S S
B5D2Jun Non-MDR S S S R S S S S S S S S S S S
B5SD4Apr Non-MDR S S S R S S S S S S S S S S S
B5D4bJul Non-MDR S S S R S S S S S S S S S S S
DH11 Non-MDR ND S ND ND S ND S ND R R S S R S S
Sequence Type 308

AE24Mar Non-MDR S S S S S S S S S S S
AEA48bJun Non-MDR S S S S S S S S S S S S R S S
Sequence Type 348

DH10 MDR S R S S S I S S R R S S R S S
Sequence Type 560

B1D4Feb Non-MDR S S S S S S S S S S S S S S S
B1D4alul Non-MDR S S S S S S S S S S S S S S S
B2D2Mar Non-MDR S S S S S S S S S S S S S S S
B2D3aFeb Non-MDR S S S S S S S S S S S S S S S

Table 5.4 continued overleaf
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Table 5.4 (continued)

Isolates AR profile! TZP TIM | FEP CAZ IPM MEM MVB | ATM CIP LVX AMK GEN NET TOB CST
B2D3cFeb Non-MDR S S S S S S S S S S S S S S S
B2D3aMar Non-MDR S S S S S S S S S S S S S S S
B2D3cApr Non-MDR S S S S S S S S S S S S S S S
B2D3bJun Non-MDR S S S S S S S S S S S S S S S
B2D3clul Non-MDR S S S S S S S S S S S S S S S
B3D2Apr Non-MDR S S S S S S S S S S S S S S S
B3D4Feb Non-MDR S S S S S S S S S S S S S S S
B4D3Mar Non-MDR S S S S S S S S S S S S S S S
AEDaOCT Non-MDR S S S S S S S S S S S S S S S
AE24cMay Non-MDR S S S S S S S S S S S S S S S
CSSD1 Non-MDR S S S S S S S S S S S S S S S
CWP3 Non-MDR S R S S S S S S S S S S S S S
Sequence Type 773

AEDJan Non-MDR S S S S S S S S S S S S S S S
AE48Aug Non-MDR S R S S S S S S S S S S R S S
Sequence Type 1320

DenSl1 Non-MDR S S S S S S S S R R S S S S S
Sequence Type 2685

DenS7 Non-MDR S S S S S S S S S S S S R S S

All disc-diffusion susceptibility testing was carried out following the European Committee on Antimicrobial Susceptibility Testing Clinical breakpoints
(EUCAST, 2019). The two antibiotic resistance (AR) profiles documented are Multi-Drug Resistant (MDR) and Non-MDR.
2 The breakpoint results are given in S (susceptibility), I (Intermediate) or R (Resistant), as quantified in Table 5.3. Not determined (ND) was given for

results not obtained. Abbreviations: TZP, piperacillin-tazobactam; TIM, ticarcillin-clavulanic acid; FEP, cefepime; CAZ, ceftazidime; [PM, imipenem;
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MEM, meropenem; MVB, meropenem-vaborbactam; ATM, aztreonam; CIP, ciprofloxacin; LVX, levofloxacin; AMK, amikacin; GEN, gentamicin;

NET, netilmicin; TOB, tobramycin; CST, colistin.
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A total of 23 of the P. aeruginosa isolates tested (23/49; 47%) were resistant to at least one
antimicrobial agent and five (5/49; 10.2%) were MDR. Four of the five MDR isolates were
recovered from DDUH (Clinic 2, n=3; A&E, n=1). The STs of the individual MDR isolates
are as follows: B2D3bJul (ST179), BID2May (ST252), B5D4Feb (ST252), AEDbOct
(ST296) and DH10 (ST348) (Table 5.1).

As the phenotypically most diverse ST based on antimicrobial susceptibility, ST179 was
chosen to contrast observed phenotypic differences with genomic SNV and wgMLST data
(Figure 5.8). Of the 34 ST179 isolates investigated throughout this study, 13 isolates were
included in antimicrobial susceptibility testing. All four observed antimicrobial
susceptibility phenotypes were observed among the 13 ST179 isolates, which exhibited no
allelic differences (Figure 5.8(a)). wgMLST analysis detected no allelic differences between
isolates that exhibited phenotypic resistance to one, two, and three antimicrobial classes
isolates compared with isolates that were susceptible to all antimicrobial classes tested
(Figure 5.8(a)). Similarly, using SNV analysis, a cluster of seven isolates demonstrated that
no SNVs were detected among isolates that were susceptible to all antimicrobial classes
tested compared with isolates expressing resistance to just one antibiotic class (Figure

5.8(b)).
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(a) wgMLST analysis

Resistance to one antibiotic class

ST 179 (n = 34)

Resistance to two antibiotic classes

U Resistance to three or more antibiotic classes
[J No observed resistance

Not phenotypically tested

(b) SNV analysis

Resistance to one antibiotic class
Resistance to two antibiotic classes

Resistance to three or more antibiotic classes

No observed resistance
24

O0ENE

Not phenotypically tested

-

ST 179 (n = 34)

Figure 5.8 Minimum spanning trees (MSTs) based on the (a) wgMLST data and (b) SNV
data, of the 34 ST179 P. aeruginosa isolates recovered from DDUH indicating the resistance
phenotypes. All breakpoints were selected from EUCAST clinical minimum inhibitory
concentration (MIC) breakpoint Tables 2019 (EUCAST, 2019).

As the phenotypically most diverse ST based on antimicrobial susceptibility, ST179 was

chosen to contrast observed phenotypic differences with genomic SNV and wgMLST data.

Isolates that had not been investigated for their phenotypic resistance profiles based on the

15 antibiotics tested, are indicated in white. Of the 34 ST179 isolates investigated throughout
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this study, 13 isolates were included in antimicrobial susceptibility testing. The three
phenotypes displayed are: no observed resistance (yellow), phenotypic resistance to one
antibiotic class tested (green), resistance shown to two antibiotics tested (red), and resistance
to three or more antibiotic classes (blue). (a) All four observed antimicrobial susceptibility
phenotypes were observed among the 13 ST179 isolates, which exhibited no allelic
differences. wgMLST analysis detected no allelic differences between isolates that exhibited
phenotypic resistance to one, two, and three antimicrobial classes isolates compared with

isolates that were susceptible to all antimicrobial classes tested.
(b) Similarly, using SNV analysis, the central cluster of seven isolates demonstrated that no

SNVs were detected among isolates that were susceptible to all antimicrobial classes tested

compared with isolates expressing resistance to just one antibiotic class.
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5.5 Discussion

Washbasin U-bends and drains have increasingly been identified as reservoirs for
nosocomial infections (Lowe et al., 2012; Kotay et al., 2017; Feng et al., 2019; Hopman et
al., 2019; Snitkin, 2019; Coleman et al., 2020; Jung et al., 2020). However, little is known
about trafficking of bacteria in wastewater pipe networks in the hospital environment. The
present study is the first to report trafficking of bacteria in hospital wastewater pipes using
WGS and comparative data analysis using SNV and wgMLST. Pseudomonas aeruginosa
was used as a marker organism for washbasin U-bend contamination, where it is virtually
ubiquitous, and many reports have linked nosocomial transmission of P. aeruginosa to
contaminated U-bends (Decker and Palmore, 2013; Ferranti et al., 2014; Dekker and Frank,
2016; Kotay et al., 2017).

This study focused on investigating the distribution of P. aeruginosa STs in washbasin U-
bends in DDUH in two separate clinics located on different floors, each with a common
water supply, similar usage and equipped with identical washbasins, use of same Tork Extra
Mild Liquid Soap (SCA Hygiene Products Ltd), U-bends and wastewater pipes. The vertical
wastewater pipes from each clinic discharged into three individual point of discharge
wastewater outflow pipes connected to the municipal sewer (Figure 5.2). Three of the five
wastewater pipes connect to a common point of discharge pipe, which also services A&E
(Figure 5.2). To investigate the relatedness of the P. aeruginosa isolates recovered from
Clinic 2 and A&E U-bends, isolates were investigated by SNV, MLST and wgMLST
analyses. MLST analysis of P. aeruginosa isolates from Clinic 2 U-bends yielded only four
STs among 55 isolates sequenced, of which ST179 and ST560 predominated (83.6%; 46/55).
Seven STs were identified among 26 P. aeruginosa isolates from A&E U-bends, with ST179
and ST560 accounting for 23% (6/26) of the isolates sequenced. ST560 and ST179 have
both been identified as intercontinental STs associated with human outbreaks and sometimes
exhibit MDR phenotypes (Waine et al., 2009; Cholley et al., 2014; Duong et al., 2015;
Haenni et al., 2015; Kidd et al., 2015; Ruiz-Roldan et al., 2018). All other STs identified
were previously recovered from environmental sources, and all except ST296, have been
associated with clinical infections (Domitrovic et al., 2016; Hilliam et al., 2017; Ruiz-
Roldan et al., 2018; Subedi et al., 2018; Kocsis et al., 2019). The relatively narrow range of
STs observed in U-bends contrasts with the results of a previous study that investigated the
P. aeruginosa population diversity at two wastewater sampling sites in a French hospital

using MLST, which identified 15 different STs from 30 samples (Slekovec et al., 2012).
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The two predominant STs identified, ST179 and ST560, were further analysed using
wgMLST and SNV analyses. The allelic and SNV thresholds of relatedness for P.
aeruginosa isolates have previously been set at <14 allelic differences using core genome
MLST (cgMLST) analysis and <37 SNVs (Snyder ef al., 2013; Dekker and Frank, 2016;
Mellmann et al., 2016; Schiirch et al., 2018). Isolates within ST179 and ST560, respectively,
were very closely related based on wgMLST and SNV analyses regardless of the location of
recovery (Figures 5.4 — 5.5). ST560 represented 27% of all isolates recovered from DDUH
and was only recovered from DDUH samples (Clinic 2, A&E and CSSD U-bends, and the
point of discharge wastewater pipe common to Clinic 2, Clinic 1 and A&E; Figure 5.4). The
average allelic differences and SNVs within ST560 isolates was 7 (median 1, range 0 — 64),
and 9 (median 1, range 0 — 66), respectively (Figure 5.5 and 5.6(b)). However, on closer
inspection the 27 ST560 isolates group into two clusters, Cluster I (n = 25) and Cluster II (n
= 2) (Figure 5.6(b)). Cluster I isolates exhibited average allelic and SNV differences of 3
(median 1, range 0 — 21) and 2 (median 1, range 0 — 8), respectively, whereas Cluster I
isolates exhibited no allelic differences and five SNVs (Figure 5.5 and 5.6(b)). While the
allelic threshold for isolate relatedness of Cluster I isolates is outside the previously
suggested threshold of <14 allelic differences (Mellmann et al., 2016), the average allelic
differences between the 25 isolates was 3 with a median of 1. In this regard, it is important
to highlight that the threshold of <14 allelic differences suggested by Mellmann et al was
based on cgMLST, whereas the present study used wgMLST (Mellmann et al., 2016). All
of these findings indicate that the ST560 isolates recovered from DDUH were closely

related.

Similarly, ST179 accounted for 34% of all isolates investigated and were only recovered
from DDUH U-bends (Clinic 2, Clinic 1, A&E and the third-floor staff bathroom; Figure
5.4). The average allelic differences and SNVs within ST179 isolates was 3 (median 2, range
0-17) and 10 (median 5, range 0 — 38), respectively, indicating that the ST179 isolates were
closely related (Figure 5.5 and 5.6(a)). The previously suggested allelic and SNV thresholds
of relatedness for P. aeruginosa isolates were set at <14 allelic differences and <37 SNVs
(Snyder et al., 2013; Dekker and Frank, 2016; Mellmann et al., 2016; Schiirch et al., 2018).
Interestingly, an ST179 isolate (AE24Aug) from an A&E U-bend and an ST179 isolate
(LP3F2) from the staff bathroom U-bend were indistinguishable (i.e. exhibited zero SNVs)
(Figure 5.6(a)). These U-bends are located at opposite ends of DDUH, separated by a

distance of approximately 132 m. Overall, these results revealed the presence of very closely
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related P. aeruginosa isolates in washbasin U-bends in several different areas of DDUH (i.e.
Clinic 2, Clinic 1, A&E, CSSD, third-floor staff bathroom) and in the point of discharge
main common wastewater pipe sampling site. A study by Magalhdes et al. 2020 utilised
WGS to investigate the epidemiology of P. aeruginosa isolates in one hospital. Isolates were
collected from patients, tap samples, sink trap samples and environmental swabs from five
ICUs. Interestingly, isolates recovered 10 years apart from sink U-bends in adjacent units,
were highly similar (<14 SNP differences) (Magalhaes et al., 2020). The authors suggest the

slow evolution may be indicative the absence of or low-level selective pressures.

Clinic 2 washbasin U-bend B2D3 was selected to investigate the diversity of isolates in an
individual U-bend over time. Seventeen isolates from this U-bend recovered within the six-
month study period at intervals of at least a week belonged to ST179 (n = 9) and ST560 (n
= 8) and isolates within each ST were very closely related (both with an average allelic
difference of 1 [median 1, range 0 — 2]). These findings reveal the persistence and stability
of isolates in an individual U-bend; at least during the six-month period isolates were
sequenced. At the end of the study, eight isolates from one sample from B2D3 belonged to
ST179 and exhibited an average allelic difference of 2 (median 0, range 0 — 7). These
samples were included to demonstrate a representation of the total STs identified in one

washbasin U-bend at one time-point.

Isolates from A&E U-bends were also investigated to address the second aim of this work:
to investigate the impact of routine decontamination of washbasin U-bends with ECA
solutions on the P. aeruginosa population. The abundance and prevalence of P. aeruginosa
in A&E U-bends was significantly lower than non-decontaminated U-bends elsewhere in
DDUH and the bacterial densities recovered from Clinic 2 versus A&E exhibit >3.3 log
reduction (see Chapter 4, Section 4.4.1). The range of STs recovered was slightly higher
with seven STs, compared to the four recovered in Clinic 2. STs ST27, ST296, ST773 and
ST298 were recovered in A&E seven months after the cessation of U-bend decontamination
with ECA solutions and all, apart from ST298, were highly related to isolates within these
STs recovered at least seven months previously (e.g. ST773 isolates were recovered from
August 2018 — November 2019, and ST296 were recovered from June 2018 — November
2019) (Figure 5.7). ST298 was only recovered in A&E seven months after the cessation of

U-bend decontamination with ECA solutions.
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Overall eleven P. aeruginosa STs, identified according to traditional MLST analysis, were
identified among the 99 isolates sequenced that were recovered from DDUH U-bends and
wastewater pipes (ST27, ST179, ST252, ST253, ST296, ST298, ST308, ST309, ST560,
ST606, ST773). The P. aeruginosa population structure has been revisited many times since
the organism was first described in 1882 (Pirnay et al., 2009). Recently, the existence of
dominant epidemic high-risk (EHR) clones of P. aeruginosa have been described (Mulet et
al., 2013; Oliver et al., 2015; Abdouchakour et al., 2018; Slekovec et al., 2019). Of the
eleven STs recovered in the present study from DDUH U-bends and wastewater pipes, two
EHR STs were identified (ST253 and ST308) and two EHR STs were identified among the
comparator strains (ST253 and ST395) investigated (Slekovec et al., 2019). The underlying
reasons why EHR clones of P. aeruginosa strains are strongly associated with hospital
outbreaks internationally are probably associated with the ability of these strains to acquire
resistance genes in areas of high antibiotic selective pressure and/or the ability of these
strains to survive in the hospital environment (Petitjean et al, 2017). Evidence for the
significant survival of ST395 isolates in copper solution was previously confirmed
phenotypically and may account for their recovery from the plumbing systems of hospital
where outbreaks occurred (Petitjean et al., 2017; Slekovec et al., 2019). Likewise, two
studies from Germany and France demonstrated how ST308 was isolated from siphon water
leading to the colonisation of handwash basins in Germany, and in France, ST308 was also
isolated from tap water (Willmann et al., 2014; Abdouchakour et al., 2018). In these studies,
the hospital water environment acted as a reservoir for patient exposure and resulted in

prolonged outbreaks.

Seventy-two water samples were taken from the potable water supply, the residual anolyte-
treated water storage tanks and from washbasin faucet output water. Alongside this, 20
washbasin faucets from Clinic 2 and A&E were swab sampled (n = 80). None of the water
or swab samples tested yielded P. aeruginosa. Nonetheless, P. aeruginosa was recovered
from every washbasin U-bends investigated at one point during the study. Failure to detect
P. aeruginosa in washbasin faucet supply water, washbasin faucet water or the faucets
themselves was not surprising as water supplying DDUH washbasins has been routinely
treated with residual anolyte (2.5 ppm) since 2012 (Boyle et al., 2012). The results of this
study and the previous study by Boyle et al. (2012) reveal that anolyte treatment of
washbasin supply water is effective at maintaining washbasin supply and output water and

the faucets themselves free of detectable P. aeruginosa. These findings indicated that the P.
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aeruginosa present in washbasin U-bends very likely did not originate from faucets or faucet

supply water.

The detection of highly related P. aeruginosa isolates in U-bends in multiple locations
(Clinic 2, Clinic 1, A&E, CSSD, and staff bathroom) throughout DDUH, some separated by
considerable distances, indicates that the wastewater pipe network contributes to U-bend
contamination (Figure 5.4). There are three possible routes of entry for P. aeruginosa into
washbasin U-bends in DDUH; upstream contamination from the water supply,
contamination at the point-of-use of the washbasins and downstream contamination from
wastewater pipes (Figure 5.9). Upstream contamination may be caused by P. aeruginosa
entering through the water supply and/or contaminated water supply pipes and/or water
storage tanks. However, as discussed above, all water samples tested throughout this study
failed to yield P. aeruginosa, most likely due to residual treatment of supply water with
anolyte. Entry of P. aeruginosa into washbasin U-bends at the point of use may be attributed
to handwashing and/or the contamination of the washbasin faucet, as previously described
(Walker et al., 2014; Bédard et al., 2016; Hutchins et al., 2017). However, all 80 swab
samples of faucets tested throughout this study also failed to yield P. aeruginosa, again
probably due to residual treatment of supply water with anolyte. A previous year-long study
from DDUH also failed to detect P. aeruginosa in anolyte-treated washbasin faucet water or
faucets from the same sites DDUH (Boyle et al., 2012). While P. aeruginosa can be carried
transiently on the hands, if hand washing were a frequent contributor of P. aeruginosa to U-
bends, a far wider range of STs would be anticipated (Widmer et al., 1993). Throughout
DDUH, highly related isolates of P. aeruginosa, as demonstrated by the clustering of ST179
and ST560 isolates, were located in geographically distinct locations of DDUH (Figure 5.4).
Interestingly, ST560 and ST179 isolates were recovered from U-bends in adjacent clinical
bays in Clinic 2. Washbasins in individual bays in Clinic 2 do not share common proximal
wastewater pipes, common pipework occurs more distally in the network, suggesting
trafficking of isolates occurs from more downstream regions (Figure 5.4). All of these results
strongly suggest that the wastewater network is the most probable source of P. aeruginosa

entry into the DDUH washbasin U-bends.

Trafficking of bacteria in wastewater pipes could occur primarily by the carriage of
microorganisms within the wastewater flow, bacterial motility and air currents. Water
discharged down washbasin drains can traffic bacteria in U-bends and pipes to distal sites in

the wastewater network. The model U-bend system described by Kotay et al. (2017)
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Upstream sources:

- Contaminated supply water

- Contaminated supply pipes

Point of use:

- Contamination of faucet

- Hand washing

- Prohibited use for cleaning
items and/or discarding

substances

Downstream source:

- Contamination of downstream |

wastewater pipes

Figure 5.9 The possible routes of entry of P. aeruginosa in the washbasin U-bends and wastewater pipes in DDUH. The three main routes are by
contamination upstream, at the point of use, or downstream. While washbasins in healthcare facilities are strictly for hand washing use only, washbasins
have been used for inappropriate disposal of waste (Akici et al., 2018). An example of this was described in a 2020 paper, confirming the frequent

disposal of human waste, such as dialysis fluid, into handwash sinks (Jung et al., 2020).
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demonstrated that an E. coli strain expressing GFP exhibited an average growth of 2.5 cm
per day along the pipework. Flagellar motility has been shown to be an essential element in
the ability of P. aeruginosa to form biofilms on surfaces and tissue (Vater et al., 2014).
Likewise, air currents carry potential pathogens in wastewater pipes both by airflow down
into the sewer, and inversely, within wastewater networks (Gormley et al., 2017). The flow
of water in pipes results in a partial vacuum that draws air behind the flow of water. A
previous study by Gormley et al. (2017) built a test plumbing system representing two floors
of a building that simulated toilet flushes on the bottom floor. Test water including
Pseudomonas putida was flushed into the pipework on the bottom floor that expelled the
liquid into a collection tank, to represent single or multiple toilet flushes (Gormley et al.,
2017). While on the top floor, a test chamber was constructed to mimic a bathroom. The
bathroom contained a toilet, with an emptied U-bend, and an extractor fan, which an air
sampler could be adapted for sampling. The flushing of the P. putida contaminated test water
created turbulence to aerosolise P. putida in the wastewater pipes. The airflows within the
pipes were capable of carrying the aerosolised particles from the bottom floor, into the top
floor, and post flush, all parts of the system were found to be contaminated (Gormley et al.,
2017). Pseudomonas putida was observed to enter the bathroom environment from the
wastewater system due to the empty U-bend. One final method that may lead to trafficking
of microorganisms in wastewater systems is wastewater pipe blockages. Blockages can
occur frequently in hospitals due to poor structural design of the wastewater pipe networks,
such as the presence of T-junctions (Breathnach ef al., 2012). These blockages facilitate the
backflow of water from downstream in the wastewater pipe upwards towards the hospital
environment, facilitating the spread of microorganisms. Over a five-year study, Breathnach
et al. (2012) determined tha a protracted outbreak of MDR P. aeruginosa resulted from slow
drainage and sewage backflows in a hospital that recorded an average of 391 notification of
blocked washbasins, toilets or sluices per year. Wastewater pipe blockages have not been
recorded in DDUH and therefore cannot be a method for trafficking of microorganisms.
Wastewater flow, bacterial motility and air currents are all methods likely to contribute to
the distribution of microorganisms throughout a wastewater network and are likely to have
facilitated the dissemination of highly related, and possibly adapted, STs of P. aeruginosa

within the DDUH washbasin wastewater network.

Washbasin U-bends are areas of microbial proliferation and persistence. The ability of P.
aeruginosa to thrive and cause hospital outbreaks is due in part to the ability of these
organisms to acquire resistance genes in biofilms. Washbasins in particular are recognised
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as hotspots of resistance gene transfer (Weingarten et al., 2018). The tolerance of microbial
biofilms to antimicrobial agents is multifaceted and includes physical, physiological and
genetic factors. Individual bacteria in biofilms can develop or acquire antibiotic resistance
by mutations in the genome, alongside the acquisition of antibiotic resistance genes on
mobile genetic elements by horizontal gene transfer (Ciofu and Tolker-Nielsen, 2019). The
genotypic and phenotypic profiles of P. aeruginosa isolates from U-bends and wastewater

pipes was investigated in this study.

The genotypic resistance profiles of all isolates sequenced in this study were determined by
the identification of antimicrobial resistance genes utilising ResFinder. ResFinder captures
antimicrobial resistance genes from whole-genome data sets based on known genes
associated with resistance to antimicrobial agents. The genotypic profiles of 97% (116/118)
of the environmental isolates investigated harboured two beta-lactam, one aminoglycoside,
one fosfomycin and one chloramphenicol resistance genes. The remaining three isolates
lacked the chloramphenicol resistance gene. These resistance genes have been previously
observed in the genotypic resistance profiles of P. aeruginosa (Murugan et al., 2016; Subedi
et al., 2018). However, the use of ResFinder is limited in the number of antimicrobial genes

it captures, and does not investigate chromosomal mutations.

The phenotypic resistance profiles of a select number of isolates were determined based on
15 antimicrobials, for which EUCAST breakpoint information is available. A total of 49
isolates were selected to give a representation of the diversity of STs recovered during this
study. These include isolates from DDUH washbasin U-bends (n = 43), dental suction
systems in DDUH (n = 2), and an external hospital located 8 km from DDUH (n = 4). The
phenotypic resistance profiles of the 43 DDUH washbasin U-bends demonstrated 42%
(18/43) of isolates exhibited resistance to at least one class of antimicrobial. The 2018
European Antimicrobial Resistance Surveillance Network (EARS-NET) report reported
32.1 % of all reported invasive P. aeruginosa isolates were resistant to one or more
antibiotics (European Centre for Disease Prevention and Control, 2018). The antibiotics
included in the surveillance report were piperacillin + tazobactam, fluoroquinolones,
ceftazidime, aminoglycosides and carbapenems. Overall, a low level of resistance would be
expected among isolates in the wastewater network in DDUH due to the low level of
antibiotics administered in dental hospitals relative to acute hospitals, resulting in reduced
selective pressure for resistance in the wastewater network. However, with almost half of

the investigated isolates in the present study resistant to at least one group of antimicrobials,
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these data may be indicative of the growing problem of antimicrobials in the wastewater
environment and sewerage systems. Such selective pressures can result in in the acquisition

of antimicrobial resistance genes by HGT (Jendrzejewska and Karwowska, 2018).

Interestingly, three of the 13 STs phenotypically tested (ST252, ST253 and ST298) showed
resistance between all isolates for at least one of the antimicrobials tested (Table 5.4).
However, not one of the 13 STs phenotypically tested exhibited identical resistance profiles
among all tested isolates. The 13 ST179 isolates exhibited the most diverse phenotypic
differences (i.e. resistance/susceptibility to antimicrobials) of all STs tested. Figure 5.8
displays the diversity of phenotypic resistance profiles of ST179 based on MST generated
of SNV and wgMLST analyses. MSTs are undirected graphs used to connect all points, in
this case P. aeruginosa isolates, creating the minimum possible total edge weight (Kruskal,
1956). In other words, MSTs are created by continuously adding entries to the tree where
the SNV or wgMLST sequencing data of each added P. aeruginosa isolates, is compared to
the existing SNV or wgMLST sequencing data, creating the minimal distance between those
two isolates and between all isolates within the complete tree. Generation of an MST based
on a wgMLST scheme is based on the formation of a consensus wgMLST profile. The
wgMLST scheme is based on the pan-genome, where each isolate contains varying numbers
of loci, loci missing between entries are ignored and the MST is based on the number of

different alleles in the shared loci present between isolates.

In this study, the wgMLST analysis data was compared to the phenotypic resistance profiles
of ST179 isolates. While the P. aeruginosa isolates are very closely related using wgMLST
data, no detected differences between isolates expressing different phenotypic
resistance/susceptibility profiles were observed using the wgMLST data (Figure 5.7(a)).
Previously a study by Schaumburg ef al. demonstrated the use of an ad hoc P. aeruginosa
cgMLST scheme to display the diversity of phenotypically-observed -ceftolozane-
tazobactam resistance among a range of P. aeruginosa isolates. In the study, the ceftolozane-
tazobactam resistance was significantly associated with one ST and all isolates displayed at
least an allelic difference between resistant and susceptible isolates (Schaumburg et al.,
2017). A number of factors contributed to the disparity between the observed phenotypic
profiles and genotypic profiles by wgMLST analysis in this present study: (i) expression of
phenotypic resistance through physiological changes rather than genotypic, (ii) the
resistance genes were not included in the consensus wgMLST profile due to limitations of
using only short-read sequencing, where issues may arise in the assemblage of large
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plasmids encoding resistance genes and/or (iii) the plasticity of P. aeruginosa for acquiring
resistance genes. wgMLST analysis is a tool that can record various types of nucleotide
differences (SNVs, variable number tandem repeat, and insertion-deletion mutations or
INDELs) for every open reading frame of an organism (Kingry et al., 2016). Further
resolution of the plasmid encoded genes can be achieved by the creation of hybrid assemblies
of short reads generated by [llumina sequencing with long reads generated by platforms such
as MinlON sequencing using ONT (Egan et al., 2020). Likewise, the SNV analysis data was
compared to the phenotypic susceptibility/resistance profiles of ST179 isolates and no
detected differences were observed between isolates expressing different phenotypic
resistance/susceptibility profiles (Figure 5.8(b)). This is a result of the use of strict SNV
filters in this study. All potential indel-related SNVs that include SNVs occurring within 12
bp of each other, SNV positions with ambiguous base calls, and SNVs in repeat regions
identified in repeat regions were excluded. Therefore, all plasmid encoded acquired

resistance genes were not included in this analysis.

In conclusion, the evidence presented in this chapter demonstrates P. aeruginosa entry into
DDUH washbasin U-bends is most likely from the wastewater pipe network. This evidence
is supported by all water and swab samples of faucets and stored supply water testing
negative for P. aeruginosa throughout the course of this study. The present study is the first
of its kind to utilise the high-resolution WGS molecular typing method to demonstrate the
trafficking of a microorganism in situ in a healthcare facilities wastewater network. This
study utilises comparative genomic wgMLST and SNV analyses to demonstrate the
distribution of highly related isolates of P. aeruginosa in multiple washbasin U-bends in

different locations, some separated by significant distances, in a hospital setting.

200



Chapter 6

General Discussion
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6.1 Developing an automated decontamination system

The automated decontamination system described in Chapters 3 and 4 of this thesis is the
first of its kind to demonstrate the long term effective decontamination of washbasin drains,
U-bends, and associated pipework in an active healthcare facility. The success of this
approach relied on four strategies to maximise decontamination efficiency: (1) sequential
treatment of U-bends and associated wastewater pipework with the ECA solutions catholyte
and anolyte, harnessing the detergent properties of the former and the disinfectant properties
of the latter, as a decontamination strategy, (2) the incorporation of a valve downstream of
the U-bend that permitted complete filling and retention of ECA solutions in the pipework
to increase contact time and to facilitate retro-filling of the solutions upstream of the valve
into each washbasin, (3) the automated control of the downstream ball valve and the
automated generation and dosing of ECA solutions into the proximal wastewater system
(washbasins, U-bends and associated pipework; see Figure 3.2), and (4) the inclusion of
multi-disciplinary personnel and expertise in the development and maintenance of the
system. Utilising a multi-faceted decontamination approach has proved to be an effective
long-term, cost efficient and environmentally friendly alternative to previous U-bend

decontamination strategies.

Previous approaches that used chemical solutions to decontaminate washbasin drains and U-
bends relied on the utilisation of either a detergent or disinfectant solution as the means to
minimise microbial biofilm (Clarivet ef al., 2016; Stjarne Aspelund et al., 2016; Kossow et
al., 2017; Parkes and Hota, 2018; Buchan et al., 2019). However, as reported by the CDC in
2008, the combined process of removing organic and inorganic materials with detergents
products prior to disinfection is necessary to achieve high-level disinfection. The presence
of organic and inorganic materials can interfere with disinfectants reducing their efficacy
(Centers of Disease Control and Prevention, 2008). The U-bend decontamination system
developed in DDUH uses both catholyte and anolyte solutions generated onsite (Swan et al.,
2016; Swan, 2017). In DDUH, the ECA solution anolyte is used routinely to decontaminate
dental unit waterlines and associated water networks, water provided to washbasins and
washbasin taps. The present study extended the use of ECA solutions (catholyte and anolyte)
for decontamination of selected washbasin U-bends and associated wastewater pipework in
DDUH. The utilisation of ECA solutions for a range of automated decontamination

processes in one healthcare facility helps to maximise the benefits of purchasing an ECA
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generator, reduces staff involvement and reduces the risks associated with long term storage

of chemicals.

The incorporation of valves downstream of washbasin U-bends in the wastewater network
has been adopted as part of a decontamination strategy in a number of studies, including the
present study (Vergara-Lopez et al., 2013; Swan et al., 2016; Cadnum et al., 2019; Deasy et
al., 2019). In all of these studies, valves were used to close off wastewater pipework
downstream of U-bends to enable retention of detergents/disinfectant solutions in the
pipework and thus increase the contact time between the solutions and the interior pipework.
Under normal circumstances, disinfectants poured down washbasin drains are rapidly
carried downstream by wastewater pipes and the pipework itself is never completely filled
with disinfectant. The work undertaken in Swan ef al. (2016) and in the present study was
the first to retro-fill decontamination solutions into the U-bend and adjacent pipework from
below, minimising the introduction of air bubbles into the pipework (Swan et al., 2016).
Expanding on this intervention, the automated decontamination system utilised in this study
could be configured to decontaminate entire wastewater networks, from drain outlets in

washbasins, showers and sluices, to the point of discharge into the municipal sewer.

In Chapter 5, P. aeruginosa was used as a model organism to investigate the spread of
potentially pathogenic microorganisms throughout a wastewater network (Figure 5.4).
Highly related isolates were identified throughout the wastewater network in DDUH, which
likely originated from the wastewater pipe network, as all washbasin output water, faucets
and supply water samples tested consistently failed to yield P. aeruginosa throughout the
course of this study. Incorporation of a ball valve just upstream of where the wastewater
network discharges into the municipal sewer would facilitate the decontamination of a
significant proportion of the wastewater network pipework and may further limit the spread

of potentially pathogenic bacteria.

Throughout this study, emphasis was placed on the detection of adverse effects resulting
from use of the automated decontamination system. While no adverse outcomes were
detected, previous studies have shown that engineering measures employed to mitigate the
spread and risk of infection can ultimately give rise to new reservoirs of contamination and
infection or cause other issues (Walker et al., 2014; Weinbren et al., 2017). Flow
straighteners were initially incorporated into washbasin taps to regulate and narrow the flow

of water from the tap outlet into the washbasin. However, non-maintained flow straighteners
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have been shown to be ideal locations for biofilm formation. A study conducted by Walker
et al. (2014) found that similar P. aeruginosa isolates were found in both biofilms in flow
straighteners tested from neonatal unit taps and samples from four neonates that died from
P. aeruginosa bacteraemia in Northern Ireland. Likewise, a study by Weinbren et al. (2017)
conducted in two clinical rooms investigating elbow-operated taps use, determined hands
were used to operate the taps in 97% of the observed instances. Incorrect use of these taps
may lead to HAIs resulting from colonisation of the taps by microorganisms present on
contaminated hands. This study concluded the diversity of taps used throughout the
healthcare facility, lack of instructions and the oftentimes incorrectly installed units led to
the misuse (Weinbren et al., 2017). These studies highlight that despite the universally
acknowledged importance of handwashing in safe and clean environments, large gaps can

still exist in the functionality, design and in training of the correct use of hand wash stations.

The automation of the decontamination approach used in this study provided three main
advantages: mitigation of the risk of adverse effects to cleaning staff handling disinfectants
and detergents solutions, increased cleaning in parts of the network not accessible or difficult
to reach by cleaning staff, and the negation of errors commonly introduced while manually
cleaning/decontaminating systems. In general, occupations involving frequent use of
disinfectants and detergents, like janitorial staff and cleaning staff, have long been associated
with poor respiratory health (Folletti ef al., 2014; Cummings and Virji, 2018). A systematic
review conducted for the period 1976 — 2012 by Folletti et al. (2014) explored the
epidemiological links between work activities involving cleaning and the risk of asthma and
rhinitis. The review determined that specific cases of asthma and rhinitis could be linked to
cleaning staff’s exposure to specific chemicals used for cleaning (e.g. bleach) and the mixing
of cleaning products (Folletti et al., 2014). While ECAs are considered non-toxic, the
improper handling of catholyte solutions can result in burns due to the alkaline nature of the
solution (pH 12). Automation of decontamination practices would significantly reduce work

related illnesses due to handling of cleaning solutions.

The automated ECA decontamination system developed in the present study could be
successfully adapted to a number of domestic and clinical applications. This system would
be of most benefit in areas utilised by the most medically vulnerable patient groups in
domestic and healthcare settings. A metagenomic study by Perry et al. (2019) demonstrated
that the abundance of AMR genes from hopsital wastewater in multiple departments in one

hospital was influenced by the length of stay of the patients and hospital antimicrobial usage.
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Adapting the automated ECA solution system to decontaminate the wastewater network in
ICUs, neonatal ICUs and in hospital wards catering to immunocompromised patients, burn
patients and cystic fibrosis patients may provide the most benefit. The decontamination
approach described in this study has been shown to be scalable and can decontaminate one
or multiple washbasin U-bends simultaneously (Swan et al., 2016; Swan, 2017; Deasy et al.,
2018). One additional area of interest is the adaptation of the decontamination approach to
showers drain outlets and shower hoses and shower heads. The inhalation of potentially
pathogenic bacteria during showering has been associated with respiratory infections caused
by Legionella species, nontuberculous Mycobacteria (NTM), and P. aeruginosa (Halstrom
et al., 2015; Proctor et al, 2018; Cates and Torkzadeh, 2020). Adaptation of this
decontamination approach to decontaminate shower hoses and outlets may result in reduced
rates of aerosolisation of potentially pathogenic bacteria and therefore reduce the risk of
infection associated with showering (Cates and Torkzadeh, 2020). Adopting this approach
in the homes of cystic patients vulnerable to P. aeruginosa infections could be used to
decontaminate multiple high-risk areas, like bathroom washbasins, kitchen sinks, shower

hoses and drains and bath drains.

Finally, the research group in DDUH harnessed the knowledge of multi-disciplinary
personnel in developing the automated ECA decontamination system. A fundamental
requirement of any effective IPC strategy is a competent and educated workforce (Health
Information and Quality Authority, 2017). However too often the burden of management of
wastewater networks is placed on staff that lack the expertise to accurately assess and
comprehend the risk of infection from these environments. This lack of knowledge from
facility managers oftentimes results in the selection of decontamination approaches based
on cost. Healthcare facilities should encourage multi-disciplinary communication and
encourage personnel in upgrading healthcare facilities using evidence- and experience-based
information (O’Connell and Humphreys, 2000). The development of any efficient safe
decontamination approach relies on the use of interdisciplinary, evidence-based approaches
communicated clearly. In DDUH, the decontamination approach was developed, monitored,
and maintained utilising the knowledge and expertise of microbiologists, IPC personnel,

engineers, cleaning staff and facility staff.

6.2 Rethinking the wastewater network designs in healthcare facilities
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The implementation of functionally useful wastewater network designs and regular auditing
of wastewater networks are essential for providing safe healthcare. Healthcare built
environments oftentimes receive little attention by governing bodies and policy makers
following the initial construction of the facilities. This is due to the inflexible or inaccessible
nature of these systems, built to last as operational facilities for decades (Mills et al., 2015).
Wastewater networks in healthcare facilities are often developed from existing designs that
can be outdated or were not designed employing scientific evidence. Three obvious
examples of poor wastewater structural designs are the use of DP hand washbasins in
hospitals, hand operated taps in toilet facilities and the location of shower drains directly
below the shower head flow of water, for reasons previously described (Weinbren, 2020).
Two innovative approaches may provide a large-scale overhaul of the wastewater network

in hospitals: ‘water-free’ patient care and zoning of the wastewater network.

‘Water-free’ patient care was first introduced as a means to mitigate the risk of infection
from wastewater networks in healthcare facilities (Hopman et al, 2017). The study
demonstrated that the removal of sinks in wards catering to inpatients and the introduction
of ‘water-free’ patient care resulted in significant reduction in ICU patients becoming
colonised by GNB and among patients with long stays in the ICU (Hopman ef al., 2017).
While the removal of all washbasins from the clinical environment would be
counterproductive in terms of ensuring the maintenance of good hand hygiene, increasing
the distance between patient beds and contaminated washbasins while maintaining other
hand hygiene strategies has been shown to reduce the incidence of HAIs (Hopman et al.,
2017). Secondly, the implementation of zoning and infrastructural controls in the wastewater
network would mitigate the risk of infection from these networks. Currently, water supplies
across healthcare facilities are zoned. Zoning reduces the spread of pathogens, such as
Legionella, throughout the entire facility and also reduces the likelihood of an overall failure
should one section be compromised. Chapter 5 demonstrated how P. aeruginosa can spread
throughout DDUH within the wastewater pipe network by the carriage of microorganisms
within the wastewater flow, bacterial motility and air currents. Zoning of the wastewater
network would impede the spread of microorganisms rapidly throughout the entire
wastewater network. It has been shown that bacterial movement through a model pipe
network towards the sink drain was recorded at a rate of about 2.5-cm per day (Kotay et al.,
2017), so regular decontamination of the entire wastewater network may limit the rapid
recolonisation of proximal wastewater pipework. However, such an undertaking would

require vast quantities of decontamination solutions as the wastewater network in most
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hospitals is extensive and likely to be many kilometres in length. In a hospital facility it may
be more practical to specifically zone wastewater pipework in areas housing particularly
vulnerable patients, such as ICUs, limiting the volume of disinfectant solution required for

wastewater pipe decontamination and would maximise benefit to patients.

6.3 Highlighting the role wastewater networks may play in the spread of
the SARS-Co-V2 virus

In the context of the current COVID-19 pandemic, strong evidence suggests the wastewater
network, including U-bends, may facilitate the spread of aerosolised microorganisms like
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. Following the
2003 SARS epidemic, an investigation by the World Health Organization determined one
‘superspreading event’ occurred in a housing complex in Hong Kong due to dry U-bends in
bathroom floor drains (World Health Organization, 2003). These empty U-bends acted as
open sources for contaminated droplets from the sewerage system to enter households, and
over-sized extractor fans facilitated the spread of the virus particles up to 200 metres
(Nghiem et al., 2020). Current studies identify washbasins as potential reservoirs for the

spread of the SARS-CoV-2 virus (Dohla et al., 2020; Gormley et al., 2020; Ong et al., 2020).

Work carried out by the Gormley group demonstrated that microorganisms dispersed by
flushing of a test toilet can spread throughout a multi-story wastewater plumbing network in
a test system (Gormley et al., 2017; Gormley et al., 2020). As discussed above, zoning of
the wastewater network in healthcare facilities could reduce the potential for spread of
microorganisms in this manner. Likewise, the use of HP washbasins would also reduce the
spread of microorganisms that can be aerosolised by the impact of tap water flow on the
drain outlet. A study conducted by Ddhla et al. (2020) investigated the prevalence of SARS-
CoV-2 from sampled washbasin wastewater in 21 domestic German households under
quarantine conditions. The study shows that 19.23% (5/26) of wastewater samples were
positive for SARS-CoV-2 (Déhla et al., 2020). The increase in numbers of people self-
isolating and/or quarantining may lead to higher use of the wastewater networks in domestic

settings potentially increasing the risk of SARS-Co-V2 transmission.

6.4 Antimicrobial agents and the environment
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Antibiotic resistance is one of the major public health concerns of the twenty-first century.
Owing to increasing population growth and longer life expectancies, the use of antimicrobial
agents has increased worldwide. In the past few decades, Ireland has increased its antibiotic
use in humans and animals to approximately 100 tonnes per year (Morris ef al., 2016). This
increased usage has led to the increased presence of AMR in the environment (Morris et al.,
2016). A study by Lepuschitz et al. (2019) investigated the prevalance of AMR genes in the
surface water in the vicinity of the following Austrian cities: Vienna, Linz, Innsbruck, and
Klagenfurt. All five water samples taken from a river upstream of both the city and its
wastewater treatment plant in each case were negative for ESBL and carbapenemase-
producing K. pneumoniae, while all five samples taken 3 km downstream yielded resistant
K. pneumoniae isolates (Lepuschitz ef al., 2019). In total, three ESBL-producing isolates
and two carbapenemase-producing isolates were recovered downstream of the following
cities: three ESBL-producing isolates from Linz and Klagenfurt, and two carbapenemase-
producing isolates from Vienna and Innsbruck (Lepuschitz et al., 2019). This study
demonstrates the anthropogenic effect on multi-drug resistance in the environment and the

limitations of wastewater treatment strategies.

While water is the most abundant resource on Earth, in the developed world this resource is
oftentimes undervalued. In Ireland, high water quality standards are taken for granted, from
water processed for drinking and supply to water found in rivers and seas. Wastewater
contamination of surface water is not a new phenomenon. A recent report stated that urban
wastewater contamination accounted for more than half the reported pollution events to Irish
coastal waters (Environmental Protection Agency Ireland, 2020). Increasingly, reports
highlight the many routes wastewater effluent can pollute the environment, including
wastewater leakages from aged pipes, inadequate decontamination protocols and the use of
wastewater treatment plants running at overcapacity leading to failures in sewer overflows
(Olds et al., 2018; Kauppinen et al., 2019; Rizzo et al., 2013). With increasing media
attention on pollution events stemming from wastewater effluent, government backed
funding and incentives may reduce the impact these pollution channels have on the

environment.

6.5 The future of bacterial typing

Over the past 20 years, the advent of NGS and third generation sequencing technologies

have revolutionised every field of life sciences. These technologies have resulted in a greater
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understanding of bacterial communities in ecosystems ranging from the human gut to
washbasin U-bends. Likewise, these technologies can provide information about naturally
occurring AMR reservoirs in wastewater networks, enable the investigation of virulence and
fitness strategies in highly diverse and competitive environments, and accurately monitor
interventions (Olds et al., 2018; Kauppinen et al., 2019). Throughout this study, bacteria
were identified using both culture-based and culture-independent methods. Culture-
dependent approaches are widely used due to the establishment of standardised analyses and
the low costs associated with these technologies. However, the ever reducing turnaround-
times and costs of genomic technologies will lead to their use in routine diagnoses and in
the establishment of treatments (Fournier et al., 2014). The establishment of quality
assurance parameters and data interpretation criteria, and the standardisation of computation
analyses such cgMLST and SNV analyses must be determined to facilitate widespread
adoption of WGS-based typing in Europe (European Centre for Disease Prevention and

Control, 2016).

One current limitation of NGS platforms like the [llumina MiSeq platform are the short-read
sequences generated. The assembly process of short read sequencing technologies is
complicated in genome repetitive regions. Repetitive regions are located across the genome
sequence but are algorithmically fragmented into only a few sequences during assembly,
which is due to their similarity (Baptista et al.,, 2018). The current limitation of long read
sequences produced by third generation sequencing platforms like ONT are the associated
high error rates in the production of read sequences. The combination of long read and short
read sequences can be used to generate hybrid assemblies that take advantage of the strengths
of each technology individually; i.e. the accuracy of short read sequencing and the extended
length of long read sequences (Baptista et al., 2018). These hybrid assemblies yield
reconstructions with uniform coverage of the bacterial genomes and increase structural
accuracy of the downstream assembly (Lee et al., 2016; Giani et al., 2020). The ever-
increasing development in sequencing technologies will lead to increased resolution in
bacterial identification and typing, enabling better surveillance, diagnostic and therapeutic

strategies.

Finally, metagenomic analyses holds the potential of becoming a routine surveillance
strategy for identifying complex bacterial communities. Metagenomic shotgun sequencing
data provides more diversity in community structure than amplicon sequencing approaches,

like the one adopted in this study. Likewise, metagenomic shotgun sequencing data provides
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information on metabolic processes possible in the community (Guo et al., 2016). However,
the high costs associated with shotgun metagenomic sequencing currently limit its
widespread adoption. To date, metagenomic analysis of human infections have not identified
multitudes of novel microorganisms. However, metagenomic studies have been increasingly
used to detect novel genomes in the environment and as commensal carriage organisms in
animals (Driscoll et al, 2017; Taylor-Brown et al, 2017). The lack of publications
highlighting novel potential pathogens may be due to the lack of novel microorganisms
contributing to clinical infections. However it would seem more probable that investigator
biases limit these analyses. Metagenomic analysis produces vast quantities of data that may

lead researchers to focus on organisms previously associated with infection.

6.6 Future perspectives

Continued research into the role washbasin U-bends play in microbial colonisation and
transmission is necessary to provide safer healthcare. In relation to the work described in
this thesis, three main avenues present themselves as the next logical steps for investigation.
Firstly, this study demonstrated the scalability of the decontamination approach from the
previous work described by Swan et al. (2016). Determining the limits of this
decontamination system would provide insight into the most efficient running of this
particular system and may guide future endeavours in adapting this approach. The limits of
ECAs decontamination can be conducted by testing the efficacy of each concentration of

solution separately and in combination in the active healthcare clinic.

Secondly, high-throughput Illumina 16S rRNA amplicon sequencing is an accurate and
effective tool for undertaking snapshots of bacterial communities. This analysis was utilised
in Chapter 4 to determine the bacterial communities throughout the wastewater network in
DDUH. During the study, no samples were taken for 16S rRNA amplicon sequencing from
A&E washbasins while the washbasins were subjected to routine decontamination with
ECAs. Investigating the bacterial communities in washbasin U-bends while subjected to
routine ECA decontamination may provide an understanding of what organisms can persist
in environments of high hypochlorous acid-based stress. Understanding the microbial
populations continually treated with ECA solutions may highlight potential selection of
resistant bacterial populations in the wastewater network, and guide future environmental

decontamination policies.
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Finally, the spread of P. aeruginosa within the wastewater network of DDUH was
investigated in Chapter 5 utilising three main comparative genomic tools: MLST, wgMLST
and SNV analyses. During the study, wgMLST was utilised as the genome wide allele-based
approach to compare the relatedness of P. aeruginosa isolates. However, a limitation of
wgMLST analyses is in the creation of the consensus profile between all tested isolates. Only
alleles present in all isolates are included in the consensus profile, thus reducing the degree
of comparison between more distantly related isolates. In contrast, cgMLST schemes contain
defined numbers of loci, selected to represent specific species, and are standardised in both
the genotypic nomenclature and analyses of isolates of that species. Prior to May 2020, only
two previous groups utilised ad hoc cgMLST P. aeruginosa schemes, neither of which has
been used outside their own research groups and neither were externally validated
(Mellmann et al., 2016; Royer et al., 2020). As of May 2020, a proposed scheme was
published by de Sales et al. (2020) aiming to standardise the comparison of P. aeruginosa
isolates. Analysing the data using cgMLST analysis may provide more accurate

determinations of the relatedness of populations of P. aeruginosa isolates.

6.7 Concluding remarks

Washbasins U-bends are reservoirs of potential pathogens that are increasingly identified as
contributing to human infection. It is not feasible to maintain sterile wastewater systems,
however poor building design in healthcare facilities wastewater networks and/or suboptimal
decontamination approaches may increase the risk of infection. This study is the first of its
kind to develop an effective multi-facetted automated approach for minimising infection
risks from drain outlets in an active healthcare department with minimum, to no disruption
to the clinic. The regular sequential use of catholyte and anolyte solutions resulted in reduced
bioburden in the washbasin U-bends and drains, thus reducing the risk of transmission. This
study also investigated the bacterial communities within the wastewater network in DDUH
using culture-dependent and culture-independent approaches. The comparison of MALDI-
TOF-MS analysis and Illumina high throughput 16S rRNA amplicon sequencing data
highlighted the disparity among the diversity of bacteria observed within the washbasins and
associated pipework in DDUH.

Finally, the present study is the first of its kind to utilise the high-resolution WGS to
demonstrate the trafficking of a microorganism in situ in a healthcare facility’s wastewater

network. This work demonstrated that the entry of P. aeruginosa into DDUH washbasin U-
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bends is most likely from the wastewater pipe network, as all water and swab samples of
faucets and stored supply water tested negative for P. aeruginosa throughout the course of
this study. This study utilised comparative genomic wgMLST and SNV analyses to
demonstrate the distribution of highly related isolates of P. aeruginosa in multiple washbasin
U-bends in different locations, some separated by significant distances, in a hospital setting.
These findings indicate that a hospital wastewater network can act as a highway for

trafficking potentially pathogenic microorganisms throughout the facility.

The aim of this research has been to highlight the roles washbasin U-bends play in the spread
of potential pathogens and to emphasise the need for adequate, safe and effective
decontamination protocols. This will only be achieved by widespread education highlighting
the risk these reservoirs pose, incentivising preventative long-term effective
decontamination approaches aided by regular monitoring, and the implementation of

effective policies and guidelines by regulatory authorities.
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SUMMARY

Background: Outbreaks of infection associated with microbial biofilm in hospital hand
washbasin U-bends are being reported increasingly. In a previous study, the efficacy of a
prototype automated U-bend decontamination method was demonstrated for a single non-
hospital pattern washbasin. It used two electrochemically activated solutions (ECA)
generated from brine: catholyte with detergent properties and anolyte with disinfectant
properties.

Aim: To develop and test a large-scale automated ECA treatment system to decontami-
nate 10 hospital pattern washbasin U-bends simultaneously in a busy hospital clinic.
Methods: A programmable system was developed whereby the washbasin drain outlets,
U-bends and proximal wastewater pipework automatically underwent 10-min treatments
with catholyte followed by anolyte, three times weekly, over five months. Six untreated
washbasins served as controls. Quantitative bacterial counts from U-bends were deter-
mined on Columbia blood agar, Reasoner’s 2A agar and Pseudomonas aeruginosa selective
agar following treatment and 24 h later.

Findings: The average bacterial densities in colony-forming units/swab from treated
U-bends showed a >3 log reduction compared with controls, and reductions were highly
significant (P<0.0001) on all media. There was no significant increase in average bacterial
counts from treated U-bends 24 h later on all media (P>0.1). P. aeruginosa was the most
prevalent organism recovered throughout the study. Internal examination of untreated
U-bends using electron microscopy showed dense biofilm extending to the washbasin drain
outlet junction, whereas treated U-bends were free from biofilm.

* Corresponding author. Address: Microbiology Research Unit, Division of Oral Biosciences, Dublin Dental University Hospital, University of Dublin,
Trinity College Dublin, Lincoln Place, Dublin 2, Ireland. Tel.: +353 1 6127276; fax: + 353 1 6127295.
E-mail address: david.coleman@dental.tcd.ie (D.C. Coleman).
 These two authors contributed equally to this article.

https://doi.org/10.1016/j.jhin.2018.01.012

0195-6701/© 2018 The Author(s). Published by Elsevier Ltd on behalf of The Healthcare Infection Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhin.2018.01.012&domain=pdf
mailto:david.coleman@dental.tcd.ie
www.sciencedirect.com/science/journal/01956701
http://www.elsevier.com/locate/jhin
https://doi.org/10.1016/j.jhin.2018.01.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jhin.2018.01.012
https://doi.org/10.1016/j.jhin.2018.01.012

E.C. Deasy et al. / Journal of Hospital Infection 100 (2018) €98—e 104 €99

Conclusion: Simultaneous automated treatment of multiple hospital washbasin U-bends
with ECA consistently minimizes microbial contamination and thus the associated risk of

infection.

© 2018 The Author(s). Published by Elsevier Ltd

on behalf of The Healthcare Infection Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Over the last two decades, many studies have reported
hospital outbreaks, due particularly to Gram-negative bac-
teria, associated directly or indirectly with contaminated
washbasin and sink drains [1—7]. U-bends are pieces of pipe-
work fitted beneath washbasins that retain a volume of water,
creating a seal preventing sewer gas from entering buildings
from pipework downstream. This water may stagnate for
considerable periods, encouraging the development of bio-
films. These can spread as far as the washbasin drain,
contaminating the washbasin and surrounding area [8,9].

U-bend biofilms are usually heterogenous communities
consisting of a range of opportunistic bacterial pathogens,
including Pseudomonas spp., Acinetobacter spp., Klebsiella
spp. and Enterobacter spp., which can exhibit resistance to the
major classes of antibiotics [2,4,6,10]. Furthermore, recent
reports are increasingly highlighting the importance of waste-
water pipework as a reservoir for the nosocomial transmission
of  carbapenemase-producing  Enterobacteriaceae, an
emerging global health threat [11].

A variety of approaches to U-bend decontamination have
been investigated with varying success, most of which involve
disruption to service and have financial implications, including
the replacement of fixtures and/or associated pipework
[2,6,10]. Replacement is ineffective in the long term as new
washbasins and pipework rapidly become recolonized with
micro-organisms. Disinfectants such as bleach may have dimin-
ished efficacy against dense biofilms, temporarily reducing
bioburden but necessitating regular application [2,3,10].
Another approach involves thermal disinfection and vibrational
cleaning of U-bends, but is not in widespread use [12].

Previously, the authors showed that long-term use of a pH-
neutral electrochemically activated solution (ECA) (anolyte)
as a disinfectant was effective to minimize microbial contam-
ination of dental unit water and washbasin tap water [13,14].
ECA is produced by passing dilute brine through an electric field
in an electrolytic cell, which generates two solutions of
opposite charge [13,14]. The positively charged solution (ano-
lyte) consists of a mixture of oxidants (predominantly hypo-
chlorous acid), which is highly microbicidal [13]. The negatively
charged antioxidant solution (catholyte) has detergent-like
properties consisting predominantly of NaOH. Recently, the
authors described the development of a programmable auto-
mated prototype system for minimizing microbial contamina-
tion of a domestic pattern washbasin U-bend by treating the
system sequentially with catholyte to reduce organic material
followed by disinfection with anolyte [8]. Average bacterial
counts from the treated U-bend over 35 decontamination cy-
cles on a variety of culture media showed a >4 log reduction
relative to controls. This pilot study established proof of
concept for automated U-bend decontamination using ECA.

The purpose of this study was to develop a large-scale
automated ECA treatment system capable of decontaminat-
ing 10 hospital pattern washbasin U-bends and drains simulta-
neously, and to assess the efficacy of the system in a busy
hospital clinical department.

Methods
Anolyte and catholyte

Anolyte and catholyte solutions were produced by electro-
chemical activation of an NaCl solution using a Qlean-Genie UL-
75a ECA generator (Qlean Tech Enterprises, Mendota Heights,
MI, USA) [8]. The generator was configured to produce anolyte
measured at 800 parts per million (ppm) free available chlorine
(FAC) at pH 7.0, having an oxidation-reduction potential (ORP)
of +880 mV and consisting of approximately 632 ppm hypo-
chlorous acid (79%) and 162 ppm OCl™ (20.2%). Catholyte is an
amphoteric surfactant with a surface tension of 63 mN
force and was produced at pH 12.5 with an ORP of
approximately —1000 mV, consisting of approximately 400 ppm
NaOH. Freshly generated anolyte was used undiluted. FAC
levels in anolyte were measured using a Hach Pocket Colori-
meter Il (Hach, Ames, IA, USA) [8]. Freshly generated catholyte
was diluted 1:5 with heated mains water with a temperature
after dilution of approximately 33°C.

Test and control washbasins

Ten new ceramic hospital pattern washbasins with an offset
drain outlet in the back wall of the basin (Armitage Shanks,
Stoke on Trent, UK) were installed at the Accident & Emer-
gency Department of the Dublin Dental University Hospital
(DDUH) for ECA decontamination studies. Six identical wash-
basins located in different DDUH clinics were used as controls.
Washbasins were used solely for handwashing. Tork Extra Mild
Liquid Soap (SCA Hygiene Products Ltd, Dunstable, UK) was
used for handwashing at all washbasins. Cold water supplied to
test and control washbasin taps was provided from a 15,000-L
tank supplied with potable quality mains water. This tank
also supplied the calorifier, which provided hot water to all the
washbasin taps. Automatic temperature recording was fitted
on the out and return legs of the hot water network. Washbasin
taps are fitted with a thermostatic mixing valve and provided
output water at an average temperature of 38°C. Hot and cold
water supplied to washbasins at DDUH has been treated with
residual anolyte (2.5 ppm) for several years. Previous studies
over 54 weeks showed average bacterial densities in hot and
cold tap water of 1 [standard deviation (SD) 4] and 2 (SD 4)
colony-forming units (cfu)/mL, respectively [14]. All wash-
basins were in frequent daily use from Monday to Friday. Three
months prior to the study, washbasins were equipped with new
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polypropylene U-bends (McAlpine Plumbing Products, Glasgow,
UK) with two access ports (Figure 1).

Design of automated ECA treatment system for U-bends

A large-scale system was developed to decontaminate 10
washbasin U-bends, drains and proximal wastewater pipework
simultaneously (Figure 2). A vertical wastewater pipe below
each U-bend was connected to a horizontal common waste-
water collection pipe. The pipes and fittings were made of
polyvinylchloride (PVC) or acrylonitrile-butadiene-styrene
(ABS), both compatible with long-term exposure to anolyte
and catholyte. All pipe connections apart from U-bends were
chemically welded to minimize the potential for leaks. ECA
reservoirs were manufactured from ultraviolet-stabilized
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Figure 1. (a) A longitudinal section of a U-bend following 62
cycles of electrochemically activated solution (ECA) treatment
over a five-month period. (b) A longitudinal section of a control
U-bend at the end of the study. Both U-bends were installed at
the same time. The dashed lines indicate the water level within
the U-bends. Following each ECA treatment cycle, treated and
control U-bends were swab sampled through the ports indi-
cated. To avoid sampling the same part of each U-bend
continually, six internal sampling sites were selected and
sampled in rotation. Three of these (labelled 1—3) are shown in
(a). The additional three sites were located on the other, mirror
image half of the U-bend. The treated U-bend is noticeably free
from visible biofilm, whereas the control U-bend contains slimy
biofilm, especially above the waterline and at the junctions
connecting to the washbasin drain outlet and wastewater
discharge outlets.
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linear polyethylene designed for chemical storage. Each
reservoir supplied a dosing pump (Grundfos, Bjerringbro,
Denmark) connected by 25-mm ABS pipework to the common
wastewater pipe (Figure 2).

A Praher unplasticized-PVC S4 ball valve (Schwertberg,
Austria) was fitted to the common wastewater pipe down-
stream of the ECA pump connections to which an H-004 electric
actuator (Actuated Solutions Ltd, Bognor Regis, UK) was fitted
for automated valve operation. With the valve closed, the
volume of ECA required to completely fill the wastewater
pipework, U-bends and the washbasins to a level 5 cm above
the drain outlets was determined (approximately 220 L). The
timing, sequence of activation and duration of activation of the
actuator-controlled valve, dosing pumps and ECA reservoir
outlet valves was managed by a programmable electronic
process controller (Open System Solutions Ltd, Southampton,
UK) (Figure 2).

Automated ECA decontamination cycles

Decontamination cycles began with the process controller
activating the actuator and closing the valve on the common
wastewater pipe. After a 30-s delay, the catholyte dosing pump
was activated and dosed catholyte into the common waste-
water pipe, and retro-filled this pipe, each washbasin’s
wastewater pipe, U-bend and washbasin drain outlet over a
3.5-min period. Catholyte was left in situ for 10 min and then
voided to waste by automated opening of the valve on the
common wastewater pipe. Following a further 30-s delay, the
actuator closed the valve, and after 30 s, the anolyte pump
activated and dosed anolyte into the system. Anolyte was left
in situ for 10 min and then voided to waste, completing the
cycle. Control washbasin drains and U-bends were flushed with
mains water instead of ECA.

Microbiological culture

Decontamination efficacy was determined by semi-
quantitative microbiological culture of U-bend samples
(N = 620) immediately after each of 62 treatment cycles.
Additional samples (N = 420) were taken 24 h after treatment
for 42 cycles to assess microbial recovery. Samples were taken
from control U-bends (N = 372) following each treated U-bend
decontamination cycle. U-bends were flushed with tap water
after each decontamination cycle to void residual anolyte. The
interior surfaces of U-bends were sampled through the access
ports using sterile cotton wool swabs (Venturi, Transystem,
Copan, ltaly) dipped in neutralizing solution (0.5% w/v sodium
thiosulphate) [8]. Six internal sites were sampled in rotation to
avoid sampling the same parts of the U-bends continually
(Figure 1a). One site was sampled after each treatment cycle,
and swabs were processed immediately. The tip of each swab
was cut off and vortexed for 1 min in 1 mL of sterile phosphate-
buffered saline, serially diluted and plated in duplicate on to
Columbia blood agar (CBA) (Lip Diagnostic Services, Galway,
Ireland), Reasoner’s 2A (R2A) agar (Lip) and Pseudomonas
aeruginosa selective agar (PAS) (Oxoid Ltd, Basingstoke, UK).
PAS, CBA and R2A plates were incubated at 30°C for 48 h, 37°C
for 48 h and 20°C for 10 days, respectively. Colony counts were
recorded as cfu/swab [8]. The characteristics of different
colony types and their abundance were recorded, and selected
colonies of each were stored [8].



E.C. Deasy et al. / Journal of Hospital Infection 100 (2018) €98—e 104 e101

Process memmemmemeeneeaa Washbasin '
controller | ____ | 1 !
ECA i H Water E Wastewater
generator H ! r ’ I
Lo U-bend level outflow
/_|\ - : trap i pipe
Do L U —
Catholyte E i Ball valve
reservoir —l—@ N and actuator
! Pump Check
! valve
— Anolyte -
reservoir @ |
Pump Check
valve
10-min 10-min
5 > ——— 1 5 ®» — %
1. Close 2. Catholyte dosing 3. Open 4. Close 5. Anolyte dosing 6. Open
pump active for pump active for
3.5 min 3.5 min

Figure 2. A schematic of the automated system for the simultaneous decontamination of 10 washbasin U-bends, drain outlets and
wastewater pipes by sequential treatment with catholyte followed by anolyte used in the present study. Only four washbasins are shown
for clarity. Each U-bend had two ports to facilitate sampling. The lower part of the figure shows a process control schematic for auto-
mated decontamination. The programmable process controller initiates treatment cycles. At the start of each cycle, the process
controller sends a signal to the actuator to close the valve on the wastewater outflow pipe. After a 30-s delay, a signal activates the
catholyte dosing pump for 3.5 min, and catholyte is pumped into the pipework below the washbasin U-bends until the pipework and
U-bends are completely filled to a level 5 cm above the washbasin drain outlets. Catholyte is left in situ for 10 min, after which time the
process controller opens the valve, voiding catholyte to the wastewater stream. The valve is then closed, and after a 30-s delay, the
process controller activates the anolyte dosing pump for 3.5 min and the cycle proceeds as per catholyte dosing. After 10 min, the anolyte
is voided to waste, completing the cycle. ECA, electrochemically activated.

Identification of bacterial isolates

Bacterial identification was determined using the Vitek MS
Matrix-Assisted Laser Desorption lonization-Time of Flight Mass
Spectrometry system (Vitek, bioMérieux, Marcy UEtoile,
France) according to the manufacturer’s instructions.

Electron microscopy

At the end of the study, selected U-bends were cut longi-
tudinally and sections were examined for biofilm, without prior
fixation, by scanning electron microscopy [13].

Statistical analysis

Statistical analyses were performed using GraphPad Prism
v.5 (GraphPad Software, San Diego, CA, USA). Statistical sig-
nificance was determined using unpaired, two-tailed Student’s
t-test with 95% confidence intervals. Statistical significance of
more than two sets of data was determined using one-way
analysis of variance.

Results
Automated U-bend decontamination

A novel large-scale automated U-bend decontamination
system was developed and installed at the Accident & Emer-
gency Department at DDUH which permitted each U-bend,
drain and associated wastewater pipes of 10 washbasins to be
completely filled sequentially with catholyte followed by
anolyte (Figure 2). Empirical experiments were undertaken
with the system to determine the optimal concentrations of
each ECA for effective decontamination of the 10 U-bends in a
relatively short time period. The previous proof of concept
study used 450 ppm of anolyte and 40 ppm of catholyte, while
for the larger system, this was increased to 800 ppm anolyte
and 80 ppm of catholyte. The contact time between the solu-
tions and the pipework was increased from 5 min to 10 min.
Sampling was also changed from using a single access port
U-bend to U-bends with two access ports (Figure 1). This
permitted six selected sites to be sampled in rotation, reducing
mechanical removal of biofilm from repetitive sampling as ECA-
treated U-bends were sampled 1040 times (Table I).
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Average quantitative bacterial counts from 10 washbasin U-bends subjected to automated treatment with electrochemically activated
solutions (ECA) and the corresponding counts from six untreated U-bends

Agar U-bend Average bacterial counts SD Range of bacterial P-value
medium in cfu/swab from ECA-treated counts in cfu/swab
(N = 62 cycles, 620 swabs) and
control (N = 372 swabs) U-bends
CBA Treated 73.4 258.2 0—4.6 x 10° <0.0001
Untreated 2 x 10° 4% 10° 0—4 x 10°
R2A Treated 122.5 371.3 0-5.8 x 10° <0.0001
Untreated 3.3x10° 1.1 x 10° 0—1.8 x 107
PAS Treated 15.3 184.5 0-3.4 x 10° <0.0001
Untreated 2.7 x 10* 1.2 x 10° 0—1.4 x 10°
Average bacterial counts in
cfu/swab 24 h after ECA
treatment (N = 42 cycles,
420 swabs) and control
(N = 252 swabs) U-bends®
CBA Treated® 53.2 127.6 0—1 x 103 <0.0001
Untreated 2.1 x 10° 4.3 x 10° 500—3.2 x 10°
R2A Treated? 91.7 277.6 0-3.5 x 10° <0.0001
Untreated 2.9 x 10° 6.1 x 10° 1.3 x 10°-5 x 10°
PAS Treated® 15.6 119 0-1.7 x 10° <0.0001
Untreated 2.6 x 10* 1.1 x 10° 0—1.4 x 10°

CBA, Columbia blood agar; R2A, Reasoner’s 2A agar; PAS, Pseudomonas aeruginosa selective agar; SD, standard deviation; cfu, colony-forming units.
@ The average bacterial counts in cfu/swab were determined for the 10 ECA-treated U-bends and the six untreated U-bends 24 h after treatment

for 42 of 62 ECA treatment cycles.

All 10 test washbasins were exposed to three weekly
decontamination cycles (Monday, Wednesday and Friday) over
five months (62 cycles), which was almost double the number
of cycles assessed in the previous proof of concept study. Six
additional washbasins located elsewhere in DDUH were used as
controls. Swab samples were taken from the internal surfaces
of the U-bends, and semi-quantitative bacterial counts were
determined on CBA, R2A and PAS. The average bacterial den-
sity from the six untreated U-bends during the study on CBA,
R2A and PAS was 2 x 10° (SD 4 x 10°), 3.3 x 10° (SD 1.1 x 10°)
and 2.7 x 10* (SD 1.2 x 10°) cfu/swab, respectively (Table ).
For the 10 ECA-treated U-bends over 62 cycles, the average
bacterial density on CBA, R2A and PAS was 73.4 (SD 258.2),
122.5 (SD 371.3) and 15.3 (SD 184.5) cfu/swab, respectively
(Table 1). The average reduction in viable counts from ECA-
treated U-bends was >3 log or a 99.9% reduction. Reductions
in average bacterial counts from treated U-bends on all media
relative to the counts from control U-bends were highly sig-
nificant (P<0.0001) (Table I). There was no significant differ-
ence in average bacterial counts on all media between the 10
individual treated U-bends over the study period (P>0.4).
Additional U-bend samples taken from all 10 treated U-bends
24 h after treatment for 42 of 62 decontamination cycles
showed no significant increase (P>0.1) in average bacterial
counts on all media (Table I).

Bacterial species identified from U-bends

The range of bacterial species identified from treated and
control U-bends throughout the study is shown in Table A (see
online supplementary material). Although the bacterial den-
sity in treated U-bends was consistently significantly lower

than controls, the diversity of species identified was greater
due to a greater number of Gram-positive bacterial species
comprising several species of staphylococci (Table A see online
supplementary material). Gram-negative bacterial species
identified from treated and control U-bends were similar.
P. aeruginosa was recovered from all U-bends during the study.
The average P. aeruginosa count from treated U-bend samples
was 15 (SD 185) cfu/swab (N = 620 samples); however, only 12%
(74/620) of samples yielded P. aeruginosa, and of these, only
2% yielded >10 cfu/swab. In contrast, 78% (290/372) of swab
samples (N = 372) from control U-bends yielded P. aeruginosa,
and of these, 58% yielded >1000 cfu/swab.

Biofilm on ECA-treated and control U-bends

Following completion of the ECA treatment phase, the
U-bends from several ECA-treated and control washbasins were
removed and cut in longitudinal sections. Visual examination of
the control U-bends revealed patchy, slimy biofilm on the inner
surfaces, which extended to the region connecting to the
washbasin drain outlet (Figure 1). In contrast, ECA-treated
U-bends were visually free from biofilm (Figure 1). Electron
microscopy of several sections of the inner surfaces of control
U-bends confirmed the presence of dense biofilm and its
absence in ECA-treated U-bends (Figure A, see online
supplementary material).

Biofilm on washbasin drain outlet surfaces

At the end of the study period, a visual examination of
washbasin drain outlets revealed biofilm within the outlets of
all control washbasins and its absence in treated washbasin
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drain outlets (Figure B, see online supplementary material).
Neutralized swab samples taken from the drain outlets of six
treated washbasins yielded average bacterial densities of
1 cfu/swab (range 0—5) on CBA agar. No bacteria were recov-
ered on PAS agar. The corresponding average bacterial den-
sities from control washbasin drain outlets were 4.1 x 10°
(range 120—5.6 x 10%) on CBA and 874.2 (range 5—2.7 x 10°)
cfu/swab on PAS. Additional swab samples were taken from the
surface of each washbasin immediately adjacent to the drain
outlets, and no bacteria were recovered from samples from the
six test washbasins on CBA or PAS media. In contrast, 3.6 x 10°
(range 30—8.6 x 10°) cfu/swab was recovered on CBA and
1.2 x 10° (range 0—6.2 x 10°) on PAS from the control wash-
basin surface samples.

Adverse effects on washbasin wastewater network

No adverse effects were observed following regular in-
spection of the washbasins, U-bends or associated wastewater
pipework during and at the end of the study, and no leaks were
identified.

Discussion

Proof of concept for effective and consistent decontami-
nation of washbasin U-bends by automated sequential treat-
ment with catholyte followed by anolyte was demonstrated in
a previous study using a single domestic pattern washbasin
located in a hospital washroom [8]. The present study devel-
oped a novel automated ECA treatment system to decontami-
nate 10 hospital pattern washbasin U-bends, drain outlets and
proximal wastewater pipes simultaneously in a busy hospital
department. The results of the study demonstrate that the
large-scale system has a comparable decontamination efficacy
to the pilot system, as both resulted in a >3 log reduction in
bacterial counts in treated U-bends relative to controls
(P<0.0001). However, with the large system, >3 log reductions
were achieved simultaneously in 10 separate U-bends in a busy
hospital clinic, demonstrating that this approach has good po-
tential for application in hospital departments and wards
equipped with multiple washbasins. In the pilot study,
P. aeruginosa was not recovered from the ECA-treated U-bend.
The finding of low densities of P. aeruginosa in some ECA-
treated U-bends within the larger system is not surprising
because of its larger and more extensive network of pipes
servicing 10 washbasins. All control and ECA-treated U-bends
were positive for P. aeruginosa at some point during the study,
indicating that it is endemic within the wastewater network.
Similarly, Cholley et al. sampled 28 U-bends over eight weeks
and found that all were colonized at least once by P. aeruginosa
[1]. In the present study, and in the pilot study, bacterial
counts recovered immediately after ECA treatment and 24 h
later were similar on all media tested, which demonstrated
that biofilm within the pipework did not recover rapidly from
ECA treatment [8]. A limitation to the present study is that the
authors did not demonstrate that this approach would help to
control an actual hospital outbreak associated with contami-
nated U-bends.

A variety of Gram-negative bacterial species other than
P. aeruginosa were identified in ECA-treated and control
U-bends (Table A, see online supplementary material).
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However, a greater range of Gram-positive species was iden-
tified from treated U-bends due to the recovery of several
staphylococcal species that were not identified in the controls
(Table A, see online supplementary material). Staphylococci
are common skin commensals that inevitably get transferred
into U-bends during handwashing. The recovery of staphylo-
cocci from treated U-bends, albeit in low numbers, could be
due to their presence being masked by high densities of Gram-
negative bacteria within the control samples.

The presence of Gram-negative bacteria in washbasin
wastewater pipework constitutes a greater risk of infection
due to their motility. A recent study using green fluorescent
protein-tagged Escherichia coli found that bacteria inocu-
lated into a U-bend supplied with nutrients reached the
drain outlet in one week [9]. In the present study, >10% cfu
bacteria/swab was found within the visible biofilm in un-
treated washbasin drain outlets as well as on the washbasin
surface in front of the outlets. In contrast, ECA-treated
washbasins showed neither visible biofilm nor yielded
detectable bacterial contamination within or adjacent to the
drain outlets (Figure B, see online supplementary material).
These findings show the efficacy of ECA decontamination to
control biofilm within the drain outlet as well as the U-bend,
impeding its ability to potentially contaminate the patient
environment.

The majority of previous approaches to control hospital
outbreaks linked to contaminated U-bends and drains have
involved pouring chemicals down the drain outlets and/or
replacing the washbasin and/or associated pipework
[2,3,6,10]. Vergara-Lépez et al. installed manual shut-off
valves into sink drainage pipes, followed by 30-min treatment
with a quaternary ammonium compound and subsequent
flushing with hot water to control a Klebsiella oxytoca hospital
outbreak [5]. A number of valves had to be manually operated
prior to manual addition of the disinfectant, which may lead to
air being trapped in the pipework, shielding some areas from
disinfection. In contrast, the ECA decontamination system
developed and tested in this study is automated and backfills
the pipework from below each U-bend, reducing the likelihood
of air being trapped. A recent study showed that sink-to-sink
transmission can occur via a common wastewater pipe [9].
The approach used in this study minimizes opportunities for
transmission of organisms between U-bends connected by
common wastewater pipework, as the system decontaminates
drains, U-bends and pipework.

In conclusion, microbial contamination of multiple hospital
washbasin U-bends and drain outlets can be consistently
minimized by automated ECA treatment.

Acknowledgements

The authors wish to thank Tom Johnson, Qlean Enterprises,
for providing the ECA generator and for technical information
on ECA used in this study, and Tony Foster, DDUH, for co-
ordinating ECA treatment cycles.

Conflict of interest statement
None declared.

Funding sources
This study was funded by the DDUH Microbiology Unit.



e104

Appendix A. Supplementary data

Supplementary data related to this article can be found at

https://doi.org/10.1016/j.jhin.2018.01.012.

References

[1] Cholley P, Thouverez M, Floret N, Bertrand X, Talon D. The role of

[2

3

[4

[5

[6

[7

water fittings in intensive care rooms as reservoirs for the colo-
nization of patients with Pseudomonas aeruginosa. Intensive Care
Med 2008;34:1428—33.

] Hota S, Hirji Z, Stockton K, Lemieux C, Dedier H, Wolfaardt G,

—_—

—

et al. Outbreak of multidrug-resistant Pseudomonas aeruginosa
colonization and infection secondary to imperfect intensive care
unit room design. Infect Control Hosp Epidemiol 2009;30:25—33.
La Forgia C, Franke J, Hacek DM, Thomson Jr RB, Robicsek A,
Peterson LR. Management of a multidrug-resistant Acinetobacter
baumannii outbreak in an intensive care unit using novel envi-
ronmental disinfection: a 38-month report. Am J Infect Control
2010;38:259—63.

Breathnach AS, Cubbon MD, Karunaharan RN, Pope CF,
Planche TD. Multidrug-resistant Pseudomonas aeruginosa out-
breaks in two hospitals: association with contaminated hospital
waste-water systems. J Hosp Infect 2012;82:19—24.

] Vergara-Lopez S, Dominguez MC, Conejo MC, Pascual A, Rodriguez-

—_

—

Bafo J. Wastewater drainage system as an occult reservoir in a
protracted clonal outbreak due to metallo-B-lactamase-producing
Klebsiella oxytoca. Clin Microbiol Infect 2013;19:E490—8.

Leitner E, Zarfel G, Luxner J, Herzog K, Pekard-Amenitsch S,
Hoenigl M, et al. Contaminated handwashing sinks as the source
of a clonal outbreak of KPC-2-producing Klebsiella oxytoca on a
hematology ward. Antimicrob Agents Chemother 2015;59:714—6.
Chapuis A, Amoureux L, Bador J, Gavalas A, Siebor E, Chrétien ML,
et al. Outbreak of extended-spectrum beta-lactamase producing

(8]

[9

—

[10]

(1]

[12]

[13]

[14]

E.C. Deasy et al. / Journal of Hospital Infection 100 (2018) e98—e 104

Enterobacter cloacae with high MICs of quaternary ammonium
compounds in a hematology ward associated with contaminated
sinks. Front Microbiol 2016;7:1070.

Swan JS, Deasy EC, Boyle MA, Russell RJ, O’Donnell MJ,
Coleman DC. Elimination of biofilm and microbial contamination
reservoirs in hospital washbasin U-bends by automated cleaning
and disinfection with electrochemically activated solutions.
J Hosp Infect 2016;94:169—74.

Kotay S, Chai W, Guilford W, Barry K, Mathers AJ. Spread from the
sink to the patient: in situ study using green fluorescent protein
(GFP)-expressing Escherichia coli to model bacterial dispersion
from hand-washing sink-trap reservoirs. Appl Environ Microbiol
2017;83:pii:e03327—16.

Stjarne Aspelund A, Sjostrom K, Olsson Liljequist B, Morgelin M,
Melander E, Pahlman L. Acetic acid as a decontamination method
for sink drains in a nosocomial outbreak of metallo-B-lactamase-
producing Pseudomonas aeruginosa. J Hosp Infect 2016;94:13—20.
Kizny Gordon AE, Mathers AJ, Cheong EYL, Gottlieb T, Kotay S,
Walker AS, et al. The hospital water environment as a reservoir
for carbapenem-resistant organisms causing hospital-acquired
infections — a systematic review of the literature. Clin Infect
Dis 2017;64:1435—44.

Fusch C, Pogorzelski D, Main C, Meyer C-L, el Helou S, Mertz D.
Self-disinfecting sink drains reduce the Pseudomonas aeruginosa
bioburden in a neonatal intensive care unit. Acta Paediatr
2015;104:e344-9.

O’Donnell MJ, Boyle M, Swan J, Russell RJ, Coleman DC.
A centralised, automated dental hospital water quality and bio-
film management system using neutral Ecasol maintains dental
unit waterline output at better than potable quality: a 2-year
longitudinal study. J Dent 2009;37:748—62.

Boyle MA, O’Donnell MJ, Miller A, Russell RJ, Coleman DC. Control
of bacterial contamination of washbasin taps and output water
using Ecasol: a one-year study. J Hosp Infect 2012;80:288—92.


https://doi.org/10.1016/j.jhin.2018.01.012
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref1
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref1
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref1
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref1
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref1
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref2
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref2
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref2
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref2
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref2
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref3
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref3
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref3
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref3
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref3
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref3
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref4
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref4
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref4
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref4
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref4
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref5
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref5
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref5
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref5
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref5
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref6
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref6
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref6
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref6
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref6
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref7
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref7
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref7
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref7
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref7
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref8
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref8
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref8
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref8
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref8
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref8
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref9
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref9
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref9
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref9
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref9
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref9
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref10
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref10
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref10
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref10
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref10
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref11
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref11
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref11
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref11
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref11
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref11
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref11
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref12
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref12
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref12
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref12
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref12
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref13
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref13
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref13
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref13
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref13
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref13
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref14
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref14
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref14
http://refhub.elsevier.com/S0195-6701(18)30055-0/sref14

Journal of Hospital Infection 104 (2020) 484—491

Available online at www.sciencedirect.com

. . *. %4 Health
Journal of Hospital Infection +833 nfaction”

® s * » Society

journal homepage: www.elsevier.com/locate/jhin

Whole-genome sequencing identifies highly related
Pseudomonas aeruginosa strains in multiple washbasin
U-bends at several locations in one hospital: evidence
for trafficking of potential pathogens via wastewater
pipes

E.M. Moloney?, E.C. Deasy?, J.S. Swan®, G.I. Brennan ¢, M.J. O’Donnell?,
D.C. Coleman®*

@ Microbiology Research Unit, Division of Oral Biosciences, Dublin Dental University Hospital, University of Dublin, Trinity
College, Dublin, Ireland

b Facilities Department, Dublin Dental University Hospital, Dublin, Ireland

©National MRSA Reference Laboratory, St. James’s Hospital, Dublin, Ireland

ARTICLE INFO SUMMARY

Article history:

Received 13 September 2019
Accepted 11 November 2019
Available online 15 November

Background: Hand washbasin U-bends have increasingly been associated with nosocomial
outbreaks by Gram-negative bacteria, including Pseudomonas aeruginosa which is virtually
ubiquitous in U-bends. Wastewater networks servicing U-bends are potential highways for
trafficking pathogenic bacteria.

2019 Aim: To use P. aeruginosa to investigate trafficking of bacteria between hospital wash-
basin U-bends.

Keywords: Methods: Twenty-five washbasin U-bends in five locations in Dublin Dental University
Washbasin U-bends ) Hospital (DDUH) were investigated for trafficking of P. aeruginosa: 10 in Clinic 2 (C2), 10 in
Pseudomonas aeruginosa the Accident & Emergency Department (A&E) and five in three other locations. In addition,
Whole-genome sequencing washbasin tap samples (N=80) and mains and tap water samples (N=72) were cultured for
Wastewater pipes P. aeruginosa. Selected P. aeruginosa isolates recovered over 29 months underwent whole-
St.ra.in trafficking genome sequencing, and relatedness was interpreted using whole-genome multi-locus
Biofilm sequence typing and pairwise single nucleotide polymorphism (SNP) analysis.

T Findings: P. aeruginosa was recovered from all U-bends but not from taps or water. Eighty-

three U-bend isolates yielded 10 sequence types (STs), with ST560 and ST179 from A&E, C2
and two other locations predominating (70%). ST560 was also recovered from a common
downstream pipe. Isolates within ST560 and ST179 were highly related regardless of
source. ST560 was divided into Cluster | (N=25) and Cluster Il (N=2) with average allelic
differences and SNPs of three and zero, and two and five, respectively. The 31 ST179
isolates exhibited an average allelic difference and SNPs of three and 12, respectively.
Conclusion: Highly related P. aeruginosa strains were identified in multiple U-bends in
several DDUH locations, indicating trafficking via the wastewater network.
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Introduction

Handwashing is vital to reduce the spread of infection.
Ironically, while the presence of hand washbasins in hospitals
promotes handwashing, it also provides increased associated
risk of infection [1].

In hospitals, the wastewater pipe network is a complex and
lengthy system servicing sanitary fixtures throughout the
facilities. Wastewater pipes are constantly damp which
encourages biofilm growth [2]. Wastewater networks open to
the environment throughout hospital buildings in areas occu-
pied by patients and staff at washbasin, sink and shower drains.
Wastewater traps are a fundamental part of sanitary fixtures
including washbasins, sinks, baths, showers and toilets, and
prevent sewer gas entering buildings from wastewater pipes.
Traps are situated below the drain outlet and consist of shaped
pipework (e.g. U-bends) that retain water, forming a seal
against the ingress of sewer gas [3]. This water stagnates when
the fixtures are idle, and biofilms form readily within the
retained water section of the trap and can extend to the fixture
drain outlet [3]. Micro-organisms present in these biofilms can
contaminate the washbasin and the surrounding environment,
particularly if tap water directly impacts the drain causing
splashing and aerosol formation [3—5].

Many studies have described nosocomial outbreaks caused
predominantly by Gram-negative bacteria, associated directly
or indirectly with contaminated washbasin and sink drains
[1,4,6—9]. Furthermore, many recent reports have highlighted
the importance of washbasin and sink drains in the nosocomial
transmission of carbapenemase-producing Enterobacteriaceae,
an emerging health threat globally [9].

Previous studies have demonstrated that bacteria present in
washbasin and sink drains can be aerosolized by the impact of
tap water flow, and can contaminate the washbasin, taps and
local environmental surfaces [1,10,11]. An in-vitro study using
a monoculture of a laboratory strain of Escherichia coli
expressing green fluorescent protein (GFP) showed that biofilm
in a sink U-bend model system grows upwards towards the sink
drain outlet, and that subsequent splatter contaminates the
bowl and surrounding area [5]. This study also showed traf-
ficking of E. coli to adjacent sinks via common wastewater
pipes. Deasy et al. [3] reported the growth of biofilm between
washbasin U-bends and drain outlets in a hospital setting. It is
not surprising that bacteria should spread from the U-bends of
adjoining sanitary fixtures via common pipework, and over
time perhaps via the wastewater pipe network to the U-bends
of distantly located fixtures.

This study investigated whether individual strains of bac-
teria are distributed throughout a washbasin wastewater pipe
network in order to provide evidence for strain trafficking in a
hospital setting. For this purpose, Pseudomonas aeruginosa
isolates from washbasin U-bends were used as a marker
organism because this is among the most frequently encoun-
tered bacteria identified from hospital washbasin U-bends. The
genetic relatedness of P. aeruginosa isolates from multiple
washbasin U-bends at adjacent and distant sites in one hospital

was investigated using whole-genome sequencing (WGS). The
study also investigated whether regular decontamination of
washbasin U-bends affects the population structure of
P. aeruginosa.

Methods
Hand washbasins

Twenty-five ceramic hand washbasins at Dublin Dental
University Hospital (DDUH) were investigated. Twenty-four
were hospital-pattern (HP) washbasins with offset drain out-
lets [3,12]. One domestic pattern (DP) washbasin had the drain
located directly below the tap water flow. Each HP washbasin
tap had a thermostatic mixing valve set to provide water at
38°C. The DP washbasin had a manual mixer tap. All washbasins
were used for handwashing alone with Tork extra mild liquid
soap (SCA Hygiene Products Ltd, Dunstable, UK). All were in
frequent use each day on weekdays, and fitted with identical
polypropylene U-bends with two integrated sampling ports, as
described in detail elsewhere [3]. Unscrewing a cap from each
port permitted access to the U-bend interior for sampling.

Washbasins were selected to represent the diversity of large
clinics and other areas in different DDUH locations. Ten HP
washbasins were located in the Accident & Emergency
Department (A&E; equipped with 11 washbasins in total) on the
ground floor and 10 HP washbasins were located in Clinic 2 (C2;
equipped with 15 washbasins in total) on the second floor. C2
and A&E were refurbished in August 2017 and 2016, respec-
tively, with identical new washbasins, taps, U-bends and
wastewater pipes [3]. Cold water was provided to washbasin
taps from a 15,000-L tank supplied with mains water, which
also supplied a calorifier providing hot water to the taps. Hot
and cold water supplied to DDUH washbasins is treated with
residual anolyte (2.5 ppm), an electrochemically activated
disinfectant solution composed predominately of hypochlorous
acid [13]. Both clinics operate as outpatient facilities on
weekdays. Additional HP washbasins from different locations in
DDUH included one in the Central Sterile Services Department
(CSSD; equipped with one washbasin) on the first floor and
three in West Clinic (WC; equipped with six washbasins) on the
ground floor. The DP washbasin was in a staff bathroom on the
third floor, distant from clinics (Figure S1, see online
supplementary material).

The 10 washbasins investigated in C2 are located in five
bays, each with three washbasins; two washbasins in each bay
were included in this study. The U-bend of each C2 washbasin
was connected via a 1-m vertical pipe to one of a series of five
horizontal wastewater pipes, each of which serviced individual
bays. Each pipe discharged water into an individual vertical
pipe, which passed through the building into the basement
(Figure S1, see online supplementary material). Three of the
five vertical pipes connected to a larger common horizontal
wastewater pipe connected to the municipal sewer at the
building perimeter. The other two vertical pipes connected to a
separate common horizontal wastewater pipe that discharged
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wastewater to the municipal sewer at a separate outlet. The U-
bends of each A&E washbasin were connected via 1-m vertical
pipes to a common horizontal wastewater pipe that discharged
water into a vertical pipe connected to the same large common
wastewater pipe servicing C2. The CSSD washbasin discharged
water into one of the vertical wastewater pipes servicing C2.
The washbasin U-bends in WC and the DP washbasin discharge
wastewater to the sewer system at different outlets to C2 and
A&E (Figure S1, see online supplementary material).

Since their installation in August 2016, A&E washbasin U-
bends have undergone automated decontamination three
times each week, involving sequential treatments with two
electrochemically activated (ECA) solutions generated from
brine: catholyte (80 ppm NaOH) with detergent properties and
anolyte (632 ppm HOCI) with disinfectant properties [3]. This
involves completely filling U-bends with ECA solutions
sequentially for 10 min each, facilitated by closing an elec-
tronic valve on the common wastewater outflow pipe [3]. Other
DDUH washbasin U-bends were not decontaminated.

Testing water and taps for P. aeruginosa

Seventy-two 1-L water samples, eight from the washbasin
cold water supply, eight from the mains supply and 56 from
washbasin taps (including 16 each from A&E and C2), were
tested for P. aeruginosa. Samples were taken in sterile bottles,
neutralized with 0.5% sodium thiosulphate [14] and vacuum
filtered through 0.45-um filters (Sartorius, Gottingen, Ger-
many), followed by incubation on P. aeruginosa selective agar
(PSCN). Swab samples of 20 representative DDUH washbasin
taps (including five each from A&E and C2) were sampled four
times at 6-month intervals with swabs dipped in sodium thio-
sulphate (0.5%) and cultured on PSCN.

Recovery of P. aeruginosa from U-bends

U-bends were flushed with water prior to sampling.
P. aeruginosa was recovered by swab sampling U-bend interiors
via sampling ports using sterile cotton swabs (Venturi Trans-
ystem, Copan, Italy) dipped in 0.5% (w/v) sodium thiosulphate
solution [3,13]. C2 U-bends were sampled once weekly for 52
weeks (N=520), whereas A&E U-bends were sampled immedi-
ately after decontamination, and 24 h and 48 h after decon-
tamination for 52 weeks (N=1560). Average bacterial densities
were calculated from these samples.

Swab tips were suspended in 1 mL of sterile phosphate
buffered saline, vortexed and serially diluted, and 100-pL ali-
quots were spread in duplicate on Colombia blood agar (CBA),
Reasoner’s 2A (R2A) agar and PSCN as described elsewhere [3].
Presumptive P. aeruginosa isolates were recovered on PSCN,
purified and identified using matrix-assisted laser desorption
ionization—time of flight mass spectrometry (MALDI-TOF-MS)
[3]. Isolates were stored at -80°C in Microbank cryovials (Prolab
Diagnostics, Neston, UK). Unless otherwise stated, a single
isolate from each sample was stored (see below).

Study design and isolate selection
C2 was selected as a model clinic to investigate the pop-

ulation of P. aeruginosa in washbasin U-bends (N=10) by
WGS. A 6-month time frame was established for the selection

of P. aeruginosa isolates to be sequenced (February—July
2018) to reduce WGS costs. Overall, 55 isolates were
sequenced (Table S1, see online supplementary material).
These included five P. aeruginosa isolates from at least three
independent U-bends recovered monthly for the 6-month
period (N=30). An additional 17 P. aeruginosa from one U-
bend (B2D3) consisted of isolates recovered at intervals of at
least 1 week over the 6 months. The remaining eight isolates
consisted of separate P. aeruginosa isolates recovered in
February 2019 from one B2D3 sample following completion of
the sampling period.

Twenty-one P. aeruginosa isolates from ECA-treated A&E
U-bends were investigated (Table S1, see online
supplementary material). Isolates recovered over a longer
sampling period (January 2017—March 2019) were selected for
WGS because the majority of ECA-treated U-bend samples
failed to yield P. aeruginosa [3]. Isolates from three time
points were investigated: immediately after ECA treatment
(N=7), 24 h after ECA treatment (N=7) and 48 h after ECA
treatment (N=7).

Additional isolates from other locations in DDUH were
included in this study: three from separate WC U-bends (June
and July 2017), two from a CSSD U-bend (May and June 2017)
and two from the DP washbasin U-bend (May and August 2017).
Three additional isolates recovered in May 2019 from the main
common wastewater collection pipe servicing C2 and A&E at
the point of discharge into the municipal sewer were also
investigated. In total, 83 U-bend isolates and three additional
wastewater pipe isolates were selected for sequencing from
DDUH.

A selection of P. aeruginosa comparator isolates from sep-
arate washbasin U-bends from two other Irish hospitals (N=9),
from a dental chair water reservoir from a clinic outside of
DDUH (N=2) and isolates previously recovered from dental
suction systems (N=7) [15] were investigated as comparator
isolates. The P. aeruginosa reference strains PAO1 [16] and
ATCC15442 [17] were also included. In total, 104 environmental
isolates and two reference isolates were sequenced.

Whole-genome sequencing

Genomic DNA was extracted from P. aeruginosa using the
Qiagen DNeasy Blood and Tissue Kit (Qiagen, Crawley, UK).
Sequencing libraries were prepared using the Nextera DNA Flex
Kit (Illumina, Eindhoven, The Netherlands), and paired-end
reads were generated using the MiSeq Reagent Kit v2 (500
cycles) (Illumina) using the MiSeq sequencing platform. All
isolate sequences passed quality metrics of average Q30 >30
with an average read coverage of >50X. Read qualities were
checked using Galaxy software tools [18] and, where neces-
sary, reads with a Phred score of <30 were trimmed using
Trimmomatic software [18].

Genome assembly and analysis

The BioNumerics v7.6 (Applied Maths, Sint-Martens-Latem,
Belgium) suite of software applications were used to analyse
WGS data. FASTQ files were uploaded to BioNumerics, the raw
reads were de-novo assembled and contigs were generated
using SPAdes v6.4 [19]. The BioNumerics P. aeruginosa whole-
genome (wg) multi-locus sequence typing (MLST) scheme
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consisting of 15,136 loci was used for assembly-free and
assembly-based allelic detection. The MLST profile of each
isolate was determined using PUbMLST (BioNumerics). Pairwise
single nucleotide polymorphism (SNP) analysis was used. SNP
filter exclusion parameters were set to remove potential indel-
related SNPs (SNPs occurring within 12 bp), positions with
ambiguous base calls, and SNPs in repeat regions. Minimal
spanning trees (MSTs) were generated using BioNumerics,
based on Kruskal’s algorithm.

Statistical analysis

Statistical significance was determined using an unpaired,
two-tailed Student’s t-test with 95% confidence interval using
GraphPad Prism v.5 (GraphPad, San Diego, CA, USA).

Results
P. aeruginosa from C2 and A&E U-bends

P. aeruginosa was recovered from all U-bends in C2 and A&E
during the study. C2 U-bends were not decontaminated,
whereas A&E U-bends were decontaminated three times each
week with ECA solutions. The average bacterial densities from
the 10 A&E U-bends showed a >4.4 log reduction on all media
(CBA, R2A and PSCN) immediately after disinfection compared
with the corresponding average bacterial densities from the 10
C2 U-bends over the 12-month study. Reductions were highly
significant (P<0.0001) on all media. The average bacterial
densities in C2 U-bends (520 samples, all P. aeruginosa positive)
on CBA and PSCN were 1,862,000 (+678,076) colony-forming
units (cfu)/swab and 1,547,000 (+807,633) cfu/swab, respec-
tively. The corresponding average bacterial densities in A&E U-
bends immediately after ECA treatment (520 samples, 6%
P. aeruginosa positive) were 28.6 (+57.13) and 13.54 (£77.63)
cfu/swab, respectively.

The approximate abundance of P. aeruginosa relative to
other bacteria in U-bends from each clinic was determined.
Over a period of 5 weeks, representatives of the different
colony types recovered on CBA from A&E U-bends were iden-
tified using MALDI-TOF-MS. P. aeruginosa accounted for 58% of
all identifiable colony types. Similarly, over a period of 2
weeks, P. aeruginosa accounted for 32% of all identifiable
colony types from C2 U-bends.

P. aeruginosa STs in DDUH U-bends

Sequencing of 55 P. aeruginosa isolates selected from C2 U-
bends yielded four STs (ST179, ST252, ST298 and ST560). ST179
and ST560 accounted for 49.1% (27/55) and 34.5% (19/55) of
isolates, respectively (Table S1, see online supplementary
material). C2 U-bend B2D3 was sampled weekly during the
same period and 17 isolates from separate samples belonged to
ST179 [nine isolates, average allelic difference of 1 (range
0—2)] and ST560 [eight isolates, average allelic difference of 1
(range 0—2)]. Eight isolates from one B2D3 sample belonged to
ST179 [average allelic difference of 2 (range 0—7)]. Analysis of
all C2 ST560 (N=19) and ST179 isolates (N=27) showed that
isolates within each ST were very closely related [average
allelic difference of 1 (range 0—4) and 2 (range 0-—14),
respectively].

Sequencing of 21 P. aeruginosa isolates selected from seven
A&E U-bends yielded six STs, including ST308 (N=7), ST560
(N=4), ST773 (N=4), ST296 (N=3), ST179 (N=2) and ST27
(N=1). The four ST560 and two ST179 isolates exhibited an
average allelic difference of 14 (range 0—35) and 0—7 allelic
differences, respectively. Overall, the allelic difference range
for the two most abundant STs recovered from C2 and A&E,
ST179 and ST560, exhibited an average allelic difference of 3
(range 0—17) and 10 (range 0—64), respectively.

Seven P. aeruginosa isolates from three other washbasin U-
bends in CSSD (N=2), WC (N=3) and the staff bathroom (N=2)
yielded four STs (ST27, ST179, ST253 and ST560) (Table S1, see
online supplementary material). Three isolates belonging to
ST253 and ST560 were recovered from the main common
wastewater pipe receiving wastewater from A&E, C2 and CSSD
at the point of discharge to the municipal sewer.

P. aeruginosa STs among comparator isolates

The 11 P. aeruginosa isolates investigated from three other
healthcare facilities (including nine isolates from washbasin U-
bends in two acute hospitals) yielded eight STs (ST17, ST253,
ST282, ST298, ST313, ST348, ST390 and ST395) (Table S1, see
online supplementary material). Only two of these (ST253
and ST298) were identified in DDUH. The ST298 isolate from
Hospital 2 exhibited 135 allelic differences to the ST298 iso-
lates (N=6) from C2 (ST298 was not identified in A&E U-bends).
Furthermore, the two ST253 isolates identified in the common
wastewater pipe servicing C2 and A&E exhibited 53 allelic
differences to the single ST253 isolate from Hospital 2.
P. aeruginosa recovered from dental suction systems (N=7)
yielded two STs including ST1320 [N=6; average allelic differ-
ence of 4 (range 0—11)] and ST2865 (N=1).

Population structure of DDUH and comparator
P. aeruginosa

An MST based on wgMLST profiles was generated showing the
STs of all isolates investigated (Figure 1a). Overall, eight
P. aeruginosa STs were identified among 83 isolates from DDUH
U-bends and three from the common wastewater pipe (ST27,
ST179, ST252, ST253, ST296, ST298, ST308, ST560 and ST773).
One of the predominant DDUH STs, ST179 (N=31), exhibited an
average allelic difference of 3 (range 0—17), indicating that
these isolates were very closely related (Figure 1a). Isolates of
the second predominant ST, ST560 (N=27), exhibited an aver-
age allelic difference of 7 (range 0—64), suggesting that these
isolates were more diverse. However, two isolate clusters were
evident within ST560: Cluster | (N=25; average allelic differ-
ence of 3 (range 0—21)] and Cluster Il (N=2; no allelic differ-
ences) (Figure 1a).

ST560 and ST179 isolates were also investigated by pair-
wise SNP analysis; these isolates exhibited an average of nine
(range 0—66) and 12 SNPs (range 0-—38), respectively
(Figure 1b,c). ST560 Cluster | isolates exhibited an average of
two SNPs (range 0—8) (including isolates from C2, A&E, CSSD
and the common wastewater pipe), whereas the two ST560
Cluster Il isolates (from A&E) exhibited five SNPs. Cluster Il
was differentiated from Cluster | by 59 SNPs (Figure 1b). ST179
isolates (including isolates from C2, A&E and staff bathroom)
exhibited an average of 12 SNPs (range 0—38) (Figure 1c). Two
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Figure 1. Minimum spanning trees (MSTs) based on whole-genome multi-locus sequence typing (WgMLST) and single nucleotide poly-
morphism (SNP) data of Pseudomonas aeruginosa isolates. (a) An MST based on wgMLST data of all 106 isolates investigated showing the
relationships between the sequence types (STs) identified including the PAO1 and ATCC15442 reference strains. Numbers on the branches
show allelic differences between ST isolate groupings. The colour-coded key to the right of the figure identifies STs and the origin of
isolates within each ST. Eighty-three isolates (ST179, ST252, ST298, ST560, ST308, ST773, ST296 and ST27) were recovered from U-bends
at Dublin Dental University Hospital (DDUH) and three isolates (ST253 and ST560) were recovered from the main common wastewater pipe
servicing washbasins in Clinic 2 (C2), the Accident & Emergency Department (A&E) and the Central Sterile Services Department (CSSD).
ST179 and ST560 accounted for 37.3% (31/83) and 32.5% (27/83) of the total DDUH isolates sequenced. ST560 isolates had two distinct
clusters: Cluster | consisted of 25 isolates, whereas Cluster Il consisted of two isolates. ST179 and ST560 were not identified among
comparator isolates investigated. The allelic threshold of relatedness for P. aeruginosa isolates was set at <14 allelic differences, as
suggested previously [29]. (b) An MST based on the SNP analysis of the 27 ST560 DDUH isolates recovered from C2, A&E, CSSD and the main
common wastewater pipe. The threshold of isolate relatedness was set at <37 SNP differences, as suggested previously [31]. The isolates
formed two distinct groups, Clusters | and Il, differentiated by 59 SNPs. The average number of SNPs within the 25 isolates of Cluster | was
two (range 0—8), whereas the two Cluster Il isolates differed by five SNPs. Isolates within each of the two clusters revealed by SNP analysis
corresponded to the same isolates identified within the two ST560 clusters identified by wgMLST analysis. These findings confirmed that
isolates within each cluster were very closely related. (c) An MST based on the SNP profiles of the 31 ST179 DDUH isolates recovered from
C2, A&E and the staff bathroom. Isolates differed by an average of 12 (range 0—38) SNPs.

isolates from U-bends in A&E and the staff bathroom exhibited
no SNPs (Figure 1c).

Testing DDUH water for P. aeruginosa

P. aeruginosa was not detected in the potable mains water
supply (N=8), the anolyte-treated water supply to washbasin
taps (N=8) or washbasin tap water (N=56). Swab sampling of 20
DDUH washbasin taps including five each from C2 and A&E on
four occasions each also failed to detect P. aeruginosa.

Effects of A&GE U-bend decontamination on the
P. aeruginosa population structure

Of the 21 isolates sequenced from A&E, four STs were
identified immediately after U-bend decontamination (ST296,
ST308, ST560 and ST773), four were identified 24 h after dis-
infection (ST27, ST179, ST308 and ST560) and three were
identified 48 h after disinfection (5T296, ST308 and ST773).
Isolates from ST308, ST296, ST773 and ST560 were identified

Discussion

Washbasin U-bends and drains have increasingly been
identified as reservoirs for nosocomial infections [5,6,8,20].

between two or more of the sampling time points. ST308 was
the only ST recovered at all three time points, and the seven
isolates exhibited an average allelic difference of 4 (range
0-38).

Here, P. aeruginosa was used as a marker organism for wash-
basin U-bend contamination, where it is virtually ubiquitous,
and many reports have linked nosocomial transmission of
P. aeruginosa to contaminated U-bends [20—22]. WGS was used
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to investigate the distribution of P. aeruginosa STs in washbasin
U-bends in DDUH focusing on two separate clinics on different
floors, each with a common water supply, similar usage and
equipped with identical washbasins, U-bends and wastewater
pipes. The wastewater pipes from each clinic discharged into
common outflow pipes connected to the municipal sewer
(Figure S1, see online supplementary material). C2 U-bends
were not decontaminated during the study, whereas A&E U-
bends were decontaminated three times each week. Con-
sequently, the burden of P. aeruginosa in A&E U-bends imme-
diately after decontamination was significantly reduced with a
>4.4 log reduction in overall bacterial counts over 12 months
relative to the corresponding bacterial counts in C2 U-bends.
Nonetheless, P. aeruginosa was recovered from every wash-
basin investigated during the study. A previous study inves-
tigated the P. aeruginosa population diversity at two
wastewater sampling sites in a French hospital using MLST, and
identified 15 different STs from 30 samples [23]. Here, the
diversity of P. aeruginosa in C2 U-bends yielded only four STs
among 55 isolates, of which ST179 and ST560 predominated
(83.6%). Six STs were identified among 21 P. aeruginosa isolates
from A&E U-bends, with ST179 and ST560 accounting for 28.6%.
All STs identified have been recovered previously from the
environment, and all except ST296 have been associated with
clinical infections [24—28].

In this study, the allelic and SNP thresholds of relatedness
for P. aeruginosa isolates were set at <14 allelic differences
and <37 SNPs, as suggested previously [29—31]. Isolates within
ST179 and ST560 were very closely related based on wgMLST
and SNP analyses regardless of the location of recovery
(Figure 1 and Figure S1, see online supplementary material).
ST560 represented 32.5% of all DDUH isolates investigated and
was only recovered from C2, A&E and CSSD U-bends, and the
main wastewater pipe common to all three. The average allelic
differences and SNPs within ST560 isolates were 7 (range 0—64)
and 9 (range 0—66), respectively (Figure 1). However, on closer
inspection, the 27 ST560 isolates were grouped into two clus-
ters: Cluster | (N=25) and Cluster Il (N=2). Cluster | isolates
exhibited average allelic and SNP differences of 3 (range 0—21)
and 2 (range 0—8), respectively, whereas Cluster Il isolates
exhibited no allelic differences and five SNPs (Figure 1a,b).
Similarly, ST179 accounted for 37.3% of all DDUH isolates
investigated and was only recovered from C2, A&E and staff
bathroom U-bends. The average allelic differences and SNPs
within ST179 isolates were 3 (range 0—17) and 12 (range 0—38),
respectively (Figure 1a,c). Interestingly, an ST179 isolate
(E24Aug) from an A&E U-bend and an ST179 isolate (LP3F2)
from the staff bathroom U-bend exhibited zero SNPs (Figure 1
and Table S1, see online supplementary material). These U-
bends are located at opposite ends of DDUH, separated by a
distance of approximately 132 m. These results revealed the
presence of very closely related P. aeruginosa isolates in
washbasin U-bends in several different areas of DDUH (i.e. C2,
A&E, CSSD and staff bathroom) and in one of the main waste-
water outflow pipes. C2 washbasin U-bend B2D3 was selected
to investigate the diversity of isolates in an individual U-bend.
Seventeen isolates recovered at intervals of at least 1 week
belonged to ST179 (N=9) and ST560 (N=8), and isolates within
each ST were very closely related [both with an average allelic
difference of 1 (range 0—2)]. These findings reveal the persis-
tence and stability of isolates in an individual U-bend, at least
during the 6-month period when isolates were sequenced. At

the end of the study, eight isolates from one sample from B2D3
belonged to ST179 and exhibited an average allelic difference
of 2 (range 0—7). Isolates from A&E U-bends were included to
investigate the effects of regular U-bend decontamination on
the diversity of P. aeruginosa. The abundance and prevalence
of P. aeruginosa in A&E U-bends was significantly lower than
non-decontaminated U-bends elsewhere in DDUH and the
range of STs was slightly higher (6 vs 4); however, the majority
of ST560 (25/27) and all ST179 (N=31) isolates from the former
were very closely related to isolates from the latter
(Figure 1b,c).

P. aeruginosa isolates in U-bends could have originated from
the supply water, taps, water discharged down U-bends and
wastewater pipes. Hot and cold water supplying washbasin
taps in DDUH has been treated continuously with residual
anolyte (2.5 ppm) since 2012 [13]. During this study,
P. aeruginosa was not isolated from washbasin taps, mains
water, the anolyte-treated washbasin water supply or tap
output water. A previous year-long study from DDUH also failed
to detect P. aeruginosa in anolyte-treated washbasin tap water
or taps from the same sites [13]. Anolyte readily penetrates
biofilms in water systems and this is very likely to be a sig-
nificant factor contributing to the failure to detect
P. aeruginosa in washbasin water and taps in the present and
previous studies [3,13,14]. These findings suggest that supply
water was unlikely to be a significant source of P. aeruginosa in
U-bends; otherwise, a wider range of STs would be expected. It
is highly unlikely that the residual anolyte (2.5 ppm) used to
treat washbasin tap water in DDUH had any significant effect on
bioburden in DDUH U-bends due to high densities of bacteria
recovered from non-decontaminated U-bends. A previous study
demonstrated that small amounts of organic matter (i.e. 1 mg/
mL of bovine serum albumin) completely neutralize the free
available chlorine present in 100 ppm anolyte, which is a
concentration 40 times higher than that used to treat wash-
basin water in DDUH [32]. P. aeruginosa can be carried tran-
siently on the hands [33]. However, if handwashing was a
frequent contributor of P. aeruginosa to U-bends, a far wider
range of STs would be anticipated. The detection of highly
related strains in U-bends in four separate DDUH locations (C2,
A&E, CSSD and staff bathroom) and the main wastewater out-
flow pipe indicates that the wastewater pipe network is a more
likely contributor to U-bend contamination. Interestingly,
ST560 and ST179 isolates were recovered from U-bends in
adjacent clinical bays in C2. Washbasins in individual bays in C2
do not share common proximal wastewater pipes; common
pipework occurs more distally in the network, suggesting that
trafficking of isolates occurs from more downstream regions
(Figure S1, see online supplementary material). The low
diversity identified in P. aeruginosa from U-bends in this study
may be associated with ECA decontamination of A&E U-bends.
Large volumes of spent ECA solutions are discharged following
decontamination, which likely reduces the burden of
P. aeruginosa in downstream pipework, and this may reduce
trafficking [3].

Trafficking of bacteria in wastewater pipes could occur by
wastewater flow, bacterial motility and air currents. Water
discharged down washbasin drains can traffic bacteria in U-
bends and pipes to distal sites in the network. As mentioned
above, the model U-bend and wastewater system supplied with
nutrients in the absence of tap water flow demonstrated that
an E. coli strain expressing GFP exhibited an average growth of
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1 inch/day along the pipework [5]. Flagellar motility has been
shown to be an essential element in the ability of P. aeruginosa
to form biofilms on surfaces and tissues [34]. Air currents occur
in wastewater pipes both by air flow down into the sewer and
within wastewater networks [35]. The flow of water in pipes
results in a partial vacuum that draws air behind the flow of
water. All three methods likely contribute to the dissemination
of related strains in wastewater networks.

In conclusion, previous studies suggested that washbasin U-
bends and associated fittings are potential highways for traf-
ficking potentially pathogenic bacteria [5,11]. This study con-
firmed this using high-resolution WGS typing for the first time,
and demonstrated the distribution of highly related strains of
P. aeruginosa in multiple washbasin U-bends in different
locations in a hospital setting. Consideration should be given to
effective decontamination of wastewater pipes in hospitals, at
least in critical areas. The use of ECA solutions for this purpose
has already yielded encouraging results [3,36].
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