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Abstract

Legionella pneumophija waterborne bacteriunis the primary cause fSIA 2y y I ANBAQ RA &SI a8

pneumonia contracted througthe inhalation of contaminated aerosoWhile this study focuses &n pneumophila
other species, such aggionelldongbeachagcan also cause the disease, particularMistralia and New Zealand
Cooling towers are a predominant source of Legionnaires' outbreaks, as they support the growth of both sessile an
planktonic microbial communities and facilitate thagrosolisationTherefore, microbial growth within these
structures must be rigorously controlled through a varietyooitrol measures. Currently, the efficacy of these control
measures is assessed by routine monitoring of bulk water samples usingloaadmethods. However, this
reliance on planktonic samples combined with culturéhoes, typically delays remedial actions, allowing outbreaks
to occur. This thesis aims to minigeithe delay between the detection bégionellaand the implementation of
remedial actions to prevent outbreaks. It hypotbkesithat biofilm samples could potentially serve as lead indicators
for the rapid detection of. pneumophilaghereby enabling timely corrective measur&dditionally, this research
explores how biofilm samples enhance our understanding of interactions between biofilms, planktonioitesymu
and physicochemical parameters, potentially revealing key factors and trends that inflagiareellayrowth and

lead to outbreaks

To investigate whether biofilm samples could serve as lead indicatbeggionelladetection, a novel and optisgd

biofilm sampling technique waevelopedandsubsequenthemployed. This method was complemented by
independently assessed emerging detection technigues and applied across four strategically selected operational
cooling towers over an ¥®onth period. Additionally, the impact of microbial concentration, viahalitg bacterial
community structure was examined using flow cytometry and 16S rRNA bacterial community analysis, respectively.

This approach significantly enhanced the likelihood of identifying precursor events indichégmoéllgresence.

The research revealed that biofilm samples exclusively idertifigaeumophilduringthe study period, with
Legionellaspp. found in higher concentrations in biofilms compared to bulk water. This underscores biofilms as a
crucial ecological niche fhegionellaspp. Although bacterial concentrations, viability, phgsicochemical

parameters were found to be insufficient predictordefjionellaroliferation, the composition of the bacterial
community within biofilms played a pivotal rdBiofilms, wHe sharing a core set of taxa with bulk water, exhibited a
unique community dominated by lesbundance and rare taxa that significantly influenced microbial interactions and
ecological dynamic3hese dynamics include the introduction of additional organic compounds and nitrogen, as well
as the potential reduction of competitive bacterial populations, which can foster the grolutpréumophilarhese
findings suggest that biofilms can serve as a lead indicatbr foreumophilghighlighting the need for more
comprehensive monitoring policies, practices, and regulations. Such measures should include the assessment of
biofilm samples alongside traditional planktonic samples. Rsiingithioflm samples provides a more accurate and
holistic understanding of the dynamics.efgionellarevealing crucial insights into the microbial communities that
foster conditions conducive to the presenced-gineumophilaTherefore, integrating biofilm sampling into current
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monitoring strategies will not only enhance our understandirigegfonellgroliferation but also allow for the earlier
implementation of remedial actions. Ultimately, this approach is expected to reduce theliegjaofellaoutbreaks,

thereby safeguarding public health.
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represent cooling tower bulk watesamples. The height of the branches reflects the degree of dissimilarity between
samples, with greater heights indicating more distinct microbial communities. -8kes Xabels (Sample ID) represent

a combination of cooling tower ID and sample type (BEofilm, BW = Bulk Water).............cccceeeeeiiiiiiiiinnn, 74

Figure 24 Hierarchical clustering analysis of microbial communities to compare between biofilm and bulk water
samples for cooling tower Al an@ Aising the Bray Curtis dissimilarity matrix. Red lines represent biofilm samples
and blue lines represent bulk water samples. Black lines represent direct link to the biofilm and bulk water samples.
....................................................................................................................................................................... 14

Figure 25 showsrelativeabundant bacterial phylum and class present within each cooling tower over-geai

period, encompassing both biofilm and bulk water samples. Panel A represents PhghahB represents Class.

Phylum and class were filtered using a detection threshold of 0.01% (taxa must constitute at least 0.1 % of total
sequences) and prevalence of 5% (taxa must be present in at least 5 % of sampleS)........cccccccvvveren. 79

Figure 26 showsrelative abundant bacterial phylum and class present within each cooling tower overyeavo

period, encompassing both biofilm and bulk water samples. Panel A represents PRghehBrepresents Class.

Phylum and class were filtered using a detection threshold of 0.01% (taxa must constitute at least 0.1 % of total
sequences) and prevalence of 5% (taxa must be present in at least 5 % of samples)...............oeeeeeiiiiiinnnns 80

Figure 27Shows relative abundant bacterial phylum, class, Family and Genus within the months March, April and
May for cooling tower A2. Phylum, Class, Family and Genus were filtered using a detection threshold of 0.01% (tax
must constitute at least 0.1 % of totséquences) and prevalence of 5% (taxa must be present in at least 5 % of

LS L] 0] =S OSSO 81
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Figure 28 Shows relative abundant bacterRiylum,dass, Family and Genus within the months June, July and
August for cooling tower A2. Phylum, Class, Family and Genus were filtered using a detection threshold of 0.01%
(taxa must constitute at least 0.1 % of total sequences) and prevalence of 5% (taXaenpussent in at least 5 % of
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Figure 29 Shows relative abundant bacterRiylum,Qass, Family and Genus within the months August and
September forcooling tower A2. Phylum, Class, Family and Genus were filtered using a detection threshold of 0.019
(taxa must constitute at least 0.1 % of total sequences) and prevalence of 5% (taxa must be present in at least 5 %
ST L] 01 1= 1) PSP 83

Figure 30Time series plot showing fluctuation in calcium levels (ppm) recoded by four different cooling towers (A1,
A2, B1, B2) from February 2022 to June 2023. Each Cooling tower is represented by a distinct colour to illustrate
trends and variations across thpeifiC PEHOU............oooo i e a e e e e e e e e e 86

Figure 31 Time series plot showing fluctuation in Alkalinity (ppm) recoded by four different cooling towers (A1, A2,
B1, B2) from February 2022 to June 2023. Each Cooling tower is represented by a distinct colour to illustrate trends
and variations across the SPBC PEIOU. ..........ii e e e e s e e e e e ennnees 87

Figure 32 Time series plot showing fluctuation in chloride (ppm) recoded by four different cooling towers (Al, A2,
B1, B2) from February 2022 to June 2023. Each Cooling tower is represented by a distinct colour to illustrate trends
and variations across the SPECIPEIIOU. ..........eiiii e e e e e e e neees 38

Figure 33 Time series plot showing fluctuation in conductivity (Mmhos) recoded by four different cooling towers

(A1, A2, B1, B2) from February 2022 to June 2023. Each Cooling tower is represented by a distinct colour to illustre
trends and variations across tISPECIfIC PEIOU...........ooii i 39

Figure 34 Time series plot showing fluctuation in water temperature (°C) recoded by four different cooling towers
(A1, A2, B1, B2) from February 2022 to June 2023. Each Cooling tower is represented by a distinct colour to illustre
trends and variations acrosSSElBPECific PEIIOU........uuuuuiiiiiiiiiice e 90

Figure 35 Time series plot showing fluctuation in pack temperature (°C) recoded by four different cooling towers
(A1, A2, B1, B2) from February 2022 to June 2023. Each Cooling tower is represented by a distinct colour to illustre
trends and variations across tlsPecCifiC PEHOU..............oooi i e 91
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Abbreviations and Nomenclature

Symbol Definition
BYCE Buffered Charcoal Yeast Extract
CFU Colony Forming Units
DNA Deoxyribonucleic Acid
ddPCR Digital DroplePolymerase Chain Reaction
EMA Ethidium Monoazide
EPS Extracellular Polymeric Substance
GVPC Glycine Vancomycin Polymyxin B Cycloheximide
GU Genomic Unit
HPC Heterotrophic Plate Counts
HSE Health and Safety Executive
ICC Intact Cell Count
IMS Immunomagnetic Separation
LEfSe Linear Discriminant Analysis Effect Size
MmI Milliliters
MPN Most Probable Number
MWY Modified Wadowsky Yee
NHS National Health Service
PERMANOVA Permutational Multivariate Analysis of Variance
PMA PropidiumMonoazide
Pl Propidium lodide
PVC Polyvinyl chloride
gPCR Quantitative Polymerase Chain Reaction
{ Correlation Coefficient (Rho)
rRNA Ribosomal RNA
R2 Coefficient of Determination
TCC Total Cell Count
UM Micrometers
USA United States aAmerica
H Chisquared test
W Sum of the ranks of the first sample
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1.1 Leqionellaand Legionellosis
The genus.egionellasomprises a diverse group of retaped, Grarmegative, intracellular, waterborne bacteria,

naturally occurring in freshwater and engineered water systems (Tan et al., 2021). With over 60 identified species a
more than 70 distinct serogroups recognisedate (PSN, 2034L. pneumophilgarticularly serogroup 1, stands

out as the predominant species responsible for legionellosis, accounting for 90% of all cases (Viasus et al., 2022).

Legionellosis consists of two infections causedegyonell®d | OG SNA 'Y FANRGE &@X [ SAA2Y Y
pneumonia, which was first discovered after an outbreak that occurred in 1976 at the American Legion convention;
andsecondlyPontiac fever, a milder, flike illness (Viasus et al., 2022). Legionellosis is contracted when aerosols
contaminated with_egionelld N Ay KIFf SR® Ly (GKS O &S LegbnelldSckiaargvgl | A NS
to the lungs where they specificallydct alveolar macrophages. This interaction leads to the death of these immune
cells, subsequently triggering a widespread immune response chaseattieyi significant inflammation. In contrast,
Pontiac fever represents a distinctly milder condition, resembling an upper respiratory tract infection-liki¢h flu
symptoms. Unlike Legionnaires' disease, Pontiac fever is generdiiyitialj, with symptoms typically resolving on

their own within a few days (Jomehzadeh et al., 2019).

¢KS OFasS Flrartade NrdS 2F [SIA2yylI ANBAaQ RA&Bsetand Ay
Bouza, 2017). However, the incidence and mortality rates are influenced by several factors, including chronic lung
diseases, smoking, immoguppression, older age, sex, diabetes, alcoholism, cancer, and cardiovascular diseases (P
et al., 2014)The expansion of urban infrastructure has led to an increasing reliance on engineered water systems
most importantly cooling tower@ationalAcademies of Sciences, Engineering, and Medicine,.Zb2ined with

an increase in urban and ageing populations and changes in ofPaathke, Schaible and Hein, 2819 [ SIA 2y Y |
disease cases are rising in Europe and the WiS%reported cases increasing frdié per 100,000 in 2010 to 3.9 per
100,0® in 2020 in the USADPC2020) androm 1.8 per 100,00in 2018 to 2.2 per 100,00n 2019 in Europe
(Samuelsson et al 20LTConsequently, there is an urgent need for a deeper understandlregainellasurvival and

proliferation, effective monitoring methods, and management strategies to enhance public health protection.

1.2 EngineeredNater Systems

Engineered water systems, including potable water distribution systems, dowalang, shower heads, arspa pools

whichare significant sources bf pneumophiland2 dzi 6 NB I {1 a 2F [ Bha @K able )l NBseQ RA &

environments are particularly conducive to producing aerosols capable of contaipmgumophiléGoutziana et al.,
2008; Collins et al., 2017; Leoni et al., 2@8Banjape et al., 20208 addition, decorative fountains and water

features have also been identified as potential reservoirs.fpneumophiléSmith et al., 2015).
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Tablel:52 OdzYSy 4GSR [ SAA2y Yyl ANBAQ 542481 a8 hdzioNBlIl1a Ay GKS ! Y3

Year | Location Source Cases Fatalities Citation
1985 | Stafford Hospital water system | 68 22 0 Mg@hony et al., 1990
1989 | London Unknowncooling 33 5 (Watson et al., 1994)
source
2002 | Barrowin- Air-conditioning unit 179 7 (Bennett et al., 2014)
Furness
2006 | Hereford Spa pool 3 0 (Foster, Gorton &
Waller, 2006)
2012 | Stoke on Trent] Spa pool Multiple (data not | Data not (Leoni et al., 2018)
specified) specified
2012 | Edinburgh Industrial cooling 92 3 (Irons et al., 2013)
towers
2017 | England and | Public and Private 604 Data not (UK Health Security
Wales Water Systems specified Agency2017)

Evaporative cooling towers pose a particular concern as they create conditions that promote both sessile and
planktonic microbial growth, supported by temperatures betwee3%2%_, a neaneutral pH, exposure to sunlight,

and a nutrient supply enriched bgntinuous aeration (Di Gregorio et al., 2017). Cooling towers are the most frequent
confirmed source df. pneumophilaerosolisationcontributing to 28% of all doiteaks (Di Pippo et al., 2018).
Additionally, cooling towers can dispetsmjionellas fa as 12 km (Paniagua et al., 2020), compounding the risk,

especially when situated near densely populated areas, hospitals, or care homes.

Evaporative cooling towers are pivotal to urban water systems, serving assffectdte and energgfficient cooling
solution for a wide range of systems and processes, including those in power generation and the petrochemical
industries. As heat exchgm devices, they circulate water at elevated temperatures from industrial processes over a
pack material. Air flows in the opposite direction to the water, promoting heat transfer and resulting in heat loss. The
cooled water is then collected in the bagmpe either recirculated within the system or discarded into the sewage
system Figure }. The pack material, typically madegpofyvinyl chlorid¢PVC)is crucial to these systems as it

provides an extensive surface area, increasing the contact time between water and air, which in turn enhances the

G022t Ay3 LINRPOSaaQa STTAOASYyO&®
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1.3 Monitoring and Preventind.. pneumophilsDutbreaks
Given that cooling towers are a significant source of large outbreaks of Legionnaires' disease worldwide, several

governments have enacted policies to prevent such outbreaks. In the United Kingdom, the control and managemen
of Legionellavithin cooling towers are overseen by the Health and Safety Exe@d8&)The regulations mandate a
comprehensive water safety plan, which includes a risk assessment, water treatment program, ongoing monitoring
and maintenance, and meticulous recéekping (Health an8afety Executive, 2020). These water treatment

programs are specifically designed to prevent Legionnaires' disease outbreaks, thereby saving lives and reducing
financial costs. For instance, a notable outbreak in Edinburgh in 2012 resulted in four@dadmo(et al., 2014) and
incurred medical expenses amounting to £725,800 for the National Health Service (NHBWSR013). Failure to
adhere to these regulations can lead to enforcement actiorieebiiSEranging from a notification of contraventio

to improvement notices or even prohibition notices. Notably, the majority of improvement notices issued over the

past decade have been for failing to effectively implement written control schemes (Crook et al., 2020).

Water treatment programs typically involve the continuous or shock dosing of disinfectants, offieg oiidsing

agents like sodium hypochlorite or a combination of oxidative andbriolative agents, to inhibit microbial growth,
including that oL.egionellaTo assess the effectiveness of these control measures and to detect any system
malfunctions, routine monitoring is employed. This monitoring includes testihgdanellahrough culture

methods and evaluating microbial concentrations using Heterotrophic Plate Counts (HPC) (Sciences et al., 2020).
Current action levels fdregionellalictate that concentrabns below 10@FU/litrerequireno immediate action,

levels between 100 and 1,0@FU/litrenecessitatea reassessment of the control program and an adjustment in
biocide dosage, and levels above 1,000)/litredemandimmediate remedial action (Health and Safety Executive,
2020).Following the HSE protocol summarise(Figure 2, bulk water samples undergo routine monitoring methods
and, if the microbial counts exceed these action levels, remedial action is required. While current monitoring methoc
provide some information on the efficacy of the biocide ukedjonellaculture takes between 104 days to acquire
results (Walker and McDermott, 2021), causing a delay in any remedial action and thus outbreaks still occur.
Therefore, there is an urgent need and growing literature on using emerging detection techniques thifer more

immediate results, allowing for quicker response times and pringgmitbreaks.

Emerging detection methods foegionellasuch as most probasshumber (MPN) and quantitative polymeraseaich
reaction (QPCRYffer significant advantages over traditional culture methods, particularly with their speed and
sensitivity. Howevewhile these emergindetection methods are superior, they have not been extensively tested or
researched using biofilms as a sample type within operational cooling towers al¢riiéal gapgiven that

ecological niches like biofilmase crucial for the survival and proliferation_efjionellan engineered environments.
Although the imortance of biofilms is recoged, their potential, especially within cooling towers, to act as indicators

has not been explored.
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This study hypothesgs that biofiilmswhen paired with emerging detection technologees)ld potentially detect
Legionella LILJ® S+ NI ASNJ I YR Y2NB NBfAlLofe GKIY OGNIRAGAZYI f
pneumophilaSuch a strategy promises a more proactive approach, allowing for earlier detection and timely
intervention. Additionally, investigating the complex interactions betiegionellamicrobial communities, and
physicochemical parameters within biofilms may reveal supplementary indicat@giohellgpresence, enriching

our understanding and enhancing strategies for managing this bacterium. Adopting this comprehensive approach

could markedly decrease outbreak occurrences, thereby bolstarbiig fnealth protection.

Building on this hypothesis, this thesis investigates the potential of biofilm samples from operational cooling towers
enable the early detection &f pneumophilasingemerging detection techniques. It also aims to characterise

bacterial communities within these samples, fostering a proactive approach to remedial action. The research begins
with a comprehensive literature review to identify current knowledge gaps, fotiminfoundation for the study's

aims and objectives. A novel biofilm sampling technique is introduced, incorporating advanced methods such as flo
cytometry, quantitative polymerase chain reaction, and 16S rRNA bacterial community analysis. These methods
provide a dual focus allowing for both the precise detectidn pheumophilandan indepth examination of

microbial community dynamics. The findings are critically analysed in relation to existing literature, highlighting their
implication for improving public health policies and practices. Ultimately, this research contribufegt@shng

public health by offering innovative solutions for monitoring and managigignellan engineered environments.

Diagram key

@ Process

@ Parameter Measured
© Threshold

M Outcome

Figure2: Flow diagram illustrating the decisignaking process based &egionellacolonyforming units (CFU) counts. The process begins with
control measures (blue), followed by measutiegionellaCFU counts (green). Threshold levels (yellow) guide decisions

Control Measures -—p- |
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2.1 LeqgionellaEcology

Legionellaspecies ar&ram-negative, rod shaped, oxidasegative, ureas@egative, and strictly aerobic species of

bacteria.Legionellaspecies survive in lonutrient freshwater ecosystems; however, the concentration of nutrients
that the bacterium requires to grow and proliferate to high quantities is rarely found in aquatic systems. Therefore,
althoughLegionellare ubiquitous waterborne bacteria, they are present at low concentrations in freshwater sources.

representing less than 1% of the resident bacterial populafiberans et al., 1931

Legionellaspecies are primarily detected in engineered water systems such as cooling towers, water distribution
systems, pools, and fountains. These engineered water systems promote favourable growth conditions such as wat
stagnation (low flow rates), warm tempeures (between 2and50 °CYHuang et al., 20)@&nd the presence of

amoebae and biofilms, which provide nutrients and proteatmmplicating disinfection effor(dVHO, 207;

Shaheen, Scott and Ashbolt, 2019). Sirezgonellsspecies are fastidious and skgnowing organisms with specific
nutrient requirementsgarticularlyiron and cysteine), the lack of these nutrients in the water of engineered systems
limits the potential for planktonic growth (Buse et al., 2017), calisigipnelldo associate itself with frelving

amoebae and biofilms (Abdlbur et al., 2013) to facilitate nutrient acquisition.

2.1.11 eqgionellaLife Cycle
Legionellaspecies are weknown as intracellular parasites, with their propagation within engineered water systems

often occurring through their interactions with protozétobotham, 1980; Fields, Benson and Besser, 2002

Kanarek, Bogiel and BreRaruta, 2022ForL.pneumophilausing ceculture and cesolation techniques, around

thirty species of protozoa have been experimentally confirmed as it¢éBmanalet al., 2017)with many host

species yet to be characterised (Paranjape et al.,[0Z0e life cycle df. pneumophilaanbe summarised in four
general stagesutlined inFigure 3In the first stage, microbial grazers such as protozoa must iIngastumophila
cellsthrough either coiling phagocytosis or pinocytosis. In the second &tggeeumophilare captured in a vacuole,
called the phagosome, following initial engulfment. Typically, the phagosome will be used to degrade and recycle
biological materials such as prey cells, for nutrition and growth of host cells. The lysosome fuses with the phagoson
causing it to release hydrolytic enzymes and craatecidic pH, changing the phagosome into a phagolysosome,

which will degrade the biological material withi(Qtiva, Sahr and Buchrieser, 2018).

In the case of. pneumophilaa range of 300+ effector proteins secreted by the Dot/Tgpe 1V secretion system

modifies vesicular trafficking, inhibiting the fusion of the lysosome to the phagosome and recruiting vesicles from th
endoplasmic reticulum, as well as mitochondrig S3+ £ = { KdzYly g t dzZNOStft 3 mdpy T
¢tKS3aS STTSOG2NI LINRPGSAYSE ONBIFGS | K2aLWAiGlof$S tBeNR g (K
Legionellecontaining vacuole, allowilg pneumophiléo enter the replicative phas& (3 6 SNEB X h Q/ 2y y 2 NJ
2009 Shaheen, Scott and Ashbolt, 2019).
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During the third stagd,. pneumophilavill replicate and consume the nutriexdf the host cell. Once the nutrients are
consumed, the bacteria differentiate into a transmissive form and then to a dormant form called the mature
infectious form. The mature infectious form is virulent, flagellated and resistant to stress. Firfalyourth stage,

L. pneumophilanatureinfectious form cells are released from thegionellacontaining vacuole to the cytosol of the
host cells, wheréheyinducehost cell lysis to be released back into the bulk watéind a new intracellular host

whereL. pneumophileevertsto its replicative form, starting a new cycle (Oliva, Sahr and Buchrieser, 2018).

Eukaryotic cell
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Figure3: Schematic overview of theegionellasspecies during its growth cycle (Oliva, 2018). 1). Uptakegibnellaby host cell. 2). after
internalisation theLegionelleevade the phagosomiysosome fusion. 3)egionellaeplicate and consume the host nutrients.l4gionella
escape the membrane and release into the extracellular environmehedpnellanay repeat the cyclé&). Alternativelyl egionellanay be
associated within biofilms.

2.1.2L eqgionellaAssociation with Fred.iving Amoeba
Engineeredvater systems are challenging environments with biocide presence, rapid temperature changes and a

competing complex microbial community. The abilityegfionelldo act as an intracellular parasite of protozoan

species including frelilving amoeba, ciliates amématodes allows the bacteria to gain protection from biocides and
emerging temperature changdsut also acquires nutrients to reduce competition within the microbial community
(Shaheen, Scott and Ashbolt, 2D Freeliving amoeband ciliatescan exist ifboth trophozoite and cyst forms. The
trophozoite stage enables active feeding and reproduction of both planktonic and biofilm associated bacteria, while
the cyst form offes significant resistance to environmental stresggsdudingphysical and chemicdisinfectionbut

can also harbouregionelland other pathogens, providing an additional layer of protection to these ba@aab

and Raoult, 2004Nematodes, though less studied in relatiorégionellaare another potential host that could
contribute to the bacteria's persistence in engineered water systdaramerling et al. (2028)ave indicated that
Legionellacan colonize nematodes, leveraging them as protective reservoirs in environments where other protozoar

hosts might be less prevalent.
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Thiscysticsurvival mechanisteads to the persistence of hartb-eradicatel egionellaposing a major barrier to
achieving effective microbial control in engineered water systeégrsficantyh Y ONBS I & Ay 3 G KS N &
disease outbreak€anmon water disinfection protocols, such as chlorination, monochoramine, chlorine dioxide and
ozonisation treatmentsdve been shown to be ineffective at completely eliminating amoebae cysts that hiarbour
pneumophilgloret et al., 2005). The primary reasons for this resistaratade the impemeable rature of the cy$

wall and the ability of protozoa to shidldpneumophilérom direct exposure to biocidelgloreover,free-living

amoeba host cells have been shown to resuscitate viable betultarablel. pneumophilaellsagain sinificantly
increase the risk of LegionnaifHisease outbreak@arcia et al., 2007Therefore, to address these challenges,
research has focused on developing lewgn disinfectiorprotocolscapable of targeting potential hosts harbouring

L. pneumophiléCritchley and Bentham, 2009; Scheikl et al., 2@dé)lso understanthe microbial interactions

between protozoa and bacteria.

Since various microbial taxa are fundamentatferL. pneumophiléfe cycle, it has been suggested that monitoring
free-living amoebae can help predict the possible imminent occurrericegidnellan engineered water systems
(Shaheen and Ashbolt, 2021). Howelegionellgprotozoan interactions are increasingly recognised as more

complex than previously presented in the literat(Rewbotham, 1980; Fields, Benson & Besser, 2002).

Freeliving amoebae havapreferential predation mechanism, causing them to feetlegionellaonlywhen
alternative bacterial food sources are in low abundaRoethermore, several studies have indicated that numerous
protozoan species can avoid consumirgionellahrough various mechanismsith others consumingegionellan

a digestive vacuole (Shaheen and Ashbolt, 2021). Given this selective nature of protozoan spéuashallmhging
environmentof engineered water systerhegionellanust also be capable of surviving outside host cells, such as

within biofilms(Surman et al., 20QFields, Benson & Besser, 2002)

AslLegionellgrimarily survives and proliferates within fiddng amoeba there is a substantial focus on
understanding the biological and chemical interactions that can promote or limit the aHdiktgiohellao establish
and replicate within some of their protozoan hofewbotham, 1980; Fields, Benson & Besser, ZD&23llaro et al.,
2022). This concentrated focus may overlook the broader ecological versatityimiellasincel egionellacan form
micro colonies within laboratogerived multispecies biofilms devoid of amoebay[ba Ross and Bentham, 2009).
Therefore Legionelldikely employs several feeding strategies to gain the required nutfa@rgsowth from
microorganisms in surrounding biofilms. Examples include alga@yamdbacteriavithin aquatic systems and
bacterial mat communities growing in thermal vents (Taylor, Ross and Bentham, 2009). This understanding of
Legionellaecology and life cyglearticularly within the context of an engineered water systerritical to

understandind-. pneumophilautbreaksand establishing appropriate monitoring and control schemes.

2.1.3LegionellaAssociation with Biofilms
Biofilms are complex microbial communities encased in extracellular polymeric subgEtesd facilitate

symbiotic interactions to exchga nutrients, provide shelter fromany environmental stresses by acting as a

physicochemicdarrier, and can contribute to the depletion of biocide concentrat@osferton,1995;LappinScott,
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Burtonand Stoodley, 204; Flemming, 2020). As biofilms offer many advantages for microbial growth, it is estimated
that 95% of all microorganismsthin drinking water pipelinegre attached to the walls of biofilms, and most

microbial interactions occur within these biofilms (Flemming et al., 2016). Furthermore, biofilms are a significant
microbial source that can surpass planktonic microbial numbers by three to four logauitiiisiiwithin drinking

water pipes (Flemming et al., 2016). Biofilm microbial concentrations could sideraibly higher in cooling tower
systems due to cooling towers suppogtemperatures between 28nd35 °C, a pH close to neutral, exposure to
sunlight and continuous aeration (Di Gregorio et al., 20ffyever cooling towers biofilms remain unstudied. Also,
biofilm and planktonic communities are known to be significantly different in microbial composition in other
engineered \ater systems\Wang et al., 2038Buse et al., 20} /but this relationship has yet to be exploneithin the

pack ofcooling tower systems.

In the case of. pneumophilgure cultures have been reported to form biofilms under-gefined experimental
conditions using nutrient-rich buffered yeast extract medium (Pécastaings et al., 2010). However, under oligotrophic
conditions like those within many engineered water systems, it has been demonstratdcetfiahellancorporates

itself in preestablished multispecies biofilms as secondary colonisers where sufficient nutrient content is entrapped,
and bacterial competition is high (Decler2810).L. pneumophilavithin a biofilm can obtain nutrients through its
interactions with protozoan species, directly from other living microorganisnsi@ndyhnecrotrophic feeding from

decaying microbial cells, which are reported to comprise nearly 50% of a biofilm (Temmerman et al., 2006).

One of the most critical functions of biofilm farpneumophilés attractingmicrobial grazerdrge livingamoeba
sincemost of the microbial concentratias found within the biofilnproviding a plentiful food souragduws et al.,
2005) L. pneumophilaxploitsthis to replicate within théree-livingamoebaas mentioned above. Furthermore,
species within the biofilmsan either promote or inhiblt. pneumophilgAbu Khweek and Amer, 201Bhr example,
Flavobacteriunand Cyanobacterigan facilitate_egionellagrowth by providing a source of nutrients or syntsagi
capsular materialvhich supports adherence. ConversélgeudomonaaeruginosanhibitsLegionellagrowth by

producing a bacteriocin (protein or peptide that is toxic to other bagt#Stawart, Muthye and Cianciotto, 2012).

Biofilms play an essential role in thes#imination of.egionelldn engineered water systemas biofilms are

charactersed by the initial attachment of the bacteria to the surface, development of microcolonies, maturation, and,
finally, detachment of cells or parts of biofilfike detachment and dispersal can occur either through the shedding

of daughter cells as a result of nutrient levels, shedding of biofilm aggregates because of flow effects, or destructior
biofilms due to biocide ug&algaiChaparro et al., 20207 his results in high numberslofpneumophilanobilising

into the bulk water, which may be aerosetl causing a Legionellosis outbreak (Declerck, 2010). Furthermore, since
the current standard is to take bulk water sampieis most likely that anlyegionelladetected is already at high

concentrations and has been aerosadi before remedial actions can take place.

This complex relationship betwekagionellabiofiims and protozoare often overlooked, with no standased
sampling regime monitoring any aspect of cooling tower biofilms (Pereira, Silva and Melo, 2021). As a result, any d:

collected is not representative of the actual numbersegfionellavithin a system, as current techniques only sample
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and monitor organisms in theirgrlktonic stateFurthermore, it is likely that amgcordedplanktonic microbes
originatefrom an established biofilm, making bulk water a clear lag indicator. Therefore, any actions taken due to

such sampling are too late.

2.2 Cooling Tower Design and Operation
Evaporative cooling towers are essential heat exchdaegees widely ut#ed in industrial and commercial settings to

dissipate waste heat into the atmosphere. These systems provide-effeasive and energgfficient cooling

solution, as discussed in Section 1.2, but also present unique challenges due to the conditioaattheyhich can
promote microbial growth, including pneumophilaCooling towers are composed of several key components,
AyOf dzRAY3 &LINI & y2iT1ftS8as gKAOK S@Syfeée RAAGNAmgzing oI
chloride (PVC) or polypropylene, which increases the surface area for heat exchange between water and air; a bas
where water collects; a fan that draws or forces air through the system; and drift eliminators, which capture water
droplets tha may escape with the airflow. If these droplets escape that maylcgoneumophilgposing significant
LlJdzof AO KSFfGK NRAa]l o0& O2yiUNROdziAYy3d G2 2dzioNBlF1a 27

processes is transferred veater within a heat exchanger.

This heated water is sprayed through the nozzles and flows downward along the fill. As the water flows down the fill
ambient air is drawn into the tower by a faneating a counterflow where the heat from the water is absdibto

the air by three primary mechanisms evaporation, conduction and convection. The water then collects in the basin f
reuse. Any water lost through evaporation, windage, or blowdown is replaced byupraleter to maintain

consistent operation

Alr Out

. . / Fan System

P— Drift eliminators
Warm Water In

Spray Noxzles

Heat Exchanger

Ll s ) —

Make Up Water g

Water Basin Air In Cooled Water Out

Figure4: Schematic of an induced draught counterflow cooling tower, illustrating key components and processes. Warm water firiath

processes enters the system via spray nozzleFdn®@ 6 & R2 6y 6 NR GKNRdzZAK GKS FAff odaLl O

drawn upward by the fan system while drift eliminators reduce the release of water droplets. Cooled water collects iaerthasivaaind is

recirculated through &eat exchanger. Make up water compensates for losses due to evaporation, drift and blowdown. Image adapt
(Health and Safety Executive, 2020).
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Manmade systems, such as cooling towers create favourable conditions for the growth and prolifetagponsila

The operating environment of cooling towers creates favourable conditions for bacterial development due to multipl
influencing factors. Operational practices, such as the choice of water source, water flow, stagnant zones (e.g., dea
legs), improper oirregular maintenance, aging infrastructure, and the ineffective or inconsistent use of biocides

(Zahran et al., 2018), can significantly contribute to the ricskgibnellaolonisation

Water quality parameters, including heterotrophic plate counts, high turbidity, pH, conductivity, calcium handness
the presence of iron are inferred to pronedtegionellagrowth within cooling towers (Yamamoto et al., 1992)
Additionallytotal organic carbon has been shown to poskyigerrelate withLegionellajPCR detection (Donohue et
al., 2024). Biological factors, such as biofilms, algae, and protozoa, further favour the multiplitatiponafla
(Fitzhenry et al., 2017; Casini et al., 2018). Finally, meteorological parameters, such as ambient temperature,

humidity, and seasonal fluctuations, can also influence the occurrence and grawtiiafelldBrigmon et al., 2ZD).

Although several factors have been suggested to supegionellayrowth, it is important to note that most studies

have focused on hot and celdater distribution systems or plumbing systems, rather than cooling towers.
Furthermore, the limited studies on cooling towers have not extensively examined biofilm sampleg|ayha

crucial role in bacterial proliferation. Prior research also shows conflicting results in many cases underscoring the
complexity ol_egionellgroliferation and the need for further examination. For instance, while two studies reported
higherLegionellgroliferation during summer and autumn using PCR and culture methods, respettwedyroto et

al., 1992 Salvador and Garcia, 2011), a more recent study by Campana et al. (2023) found no clear seasonal trend.
Similarly, Campana et al. (2023) and Kyritsi et al. (2018) observed a positive correlation between heterotrophic plat:
count andLegionellacount, but other studies (Whiley et al., 2019) did not. Kyritsi et al. (2018) also identified a positive
correlation between.egionellacount and pH, conductivity, and hardness, whef@asaneSuarez et al. (2013)

Campana et al. (2023), Xu et(2024) and did not observe such associations.

2.3 CurrentLegionellaDetection Technigues
The culturing oELegionellaising the ISO 11731 protocol is considered the 'gold standard' for detecting and

guantifyingLegionelldacteria. This method is legost and identifies and enumerates viabégionellaspecies and
serogroups, producing results in standard colony forming units per litre, with extensive historical use and a wealth o
data to support its effectivenegkSO, 1998)These results and historical data are particularly important as they allow
for direct comparison against currddSHkisk levels and threshold$ierebyguiding the necessity and urgency of
remedial actions and ensuring compliance with regulatory standd®52014; Walker and McDermott, 2021).

Updatesto the ISO 1731 protocol havéntroduced the application of buffered charcoal yeast extract (BYCE) agatr,
Modified Wadowsky Yee (MWaQar and glycine, vancomycin)Jypsoyxin B, cycloheximide (GVPC) &g, 2017)

MWY has been demonstrated as the best medium for potabter samples with GVPC agar beirage efficient in
detectingLegionellahan BCYE medium within samples with high concentrations of competing microorganisms
(Scaturro et al., 2020). BYCE and GVPC contain activated charcoal as a scavenger of radicals and peroxides, to wi

the genud_egionellas particularly sensitivéddditionally, these media are supplemented wittetoglutaratefor its
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antioxidant properties,-tysteine and iron pyrophosphate to stimulatgionellagrowth. GVPC also contains the
addition of four selective compounds: glycine, polymyxin B sulfate, vancomycin hydrochloride and cycloheximide

theseantibioticsare used to reduce competitive microbial fldq@asincet al.,2022).

The current standard has many shortcomings, inclualiogg turnaround time from 1@ 14 daysaninability to
identify viable but nortulturable cells and low reliability due to competing microorganisms that can outcompete
Legionellaleading to underestimation or even false negatives {Blazs et al., 2015). To reduce the risk of
competing microorganisms affecting results, water samples undergo sevetagineent steps, such as filtration or
centrifugation, followed by acid amgat treatment thatcan interfere withLegionellayrowth (Whiley and Taylor,
2016).Afterwards culture requires expetrained technicians for the identification loggionellaleading to
interpretation differences in colony forming unf@&FUxounts (Lucas, Taylor Jr and Fields, 2011). Furthermore, the
subsequent use of latex agglutination tests on cultured samples, aimed at seraggimgellapresents additional
challenges. These tests can suffer from limited specificity and potentiateantisity with noALegionelldacteria,
complicating the accurate identification and sepiitg ofLegionellastrains leading to misinterpretation of the

presence and risk of specifiegionellaserogroups (Fields, Benson and Besser, 2002).

The Most Probable Number (MPNgthod is a liquid culture technique fully validated for detedtiegjonellan

potable and related water systems. Unlike traditional culture methods, MPN does not regtieaprent steps to
eliminate competing microorganisms, and it indicategionellgpresence through a colorimetric chan@af(tory et

al., 2017. The method's advantages include ease of use, higher reliability, and sensitivity, while also offering a faste
turnaround typicallytaking half the time compad to culture methods to produce results (Boczek et al., 2021;
Monteiro, Robalo and Santos, 2021). However, MPN is prone to false positives in cases of turbid or heavily soiled
water, where the colour change can be obscured, leading to false positiwe&Haig and Zhang, 2022). Additionally,
while faster, MPN still requires up to seven days to yield results, which may delay immediate corrective actions
(Barrette, 2019)

Given the substantial turnaround times of14 days for culture methods and 7 days for MiieNmethod to produce
results, there is a significant delay in implementing corrective actions. This delay poses a risk as the microbial statu
includingLegionellaof the system can escalate, potentially leading to outbreaks within this timeframe (Yamaguchi et
al., 2017). Consequently, the urgency for deploying rapid detection technologies has become paramount, aiming to
drastically shorten the time required foetgctingLegionellaand enabling swift remedial action. The effectiveness of
such rapid response measures would be further enhanced by the identification of a 'lead indicator," which could sen
as an early warning system for proactive managemeegibnellautbreaks and system failures. Unfortunately, a
reliable lead indicator fdregionellgoresence has yet to be identified, underscoring the need for continued research

and development in this critical area of public health.
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2.4 Emergind_eqgionellaDetection/ System Performance Techniques
Promisingapid detectiontechniques for monitoring the presencericrobial concentration, microbial viability and

Legionellaare emergingincluding the use dfow cytometry quantitative polymerase chain reaction (QRCR)
immunomagnetic separaticsnd lateral flow These techniqueglaim to have increased sensitivity, high reliability,
high throughput, and rapid turnaround time compared to current methods. Thus, these methods have been
suggested as suitable complementary or replacement method to culture for (i) routine surveilpmem)itoring
changes i.egionell concentration over time and (iii) emerging corrective action (Walker and McDermott, 2021).
This rapid response could decrease feedback time and potentially reduce biocide costs and ecological benefits,

ultimately reducing egionellautbreaks.

Flow cytometry is a rapid, neapecific method adept at detecting microbial concentratiems viabilitywithin cooling
towers by quantifying both intact and compromised cell counts, including those unable to grow on traditional growth
media thus encompassing approximately 99% of environmental bacteria (Wade et al., 1997). This techségue utili
intercalating dyes, such as SYBR Gteestain all bacteria in a sample, and Propidium logfdewhich penetrates

only cells with damaged membranes, to mdkie distinctionNescerecka et al 201&uch capabilities enable near
reattime assessment of biocide treatment efficacy, demonstrating log reductions in microbial counts depending on
the biocide used (Helmi et al., 2018). Furthermore, flow cytomeitility extends to analysing cell concentrations
within drinking water distribution systems, examining both biofilm and planktonic sa@pldsi¢h et al., 201gish

et al., 2020; Gabrigl Turolla and Antonelli, 202 1Expanding its application, flow cytometry incorporates
‘fingerprinting' of microbial communities through machine learning, creating unique profiles that offer insights into
the composition and functional state of these communities, including shifteatndicate the presence or absenc

of L.pneumophildKyritsakas, Boxall and Speight, 2023). Despite these advancenisnotgjdal to note that even

with fingerprinting, flow cytometry cannot specifically ideritifppneumophilar his limitation underscores the

necessity for complementary methods to achieve targeted pathogen detection.

Immunomagnetic separation (IMS) presents a rapid detection methaedionellaleveraging magnetic beads

coated with antibodies that specifically targegionellaells. This enables the selective separation of the cells from
samples for focused analysis, delivering results within two hours with impressive sensitivity and specificity (96.6% a
100%, respectively), and demonstrating a detection efficiency of €0@8fared to traditional culture methods

(Bedrina et al., 2013). Despite these advantd®#S,has not become widely adopted in general practice, largely due

to the limited availability of commercial products and the method's inherent complexity, which requires numerous
procedural steps. A particular challenge is posed by the bulk water sdroplesoling towers, which are often

coloured and require filtration. These conditions can complicate the IMS process and lead to false positives (Kesert
et al., 2021). Additionally, the 'recoverabilityLefionellpostseparation might be compromisedring the filtration

process, further complicating its practical application (Bedrina et al., 2013).

Two bench top studies conducted by (Fuchslin et al., 2010; Keserue et al., 2012) udiegipusdlsstrains have
showed that if flow cytometry is combined with immunomagnetic separati@tgdmbination of methods can detect
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Legionellavith a high recovery rate. Furthermore, recent resedrassuccessfullyalidatedand applied a combined

flow cytometry and immunomagnetic separation method that capable of detdctimmeumophilasingspike field

samples (Streich et al., 2024). Despite the advantages of combining flow cytometry with immunomagnetic separatic
for Legionelladetection, a notable gap in current research is the scarcity of field studies and absence of investigation

using biofilm samples.

gPCR emerges as the most promising alternative to traditional methddsgionellaletection, characterised by its

high negative predictive value and low detection limit (Toplitsch et al., 2021). Its enhanced sensitivity, reliability, anc
rapid turnaround time, coupled with high throughput capabilities, render gPCR an invaluable poskfdecting

negative samples. By implementing qPCR as a hegative screening strdtegiofalla wherein only samples

testing positive via qPCR proceed to culturthe time needed to pinpoint potentidlegionellasources can be
substantially shortened, facilitating swifter crisis response compared to dependence on conventional culture
techniques alone (Collins et al., 2017; Fisher et al., 2020). Further ad\asgionellaletection, digital droplet PCR
(ddPCR) offers significant improvements over standard gPCR, including higher sensitivity, precision, reproducibility
and enhanced tolerance to the PCR inhibitory substances frequently encountered in coolingrgies faaruch,

2022). Crucially, ddPCR enables the absolute quantification of DNA without necessitating standard genetic,referenc
offering more accurate and reproducible quantification of bacteria. This feature is beneficial in cooling tower
environments where accurate and reliablgionellaconcentrationassessments are critical for effective water

management and safety protocols (Wei et al., 2023).

PCR methods have been challenging to incorporate into national legislation since the risk levels are defined by CFL
not by the genomic units (GU) that gPCR produces. These chaleisgbecause GU shows a weak correlation to

CFU counts and is difficult to convert (Eble et al., 2021). Furthermore, gPCR cannot discriminate between living anc
intact cells without the use of intercalating dyes such as ethidium monazide (EMA) and propidaarideo(PMA),

with EMA having high intrinsic toxicity (Taylor,tBam and Ross, 2014). Since EMA has high toxicity, PMA has been
more commonly used for its greater efficiency and more accurate estimation of viable cells. However, studies have
aGAtt &aK2gy YAESR NBad#Z G§& Ay t aadd@dls (Tapck, Béntham aiddRosk REH N
Bonetta et al., 2017). These mixed results are due to differences in PMA concentration, methddclaond a

reference protocolYoung &al.(2021) described a longitudinal study over 39 months using qPCRIimy ¢cower

L Fyla2yA0 al YL Sad Ly (GKAAa &aiGdRes | 022t Ay3a (268N
tower onsite and set an #house limit of 5000 GU/L. This value was considered a good indicator of system health ani
any reslis above this value promgd corrective action, such as adjustment of biocide use. Since adopting this in
house limit and intervention, rortherOF 4 Sa 2F [ SIA2Y Yy I ANBQa RA&SFAS KI @S
distribution system. Therefore, this study indicates that although conversion to GU to CFU per litre is wanted to
associate these results with current activity levels, this mapaaecessary since future GU action levels could be

made based on trend analysis allowing emerging corrective action.
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Lateral flow immunochromatographic assayssat#i plastic paddle and capillary flow technology to détect
pneumophileserogrouptype 1 antigens in water samples through the binding of a coloured antibody, indicating a
positive result with two red lines. These tests are particularly valued for their portability, ease of use, and the ability |
deliver results in under an ho(8Bun et al., 2013/alker and McDermott, 2021Additionally, the COAI® pandemic

has heightened interest and improved the understanding of lateral flow technologies. However, they often suffer
from lower sensitivity, which can limit their effectiveness in some water sa@dlaagaNifioet al, 2018)

According to a study by Ezenarro et al. (2020), using lateral flow assays in combination with a filtration technique cc
overcome the sensitivity limitation ad@tectLegionellasoncentrations ranging from 1071 to 10°4 CFU/ml, with a

detection limit as low as 4 CFU/ml.

Most peerreviewed papers assessing emerging detection methods have shown significant advantages over the
traditional culture method with few limitations. However, these methods have not been evaluated with biofilm
samples, which are the prevailing moderafrobial life includingLegionellan engineered water systems (Di Pippo et
al., 2018). Furthermore, microbial communities within biofilms are significantly diffeeenplémktonic communities,
exceeding planktonic numbers by three to four logarithmitstand can be a potential source of pathogens (Flemming,
2020). Therefore, becauselofgionellaacology and biofilms being the prevailing mode of microbial life, current
research applying emerging techniques to water samples only are unrepresentative of the true microbial load and
Legionellazoncentration found within engineered water systethshould also be noted that all the emerging

detection methods, except gPCR have not been tested using operational cooling towers over a long period of time.

2.5 Microbiome Present Within Engineered Water Systems
Recent advancements in molecular biology, partitullae advent of highhroughput sequencing technologies, have

revolutionised our understanding of microbial communities in engineered water systems such as cooling aowers (
et al., 2015; McDaniel et al., 202The use of 16S and 18S rRNA gene amplicon sequencing exemplifies this shift,
targeting highly conserved regions of ribosbRINA genes specific to bacteria and eukaryotes, respectively. These
regionsare characterised by their conserved sequences interspersed with hypervariable regiorisg &dlotie

accurate classification and taxonomy of diverse microbial species, thus providing a detailed view of microbial divers

and composition (Zhang and Liu, 2019).

Understanding the microbial composition and structure within engineered water systems is increasinglserbasgni
crucial not onlyfor its implications on the presence and absende pheumophildbut also on the operational

integrity of these systems, enabling improved management stratégeaming et al., 2020Moreover, by

integrating these microbiological insights with water quality parameters and predictive modelling, we gain greater
insights into the communities and parameters that promote or inbégjionellagrowth (Wang et al., 201,8Buse et

al., 2017This enhanced understanding helps explain kvipneumophilautbreaks occur and how they canlivked

with other water quality parametefgshbolt, 2015).
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2.5.1 Microbial Community and Structure in Water Distribution Systems
Research onamnmunity composition within watefistributionsystems research has found a diverse bacteria phylum

(11) encompassingiore than 100 species (Mathieu, Paris and Block, 28I@¢taanalysis conducted by Thom et

al. (2022) found thathe most common phylincludedActinobacteriotaBacteroidotaCyanobacterigNitrospirota
Planctomycetotand ProteobacteriaFurthermore, biofilms were found to be significantly different from bulk water in
terms of taxa presenthe abundance of taxa and beta diversitye kacterial communieswithin both the biofilm

and bulk water are known for their role in biofilm production, organic matter degradation, and nitrogen fixation
whichcan have potential impacts on water qualite presence of pathogens and infrastructure integrity (Thom et
al., 2022). Since the microbial community is influenced by a variety of factors, studiesdravedhe effects of
temperature, biocide use, artle materials within water distribution systeraffect planktonicmicrobial

communities.

A metaanalysis by Thom et al. (2022) also showed that microbial communities in residual disieetaater
distribution systems are generally more diverse than those in systems maintaining a disinfectant residual. This was
evidenced by a higher Shaimindex in both bulk water and biofilm samples, indicating greater species richness and
evennessThisincreasedspecies richnessancorrelate withLegionellaoncentrationgLlewellyn et al., 2037

however systems with a disinfectant residual can also sudpegionellaspp.depending on environmental conditions
and microbial interaction@Vorld Health Organization, 200aibeit in lower abundancédditionally, systems

maintaining a disinfectant residual were found to have a higher abundance of specific taxa, iNgfadbagcterium

and Pseudomonaghlorination and chloramination altermicrobial communitgomposition, leading to shifts in

bacterial populationsFor instance, Hwang et al. (2012) investigated an urban drinking water distribution system
subjected to phases of chlorination and chloramination. Their research revealed that certain bacterial families, such
CyanobacteriaviethylobacteriaceagSphingomonadaceaand Xanthomonadaceaevere more abundant during
chlorination phases. In contrast, families NkethylophilaceagMethylococcaceaeand Pseudomonadaceagere

more prevalent during chloramination phases (Hwang et al., 2012).

Notably, these shifts in microbial communities can influence the presehegiohelldn ways that depend on both

the disinfection process and other factors, such as pipe material and water temperature. For example, a study
conducted by Aloraini, Alum, and Abbaszadegan (2023) found that higher water temperatures (32°C vs. 22°C) were
associted with an increased abundance of certain bacterial families, incliMtyiogbacteriaceaandLegionellaeae

The study also demonstrated that crdisdked polyethylene pipes supported a more distinct microbial community

than copper or steel pipes.

Pipe materials are also an essential driver of the chemical and biological water quality parameters in plumbing pipe
material, allowing biofilm growth and the incorporatiorLegionellaMost cooling towers are made from stainless

steel, cast iron, copper and plastics (Cullom et al., 2020). Iron and steel show increased surface roughness and tha
gives cells more of a "foothold" on the wall of a pipe and makes it easier for microosyaniattach (Greenberg,

2021). In addition, the material can also ode;, releasing nutrients from the rnerials (Cullom et al., 202@&; { A 0 X
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+dzZl A6 [ dzOA G YR Wdshiiwg idcrepdedibricSn@entiaionsiorerhanegiokellayrowth in tap
water. Copper, in contrast, shows antimicrobial properties with several studies confirming the efficacy of copper,
either passively leached from plumbing material (Proctor et al., 2017) or actively usingstivepéonsation to

inhibit the growth olLegionelldAshbolt, 2015). Plastic materials are becoming more popular due to their low cost,
durability, and lower disinfectant residual. However, studies have shown that plastics suClsasf&ces are
hydrophobic, which favours the attament and accumulation dfegionellaMoreover, PVC also releases organic
carbon, whereas metallic pipes do not, causing an incredsgjianellavithin biofilms (Learbuch, Smidt and Van Der
Wielen, 2021). Furthermore, plastic materials can also release phosphate,witeaHimited can restrict the

growth of microorganisms (Pinel et al., 2020b).

As outlined irBection 2.1.2the association dfegionellawith free living amoebae complicates disinfection efforts in
engineered water systems. Therefore, there is a growing importance of understanding the protozoa microbiome an
their interactions with bacterial communities includiregionellaand physicochemical parameters. Buse gl 3
showed that in both hot and cold drinking water distribution systems contained a high eukaryotic diversity comparec
to bacterial diversity, which often changed across sample period wittetature having an impact, indicating that

the eukaryotic communitis unstable. Other studies such as Loret and G(20b0) andThomas and Ashbd2011)

have also reported that the most common FLA in engineered water systems are Acanthamoeba, Vermamoeba, anc
Naegleria species and have been experimentally confirmeegianelldhosts (Boamah et al., 2017). FLA have been
shown to positively correlate wittegionellaspp. abundance, as they provide a protective environment and resources
for Legionellssurvival and proliferation. Howevésmegionellas not exclusively reliant on FLA for its persistence as
studies have demonstratetidt Legionellacan survive and proliferate within biofilms independently of protozoan

hosts, using biofilm structures as reservoirs that protect against environmental stress and disinfection.

Despite the significant insights gained from thetselies, iisimportant to note that much of the research on water
distribution systems has predominantly utilised scaled systems for analysis. While these studies provide valuable
information on microbial community composition, behaviour, and responses to environtiegmges, enabling

improved management strategies and control measures, they may not fully capture the dynamics present in actual
field conditions, especially within cooling towers. Cooling towers, with their unique environmental coaditions
operational parameters, offer a distinct ecosystem that could influence microbial communities differently.
Furthermore, these studies have not focused on how the dynamic microbial community, alongside physicochemical

parameters, may lead toegionellaoutbreaks, which primarily occur in cooling towers.

2.5.2 Microbial Community and Structure in Cooling Towers
Cooling towers are a major source of Legionnaires' disease outbreaks, owing to an environment that promotes

bacterial proliferation, such as high temperatures, surface area, nutrient availability, and the production of aerosols
which can be dispersed oveng distances. To date, cooling towers have not been studied as extensively as other
engineered water systems. A study conducted Llewellyn(@04al7) using 16S rRNA sequencing, collected a total of

196 bulk water samples from separate cooling towersss the United States within nine different climate regions.
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The most abundant bacterial species found were similar to that of @isteibutionsystemsincluding
ProteobacterigFlavobacteriumBacteroidetes an@yanobacteriaRemarkablythe most abundanspeciegpresent

were consistent across each regiomlicating little spatial oclimate-drivenvariation Legionellavas detected in 84%

of all samplesyith a higher abundance bkgionelldound in samples containing more diverse taxa. Pereira et al.
(2017 collected bulk water samples framme cooling tower in Germany across two years to determine the planktonic
microbiome. The most abundant bacterial phyla were sitailrose reported by.lewellyn et a2017) including
ProteobacteriaHypomicrobiunand Rhizobacteracross the two yearsvith only a difference in genera. This

knowledge is essential as it suggeised a core community of phyla is common within cooling towers. Therefore,

there may be a universal, selective pressure imposed by the environment or other microorganisms present within tr
cooling towers, which gives insight into whatinitoring,and intervention approaches should be used to reflect the

performanceof control measure,

A more recent studParanjape et a{20208 combined 16S rRNA sencing with a linear discriminbanalysis effect
algorithm (LEF3@n cooling tower bulk water samples and found that the most abundant bacterial phyla to be similal
to that reported by Llewellyn et §2017) andPereira et al(2017). Based on the LEFse analysis, the bacteria
BrevundimongsXanthobacteraceaand Qipengyuanigaxa were identified as being a predictof highLegionella
concentration. Conversely, other bacterial species suéh asruginosgSphingomonaspp. andlebsiella pneumonia

are negatively correlated to the presencd.gineumophilgParanjape, et al., 20BD. Using 18S rRNA sequencing
Paranjape et a{2020a) has shown fungal groups were the most abundant and prevalent taxa with Basidiomycota ar
Ascomycota classes being the most dominant. Interestiegipnellanost cells Acanthamoeba, Vermamoeba,

Naegleria and Oligohymenophorea were also present in the cooling towers but with a low abundance (5%) in some
cooling towers and 30% for other cooling towsliswing amoeba may not be necessarnfegionellgroliferation
Vermamoeba an®ligohymenophorea are of specific interest as there found to be positively correlated with

Legionellaand high Oligohymenophorea concentrations being linked to the baBtenaindimonaas a food source.

These few studies have shown thagionellapp.is part of a complex microbiomes whose interactions with other
microorganisms may promote or inhibit growth (Thom et al., pBAfis an under examined area of research.
Furthermore, these works only look at the microbiome present bulk water samples likely due to the difficulties in
taking biofilm samples since this requires the cooling tower to be shut off and the pipes disnBaotfiled samples

exceed planktonic numbers by three to four logarithmicsuatitd can be a potential source of continuous microbial
corrosion (Di Pippo et al., 2018). Furthermore, the biofilm microbiome differs significantly from a planktonic
microbiome (Roeselers et al., 2015). As a consequence, planktonic samples give aatencogistanding of the
microbial community and structure in natural and engineered environments since they are not representative entirel

of the cooling tower microbiome.

Similar to water distribution systems a varietplysicochemicdhctors have an impact on the microbial
composition, promoting or inhibiting the growthlcggionellar organisms that support or inhithiegionella

colonisation. For instance, cooling towers have an average temperature betwen°20) which is within.
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pneumophilagrowthtemperature range (Wadowsky et al., 1985). Furthermore, similar temperatures found within
water distribution systems also promote biofilm formation and the presence of potential protozoan host cells
(Ashbolt, 2015). Therefore, cooling tower temperaturesaam essential determinant foegionellacolonisation,

residential microbiota and even the abilitl@fgionelldo infectfree-living amoebdBuse et al., 2017).

A study caducted by Pereira et 2017) established that temperature is a major factor in determining community
structure and_egionellaconcentration within cooling tower bulk water. Notably, the study highlighted that an
increase from 10 to 22°C from summer to winter months led to a significant shift in community structure,
charactersed by a marked increase in the abundance of Cytophag&igienelles, and Sphingobacterales, along

with a considerable reduction in species richness.

Another study conductedypHamme(2018) reveals that with the transition from spring, at an average temperature

of 12.7°C, to summer, with terapatures reaching 25.8°C, thesea noticeable shift in the bacterial community
composition. Specifically, there's a decline in the prevalenceegt@vhyta and?seudomonaspp., which are more
abundant in cooler temperatures, giving way to an increased presehegiohellas the temperature rises.

Additionally, this temperaturdriven transformation is accorapied by a significant enhancement in species richness,
indicating that warmer temperatures not only alter community structure by favouring certain bacteria over others bu

also promote a more diverse microbial ecosystem.

To investigate the effects of temperature on cooling tower biofilm composition and abundance Paniaggaz)al.
produced a pilot cooling tower consisting of a heated loop (30.7°C) and a cold loop (22.7°C) connected to a water
bath. Biofilm samples were collected after a total of 92 days and showed temperature had a significant difference ii
beta diversity wh bacterial families such as Burkholderiaceae, Rhodocyaceae and Microbacteriaceae were predictiy
in biofilms around 20 °C with Nitrosomonadacaad Reynellaceae were predictindiofilm at 30 °C. Furthermore,

alpha and beta diversity using Shannon index and Bray dissimilarity index respectively showed that biofilms had a
significantly different bacterial community. The study conducted by Pine(222i) used a pilot cooling tower to
investigate the effects of pH (9.0.6) over 2535 days or..pneumophilagrowthand characterise the changes in the
bulk water microbiomel.egionellaand protozoan hosts were found to proliferate at pH 9.0 and 9.4. However, at a pH
of 9.6,Legionellavas below the detection limit (<1@FU/Dland correlated with a low abundance of protozoa.

Furthermore, at alkaline ptHere wasan increase of BacteroideteSphingopyxiand Flavobacteriunabundance.

Low levels of chlorine resuit a higher abundance kregionellaHowever, cooling towers with high levels of chlorine
and continuous application showed a higher abundan&sefildomonasand a lower species richne3$is suggests

that maintairinga free chlorine residual greater than 0.3mg/L is key to prevent the colonisatiegiohelldan

cooling towers (Paranjape et al., 202@xrrent literature has shown that several physicochemical factors, such as
water temperature, pH, and disinfection regime, can affect the planktonic microbial communities. Therefore,
understanding these conditions is critical to elucidate the risk falitéesd toLegionellaoutbreaks. Although several
models have been developed and have contributed to a deeper understanding of how a range of abiotic factors affe

bacterial composition, as well as genotypic and phenotypic variation, most models onfyeexaenabiotic factor at
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a time, without considering the complexity of multiple abiotic factors found within a cooling tower, such as an open
circulatory system. Furthermore, other studies that have used operational cooling towers still do not sample biofilms
therefore, the undestanding of microbial communities and interactions within them, and how they are impacted by

physicochemical factors, is currently limited.

2.6 Current Cooling Tower Management Practices: Implications for Cell

Concentration and_egionellaControl
Current cooling tower management practices are centred on maintaining optimal water quality, avoiding water

stagnation (including during system downtime), implementing disinfection regimes, and conducting periodic cleanin
and disinfection. Monitoring theffectiveness of these practices, as well as inspecting pipe materials for signs of
corrosion and biofilm formation, are critical components. These strategies are integral to controlling cell
concentration and managing the riskLefgionellgroliferation.By focusing on these areas, facility managers can
significantly mitigate the factors that contribute to the growth and spredggionellavithin cooling tower systems
(ASHRAE, 2020; CDC, 2021; H3H).20

In the management of cooling tower systems, monitoring for HB@s of critical importance as it serves as a general
indicator of microbial activity within the water syst@MHQ 2007) While it has been posited that elevated HPC

levels may facilitate the proliferation loégionellaincluding.. pneumophilghe evidence linking high HPCs directly to
increased_egionellaisk is varied and not definitively conclusive. Despite this uncertainty, the primary and most
critical utility of detecting high HPCs lies in its role as a prompt for the adjustment of biocidal regimes. This Is essen
for maintaining effective systeaontrol and preventing the public health risks associated with microbial outbreaks
(Pierre et al., 2019).

2.6.1 Oxidising, NorOxidisingbiocidesand Alternative Method for Microbial andLegionella

Control
Chlorine is widely used for its strong oxidising power in primary disinfection. It reacts with a variety of bacterial cellu

components and is able to permeadalthe cytoplasmic membranes, causing leakage of proteins and DNA damage.
However, it has a reduced effect on biofilfRédgeway and Olson, 198BRigh levels of residual chlorine are

problematic, as they are responsible for the corrosion of copper, iron, and PVC pipes, and the formation of potentia
toxic and carcinogenic disinfectionrjsoducts. As secondary disinfectants, chlorine dioxidechlmlamine are

superior in penetrating biofilms and have been found to be more effective at reduggianellaconcentrations than
chlorine (Donohue et al., 2019). However, despite these benefits, the main disadvantage of these methods is that tf
require consistent monitoring to achieve optimal concentrations. Furthermore, both secondary disinfectants increase
pipe corrosion, and chloramine can lead to nitrification, which may result in a mictobial (&ciuto et al., 2021).
Nonroxidisingoiocidesare non pollutant, less reactive and attack specific targets from the microbial cell metabolism
(Tewari, Mehta and Vaishnav, 20%8h the most widely used beingZ2Dibroma3-nitrilopropionamide (DBNPA)

Since most of these neoxidising biocides have th@wn mechanism of actiothey are used at higher

concentrations and longer contact times to achieve equivalent microbial effectiveness as oxidising biocides (Proner
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al., 2021). Since neoxidising biocides can promote resistant bacteria, they are often used in alternation with

oxidising biocides (Wales and Davies, 2015).

Since biocides can cause corrosion and toxic disinfectiprodycts which results in adverse effects on the
environment, there is a growing interest in disinfectiae alternative. Higipressure carbon dioxide has been
considered, as this has sterilising effects at much lower temperatures than chlorine while beimgirtexic,

accessible, and affordable (Martifufioz, Tirado and Calvo, 2022). Ultraviolet light has also been an attractive option
for disinfection since no chemicals are added towheer and short wavelength ultraviolet light shows biocidal

effects. However, ultraviolet light shows poor biofilm penetration and does not produce residual desired to maintain

microbial concentration, includirigegionellaso other disinfection measures must be uggduto et al., 2021

2.6.2 Biocide Effect on Microbial Composition, Structure albelgionellaPresence
To optimse disinfectant efficiency and manapécrobial risks more effectively in cooling towergs éssential to

grasp the bacterial dynamicgluenced by different biocide regimes. Understanding which biocides are most effective
isnot just about immediate results; it involves gaining insights into theirtlangimpact on microbial community
composition, including which bacterial species are promoted or suppressed. This knowledge is crucial for
comprehending the dynamics of micromammunities and specifically for tacklicegionellasurvivaland

proliferation. By identifying the effects of various biocides on the bacterial populations that either compete with or
facilitate the growth of_egionellawe can develop targeted disinfection strategies. Such strategies not only aim at
immediate microbial control but also ensure the sustained efficacy of biocides, thereby mitigating the risk of

Legionellautbreaks and enhancing public health safety.

Prior research has shown that active bacteria can still be present in cooling towers after continuoesddgage
(Helmi et al., 2018). Pinel et @020a) showed continuous chlorine disinfection in cooling tdtasktonic waters
showed a noticeable decrease in Actinobacteria and an increRset@obacteriaAfter postdisinfection, the cooling
tower water bacterial communities were predominantly made ufighaProteobacterianade up from the order
Obscuribacteraledvelainabacteriy, Caulobacterles, Sphingomonadales, and Rhizohialagh are notable for their
resilierce or adaptationto chlorine exposure, partly due to their biofiforming capabilities. Interestingly, these
findings suggest that the decay rate of different bacterial ordatiser than their growth potentials the primary

determinant in shaping cooling tower microbiome.

Despite biocides showing a significant effect on the microbiome prelser is little to no studies on the effects of
other biocide regimes within cooling towers such as monochloraminepxidising biocide and alternative biocide or
comparing their effects. Furthermore, there is no studies looking at the impact of biegides on the microbial

community within cooling tower biofilms.
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2.7 Literature Review Summary
In freshwater, water distribution systems, shower hoses and laboratory biofilm reacgrsumophilacanbe found

in multispecies biofiims, where they benefit from enhanced protection against environmental stresses, increased
resistance to disinfectagtimproved nutrients availability and facilitated genetic exchange. However, despite these
advantagegbiofilm samples within cooling towers have never been studied or sampleddionellaletection, to

assess microbiabncentration and viabilitygnd © inform intervention and managemestrategies

RapidLegionellaletection methods used with planktonic samples have shown several advaimalyekng rapid
turnaround time and improved sensitivity/ specific®yY LJ- NER (2 G(GKS a32f R, withfewsf Rl NR
limitations. These methodologies have remained unexplored in the realm of biofilm samples, especially in the conte

of operational cooling towers and across a long period of time.

Several studies have shown that the planktonic microbiome, including specific species present within cooling tower
bulk water can either promote or inhibit the proliferation bégionellaNo studies have examined biofilms in the

same waydespite being an ecological niche that can exceed planktonic numbers by three to four logarithmic units,
representing 95% of all microorganisms within an engineered water system. This niche has been shown to be

significantly different from bulk water withwater distrilution systems.

Multiple physicochemicgdarameters may influence the planktonic microbial concentration, community
compositionétructure and the presence or absencelLefjionellavithin cooling tower bulk water. The impact of
thesephysicochemicalarameters on the microbial concentration, community composition/structurd_agibnella
presence or absence in operational cooling towers biofilm have never been invesiigatadong

term.
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This research aims to minimise the delay between the detectibagibnellaand the implementation of water safety

plans for cooling towers. It seeks to provide novel insight into utilising biofilms as a routine sampling method,
alongside a deeper understanding of the interactions between biofilms, planktonic communities, amdritr@ment
within cooling towers. This knowledge will support a lead indicator approach for routine monitoring and enable timel

corrective actions, ultimately reducing the ireide ofLegionellautbreaks.

In this study, biofilm samplesfer specifically to microbi@lommunities attached to the cooling tower pack, chosen

due to its ideal conditions for biofilm growth and proliferatiomosel sampling techniqueas developedoptimised

and employed to collect biofilm samples, enabling consistent and reproducible quantification of microbial parameter
such as microbial concentratioviability Legionellaspp. concentration and bacterial community structure.

Comparing bidlim and bulk water samples will help identify microbial trends and lead indicattwegionellaisk,

supporting the future development of proactive water safety measures.
Using these parameterthe objectives are:

1. Explore using biofilm samples as lead indicatotsefgipnellaletection, microbial concentration, microbial viability

and intervention assessment.

2. AssessraerginglLegionellaletection methods for routine monitoring and trend analysis using biofilm and bulk

water samples.

3. Compare the microbial communities present in biofilms to that of bulk water and identify trends in
composition/structure or specific microorganisms that either promote or hibelgionellagrowth and survival in

cooling towers.

4. Examine the longgrm stability of microbial concentration, viability and community structure in relation to seasonal

variations, cooling towers structure/design, biocide regime and between consdoutenscleans.
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4.1 Experimental Overview/Design
This chapter provides a detailed overview of the research design and methosloloigyedto fulfil the aims and

objectives outlined in Chagt 3, as illustrated iRigure5. Within the experimental site, outbreaks from operational
cooling towers are exceptionally rare, a testament to the effectiveness of conservative operational procedures,
including stringent use of biocide regimes and regular cleaningghoot the study period. Recoginig the low

likelihood of observing an outrighegionellautbreak, the study strategically focused on monitofog cooling

towers, each with its own unique design, biocide regime, and historical performance. This approach, combined with
the use of emerging detection methods over an extended observation period, aimed to enhance the likelihood of
identifyingLegionellgrecursor events, leveraging the unique attributes of each tower and the advanced capabilities
of modern detection technologies to maxamihe potential for early detection, despite the typically low incidence

rates at the site.

To investigate if biofilm samples could act as lead indicatokgdponellaletection, a novel biofilm sampling

technique was developed and optsed. This approach was motivated by the recognition of biofilms as ecological
niches forLegionellapotentially offering a more indicative measure of the bacterium's presence and risk levels.
Concurrently, various emerging rajpiggionellaletection methods were independently assessed to evaluate their
suitability for field trials. The focus was on these meshatility to reliably detedtegionellan both bulk water and

biofilm samples, aiming to leverage their advantages over traditional culture methods for a more effective and timel

identification of the bacterium.

To explore the impact of microbial concentration, viability, and characteristics of the bacterial community on
Legionells survival and proliferation, the study meticulously compared biofilm and bulk water samples. This
comparison was crucial to understanding how these microbial factors in different environmental niches might
facilitate or inhibitLegionella survival and growth. Achieving this required the analysis of both biofilm and bulk water
samples using flow cytometry to quantify microbial con@iun and viability, along with 16S bacterial community

analysis and ecological indices.

Utilising the longitudinal field study data in combination with cooling tower quality information (playsical
chemica) over a tweyear period, a comparative analysis was conducted. This analysis spanned across seasonal
variation, biocide utilisation, cooling tower structural attributes and cleaning refpmi identificationof

Legionelldead indicators and facilitated the assessment of interventions.

35



Step 1: Assessment of Flow Evaulation of Rapid
Lab Phase Cytometry Detection Methods

Step 2
Preliminary Validation of a Biofilm Cooling Tower
Field Sample Regime Selection
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Figure5: The diagram illustrates the mufthase research approach employed to investidaggionellamonitoring in cooling
towers, spanning from laboratory validation to field studies and final analysis. The process is divided into three d
phases, each represented by a colour: green for the Initial Phase, orange for the Longitudinal Field&hidg far the
Analysis Phase
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4.2 Assessing LaBased Flow cytometry anBEmerging Rapid Detection
Method for Field Suitability

4.2.1 Flow Cytometry Analysis of LaBrown Biofilm Samples for Microbial Load Detection
Flow cytometry is utded independently from other rapid detection methods due to its unique capabilities in

assessing cell concentration and viability. Thispluglose approach is pivotal for two main reasons: firstly, it
investigates whether cell concentrations within theevaystems create conditions that are conducivedgionella
growth, offering insights into environmental factors that may favour or inhibit bacterial proliferation. Secondly, the
viability assessment provided by flow cytometry enrittezggonellaletecion efforts by indicating the potential

pathogenicity.

To determine the practicality of incorporating flow cytometry for field analysis of biofilm samples, it was essential firs
to assess its applicability and reliability under conditions akin to those within cooling towers pack. This evaluation w
pivotal n deciding whether to employ flow cytometry directly in the field wtédbespoke benetop systemwas

designed to closely simulate the environmental conditions found in cooling towers pack whilst promoting biofilm
growth for rapid assessment. The setomprised & four PVC coupons suspended withinlder glass beaker filled

with a chosen medium, at consistent temperature of 30°C, and shaken consistently througHaddyencubation

period. The chosen media all contained a mixture of tap water and BYCE media to promote multispecies biofilms

(Stewart Muthye and Cianciottd®2012) dilisingthe natural microbial community and nutrients present.

To ensure the reliability of flow cytometry data in evaluating biofilm samples, a comprehensive approach involving z
replicates was employed to measure both total and intact cell counts. This was underpinned by two key expectation
that total and intactell counts would remain consistent across replicates, reflecting uniform conditions for each
sample, and that intact cell counts would be lower than total cell count, indicating the presenceviEiercells.
Furthermore, the singledoublet ratio wasarefully assessed to confirm the effectiveness of our homsajani

process. A high singtdbublet ratio is indicative of successful disaggregation of samples into individual cells, a critica

factor for ensuring the accuracy of flow cytometry analysis by minimizing the potential for clumping artefacts.

4.2.2Independent Assessment of Emerging Rapid Detection Methodd fxyionellaspp.
includingL. pneumophila
To validate the claims of each method chosen for this study to take into the longitudinal field study, considering

factors such asensitivity, specificity, practicality and reliability, each emerging detection mé&tab2 was
rigorously assessed using a known positipeeumophilaserogrouptype 1 Lenticule disc (NCTC 12&2llpwing the

manufacturing protocols

These Lenticule discs were selected because they provide a known concentration &f peshlenophilaserogroup
(8L mM> SadtofAakAy3d | aGFyRINRA&ASR 0SYOKYFENL® [ Sy
instructions. In summary, the Lenticule discs were allowed to equilétrarabient temperature for-A0 minutes,
F2f{f26SR 0@ AYYSNRBRAZ2Y AY ™aAmndGte rel®ydation pariod. Swseqa&li}NIken the?
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Lenticule disc become indiscernible, the solution was vortexed to become homogenised and transferred into an

appropriate volume of sterile distilled water tailored to each specific method.

Table2: Table to summarise each emerging detection method

Name Method Target Volume Neededml)
Nephros gPCR Leigonellaspp. (Genus) 1000
Genomadix gPCR Legionellgpneumophila 20
Legiped Immuncemagnetic separation Legionella spp. (Genus) 9
Hydrosense Lateral Flow Legionella spp. (Genus) 250

¢KS LINAYIFNE F20dza 2F (KA&a aiddzReée gl a G2 SJLpoamdomhilaSl O
and assess the number of samples it could process within a given timeframe, represented as total thieaghput.
method's throughput was initially calculated by dividing the total available sampling time (2,400 minutes) by the
sample time required per method. Each sampling session lasted five days, with a maximum of eight working hours
day,totalling2,400 minutes of available timBample time refers to the duration required for a method to complete

one batch of tests, based on its specifications or experimental data. To calculate the total throughput, this initial
throughput was multiplied by the number of tests that could be prsein a single batch. The total throughput was
therefore calculated using the formula:

Total Throughput = (Total Available Time / Sample Time per Batch) x Number of Tests per Batch.

A 2 4 A x

C2tft26Ay3 GKAa aSftSOGSR YSUK2R ¢6SNB adzoYAOGGSR G2 ¥Fd
detection capabilities across three differénpneumophilaconcentratiory XBF n K QrlUamd > 100CFU

These concentrations levels were selected to mirror the risk categories defii8égnidelines, offering a practical
framework for assessing each method's effectiveness in identifypngumophilaunderconditions of varying risk.
Subsequently, theethodsthat succeeded in reliabljetecting each concentration bf pneumophilavastaken

further into the field study.

4.3 Validation of a Novel and Optimised Biofilm Sampling Regime
The development of a robust biofilm sampling method required systematic sgitonito ensure thathe sampling

regime yielded consistent, reliable, and representative data for subsequent analysis. This section outlines the key
elements that were optirsed in the method, focusing on the selectiorasampling location within cooling towers

and the determination of whether temperature or sample area caused variations in results.

4.3.1 Biofilm Sample Location
To investigate the potential of biofilm samples from cooling tower packs as leading indicdtegsdoellgpresence

and to aid in intervention efficacy assessment, developing a method for collecting consistent and representative

biofilm samples from operational cooling towers was crudiahy areas within operational cooling towers were

38



considered for biofilm sampling, including maigewater pipes, spray nozzles, pack, basin walls, dead legs and heat
exchanger surface$hese aresare all recognised for their potential to harbour and promote biofilm growth due to
environmental conditions such asple surface, area, optimal temperature range, nutrient availability and slow flow
rate, all of which are known to enhance robust biofilm growth (Flemming, 20@0%ver, the cooling tower pack
uniquely exhibited all of these factors, making it the most strategic choice for biofilm sampling, which was conducte
exclusively at this location throughout the stu@ligis decisiois also complemented lexistingliterature that

suggests that the cooling tower pack i location wherd_egionellaaerosolgation can occur, with contaminated
aerosols potentially escaping through the cooling tower fan, thereby contributmghliceak occurrences (Pereira,

A., Silva, A.R. & Melo, L.F., 2021). Furthermore, the accessibility of tlaegasckompared to other locationsthin

operationalcooling towers was a practical advantaigeilitating a more reliable sampling technique.

Other areas that promote biofilm within operational cooling towers, presented significant inaccessibility and
authorisation challenges, often requiring invasive procedures such as cutting pipes, shutting down the industrial
process, or turning off the opational cooling tower. Most exchangers, at this site in particular, were located in
heavily radiated zones, making sampling from these areas not only impractical but also unsafe for routine collection
These procedures would not oigcuramassive expense and require additional staff allocation for the coniyoény

also would be impossible if the cooling is required for the industrial process. Such distributions would ultimately leac
to a less reliable sampling regime and fewer results, further reinforcing the decision to sample exclusively from the

cooling towermack.

4.3.2 Biofilm Sampl@®©ptimisation
To ensure the collection of reliable and representative biofilm samples from operational cooling towehpacks,

sampling method was optimised by determining the most suitaibfém samplindocation and surface area to use

within the cooling tower pacK his optimisation was based arrucial understandg ofhow biological variability

between replicates could be influenced by specific environmental factors. Key among these factors is temperature
gradientswhich occurdrom the top to the bottom of the pack, and surface area, as a larger surface area offers more
ecological niches and gradients of nutrients, oxygen, and other essential factors, and naturally, a higher cell
concentration. Therefore, a preliminary sampliegimewas designetb systematically assess the impact of both
temperature and surface area on biofilm cell concentration, viability apdeumophilgensuring that the method

captured consistent and representative samples.

To account for the measured temperature gradient between the top and bottom of the pack, biofilm samples were
methodically collected from three distinct locations: the top, middle and bottom. The temperature gradient was
determined by measuring the tempéuae (°C) at these locations (n=3) using a digital thermometer inserted 90 cm
into the pack. For each measurement the thermometer was allowed to stabilise for 30 seconds before recording an
the average temperature for each event was calculdibd.deliberate selection of varying surface areas (100 cm?,

200 cmz, and 300 cm?) at a single pack location served distinct purposes. The choice of a 100 cmz2 surface area ain

to capture localised variability in biofilm compaosition, allowing for a foasmdination. Meanwhile, surfaces larger
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than 300 cm? were considered impractical for handling within the pack. This rationale ensured a comprehensive yet
manageable approach to establishing surface area variations during biofilm saasplingtrated ifFigure 6and a

3D printed squared with predefined dimensions was used to standardised and define the surface area for sampling

Subsequent to their collection from two independent cooling tois& A2)the only towersauthorisedfor sample
collection at the timethe biofilm samples underwent detailed analysis for cell concentration and viability using flow
cytometry, as detailed in Section 4.4.3. Furthermore, the efficacy of these samplgmtrmophilaletectionwas
assessed, as described in Section 4.2.2. This comprehensive approach not only aimed to delineate the influence of
environmental factors on biofilm formation but also sought to refine the methodolodgyefiionellanonitoring

within cooling tower ecosystems.

Surface Area Legend:

Green Rectangle: 100cm?

Orange Rectangle: 200cm? ﬁ

Blue Rectangle: 300cm?

emperature
Gradient

Top
Samples

Middle
Samples

Bottom
Samples

Cooling Tower Basin (Underground)

Figure6: Diagram of the cooling tower pack showing top, middle, and bottom sampling locations with corresponding surface am@®s3 (
200 cm?, and 300 cm?) anile temperature gradient (20.5°C at the top to 8.0°C at the bottom).

4.4 Site Details and Cooling Tower Selection
The sample sitea prominennuclear site in the United Kingdom known for its nuclear waste processing, storage, and

decommissioning activities, houses a diverse array of cooling taisste facesuniquechallengesissamples

cannot be taken offsite until after a quarantine period. This prevents the standard CFUegianellaculture

method from providing accurate and reliable results that align with the ISO 11731 protocol. Therefore, an onsite lab
setup is used, which employs qPCR-&gionellaletection. Thigircumstance provided me with the opportunity to

take advantage of the onsite lab to analyse samplpsomsptlyas possible.

The selection of cooling towers for this study was strategically driven to cover a broad spectrum of designs and
operational practices preseat the site. Specificallhe goal was to analyde pneumophilgrevalenceacross

different cooling tower designs (induced draught crossflow or induced draught)camdiehireatment regimens
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(oxidisng bobcide or a combination of oxidising and rmadisng) within biofilm and bulk water samples. This
approach ensures a comprehensive understanding of how varying designs and treatments influence microbial
dynamics within these systems. Accessibility was also a factor, ensuring that sampling could bedoefdieatly,
safely and reliablyAfter conducting preliminary visits to several cooling towers on the field site, four towers were
chosen and paired based on their design and treatmenmegcapturing the desired range of operational practices.
These selectetbwers represent a crossection of the cooling technologies and biocide strategies employsite,at
offering insights into the environmental and operational conditions conducive to biofilm developmémrigamuella

proliferation.

To use the novel and optimised biofilm sample technique in combination with flow cytometry and emerging detectio
methods for obtaining microbial concentration, viability, Aadionellaletection, four cooling towers were selected

for the 18month period. These cooling towers were chosen based on their biocide regime, engineered structure,
water gquality information, and accessibility. Each cooling tower was paired with another basestrogtitral design

and biocide regime as detailedTiable3.

Table3: Cooling Tower Information

Cooling | Engineered | Biocide Regime Oxidising/Non Water Quality Data

Tower Structure Oxidising Biocide

Al Induced Crosg Sonoxidé and Sodium | Oxidising Hardness, Alkalinity, Chloride,
Flow Hypochlorite Conductivity, Water

Temperature, Pack Temperatu

A2 Induced Crosg Sodium Hypochlorite Combination of Hardness, Alkalinity, Chloride,
Flow weekly then NX1102 + | Oxidising and nen Conductivity, Water

NX1422 weekly oxidising Temperature, Pack Temperatu

Bl Induced Sodium Hypochlorite Oxidising Hardness, Alkalinity, Chloride,
Draught Flow Conductivity, Water

Temperature, Pack Temperatu

B2 Induced Sodium Hypochlorite + | Combination of Hardness, Alkalinity, Chloride,
Draught Flow | HCS555C Oxidising and nen Conductivity, Water
oxidising Temperature, Pack Temperatu

! Sonoxidevas a proprietary system that utilises a combination of ultrasound and ultraviolet light to treat the makeup water
entering the cooling tower.
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4.5 Longitudinal Field Study

4.5.1 Sampling Overview
The longitudinal field study at thield site was strategically designed with the objectives of rigorously evaluating

biofilms as potential lead indicators for the presencke.pheumophilaintricately understanding the dynamics within
biofilm bacterial communities, and examining how these interactiongoitsicochemicalonditions may either
foster or hindelLegionellayrowth. A critical advantage of this longitudinal approach was its ability to capture seasona

variations and maxirse opportunities ® detectL.pneumophilagiven its historical rarity at threamplesite.

From February 2022 to October 2023, spanning thirteen distinct sampling periods, the campaign was structured to
collect a higher number of biofilm samples (n=5) compared to bulk water samples (n=3) during each sampling visit
from each accessible tower. $hiisparity in sampling frequency was deliberate and applied consistently across all
sampling periods, as biofilms represent a relatively unexplored area with significant uncertainties regarding their rol
in theLegionelldifecycle and detection capakiis. This approach was guided by the hypothesis that biofilms might
offer new insights and be a more sensitive indic&grcollecting more biofilm samples within each tower during

each sampling visithis study had a better opportunity to enhance our understanding of biofilms as both a habitat
and indicator folLegionellaln contrast, the collection of bulk water samples, though fewer, adhered to a more

traditional approach thegionellanonitoring, serving as a comparative baseline to the biofilm data.

Both biofilm and bulk water samples were aliquoted for different types of analysis. Five biofilm samples and three b
water samples per sampling period were analysed using flow cytometry to determine total and intact cell counts.
These same five biofilsamples and three bulk water samples were also used for 16S rRNA gene amplicon
sequencing to analyse bacterial community composition, with DNA extractions sent to the molecular lab at Sheffielc
University and stored aR0°C for subsequent analysis. Folanolar analysis esite, a subseof three biofilm

samplesand three bulk watewas furthe analyged using qPCR platforms: Genesid_fmjionellaspecies and

Genomadix fok.. pneumophilarhis limitation to three biofilm samples for gJPCR was due to practical constraints in
processing capacitiimited resources anfieldwork time. Standard cooling tower water quality data, including

physical, chemical, and microbiological parameters, were also collected throughout the sampling period, as detailec
Table3.

4.5.2 Biofilm Sampling
Biofilm samples were meticulously collected from the pack of each cooling tower using sterile cotton swabs. This

method was specifically chosen to align with established practiced for biofilm collection in other engineered water
systems, enabling comparatyilacross studies. After sampljiige swabs were transferred into falcon tubes for
transport. The selection of specific sample areas and locations was informed by the findings detailed in Section 4.3,
aiming to ensure that the results were both representative of and repeatable withimitpge environment of an

operational cooling tower.

Upon arrival at the osite laboratory, each sample tube was filled with sterile water (50ml) and subjected to vigorous

vertexingat 3000rpm for thirty seconds. To achieve a thoroughly homsegtbiofilm suspension, the tubes were
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then rotated 180 degrees and vortexed again for an additional thirty seconds. This methodical preparation process
was critical for creating biofilm suspensions that were homogeneously mixed and ready for subsequent analyses,

ensuring consistency across tamples collected.

4.5.3 Bulk Water Sampling
Bulk water samples were obtained from each cooling tower following the ISO 11731 protocol (International standare

for standardsation, 2017). In brief, water samples werdlected using onditre sterile polypropylene bottles
O2ylGlFrAYAYy3d nonm: a2RAdzY (GKAz2adzZ FIFGST SAGKSNI FNRY (K
was inaccessible. These bulk water samples were returned to the laboratoryedartexeither aliquatd for

Genomadix or concentrated through a fil{eefer to Section 4.6)3andsubsequently subjected to DNA extraction.

4.6 Field Work Sample Analysis

In this phase of the studgmerging detection methodsasutilised for the detection oL egionellaspp. and..

pneumophildor field work sample analysis. These methods were selected based on their demonstrated potential,
reliability, and throughput, as detailed in Section 4.2. The application of each selected method to anfiblde the
samples is outlined below, providing a clear link between preliminary assessments and their practical application in
the field.

4.6.1 Emerqging Detection Methods fdiegionellaand L. pneumophila

4.6.1.1 Genomadix gPCR
To analyse the presence and quanitifgneumophilasdl, the Genomadix gqPCR (Genomadix Bioscience, Ottawa,

Canada, version 1.0.3) system wawployed This system includes a portable DNA analirseiGenomadix Cube

along witha singleuse disposable concentration kit and test cartridge. Briefly, 20 ml of either biofilm suspension or
bulk water samples was introduced into the concentration kit, where it was filtered through a 0.45 pum
polyethersulfone (PES) Millede filter (Meck Millipore Ltd, Cork, Ireland). The filter was then washed to remove
unwanted contaminants, and the captured intact bacteria were eluted from the filter by gentle hosatigenvith

all solutions provided by the kit. Finally, the eluate was transfésradest cartridge, which contains gPCR primers, a
probe, and an internal positive control, and was placed into the Genomadix Cube. These primers and probes are

designed against a highly conserved region ot timeumophilémip) gene.

4.6.1.2 Genesig gPCR
To accurately detect and quantlfggionellaspp., the study employed the Genesig qPCR platform (Primer Design Ltd,

Southampton, UK) following their standaedi protocol fol_egionellaspp. detection. In preparation, a reaction mix

(15 pl) comprising gPCR master rhegionellaspeciesspecific primer/probe mix, internal extraction control
primer/probe mix, and RNase/DN&see water was prepared. This mix was added to DNA samples, including
designated positive and negative controls. An additional endagermntrol reaction mix (15 pl) was also added to

each sample to ensure comprehensive analysis. The prepared samples were then ready for analysis using the Gen
PCR platform. Prior to the qPCR procedure, DNA extraction from both biofilm and bullamates svas necessary

to obtain highquality genetic material for analysis. This crucial step was performed using the DNeasy PowerWater K
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from Qiagen, as detailed in Section 4.6.3. fegstction, to mitigate potential inhibition from substances present
within the samples, each isolated DNA sample underwent a tenfold dilution, ensuring the integrity and reliability of

subsequent Genesig dgaes.

4.6.2 Flow Cytometry for Microbial Concentration and Viability
To obtain total cell coun§ CCand intact cell countdCC)the staining method outlined by (Fish, et al., 2020) was

used for both biofilm and bulk water sampBseff2 pnn >[ &F YLIX S [t Aljdz2G4& &SNB
{..w DNBSYy a2ftdziAzy O6[AFS {OASYOSas /FEAF2NYALS ! {1

Sciences, California, USA) for intact cell counts. After vortexing etisayples were incubated at 37°C for 10

minutes, shielded from ligl@indthen analysed using a BD Accuri C6 fiparnseter (BD, Accuri, UK). Data points were
captured by the BD Accuri C6 flow software (version 1.0.264.21).

To prepare each dye, SYBR Green 10,000x stock was diluted with dimethyl sulphoxide (DMSO; Fisher Scientific, F
Lawn, NJ) to a working stock concentration of 100x. To create a Propidiun{Rijtideture, five parts 100x SYBR
green and one part of Propidium lodide waigedtogether for a final concentration of 3mM. Negative controls

included triplicates of 50ul of sterile water, sterile water stained with SYBR green and sterile water stained with PI.

4.6.3 Sample Concentration & DNA Extraction
To concentrate both biofilm and bulk water samples for more effective molecular analysis and as a preliminary step

G26FNRa 5b! 9EGNIOGAZ2YXT on Y[ 2F o0A2FAfY &l YLX Sa |y

Polycarbonate Tradktched fiter (Sartorius, Géttingen, Germany, Type 23006) using a vacuum filtration system.

DNA was extracted using the Qiagen PowerWater Kit (QIAGEN GmbH, Hilden, Germany) to comply with site
regulationsfollowing the manufacturer's protocol. In this extraction procedure, the filter membranes were carefully
placed into 5ml beatbeating tubes containing a spedatl bead mix. Following this, a lysis buffer was added to

initiate the breakdown of cell walls and release the genomic DNA. Subsequently, a crucial step involving protein an
inhibitor removal was meticulously executed to purify the BX#Aact. The elution process was then performed using

a DNA elution buffer, resulting in the collection of kghlity DNA suitable for a spectrum of downstream molecular

applications.

4.7 Bacterial Community Analysis
To elucidate the bacterial composition and structure within biofilms and their interactions that may influence

Legionellagrowth, lllumina sequencing was @#lil. A critical component of this analysis is the comparison between
the microbial compositions of biofilms and bulk water samples. This comparison is designed to reveal both unique &
shared microbial characteristics that imphegionells ecological nid Moreover, the investigation extends to
understanding how different physicochemical parametdfect biofilms and bulk water, pinpointing environmental
conditions that may either promote or hindeegionellgroliferation. Adopting such a comparative approach

enhances the comprehensionlaggionell&s survival strategies and identifies conditions that either facilitate or
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restrict its growth within engineered water systems. This detailed examination is instrumental in identifying key

factors for mitigatind.egionellaisks.

4.7.1 PCR Amplification & Gel Electrophoresis
PCR amplification was undertaken to amplify DNA from biofilm and bulk water samples, setting the stage for thorou

ISYySGAO ylrftearad ¢KS ol OGSNALFE wmc{ Nwb! 3ISyS gl a i
CAGGCCTAACACATGCAAGTGE | YR i KSp WHEWESIHTACCACBEGCIGETCG X Ay 02 N1.J2 NJ

lllumina overhangs as specified by Girvan et al. (2003). @dilRCR cycle conditions were applied to ensure

effective amplification for environmental samples from cooling towers. The reaction mixfurdadRS R Hp >[
ReadyMix Tag solution (Sigind RNA OK> ! Y0OZX M >[ 2F SIFOK LINAYSNE FYyR
nucleasefree water. PCR conditions were set to an initial denaturation at 94°C for 2 minutes, followed by 35 cycles «
denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds, and elongation at 72°C for 45 seconds,

concluding with a final elongation at 72°C for 10 minutes.

For the verification of the amplified DNA products, a 1% agarose gel was prepared by dissolving 1.8 g of agarose ir
180 mLof 1x Trgcetate9 5 ¢! o6 dzZFFSNJ YR FRRAYy3 o >[ 2F SGKARAdMZY ¢
H > 2F cHBI{E, LINBANINGRS TNBY 6KAOK p >[ 6+& t2FRSR 7
(Bioline, London, UK), spanning A@)037 base pairs. Electrophoresis was conducted at 100V for 50 minutes, with
results visuaded under UV light using a G: BOXrgabing system and GeneSnap v6.07 software (Syngene,
Cambridge, UK).

4.7.2 lllumina Sequencing Preparation
16S rRNA gerargeted amplicon sequencing preparation was conducted at the NERC Environmental Omics Facility

laboratory within The University of Sheffield, and sequencing was carried out on the lllumina MiSeq platform.
Following the amplification of 16BNMA from environmental samples, PCR products were purified using Promega
Pronex beads (Promega, Madison, WI, USA), as per the manufacturer's protocol, to eliminate excess primers and
dNTPs. The second multiplex PCR was carried out comprising uniquieidsstfifences (duglexed: Fi5 and Ri7
LINAYSNBR Ay | dzyAljdzS O2YOoAylFGAz2y F2NJ SFOK al YLX Suo +y
5b!s mn >[ 2F vAF3ISyYy YdzZ GALX SE t/ w YI a&id S Ndousladistlledm > |
water. The PCR program involved an initial denaturation at 95°C for 15 minutes, followed by 12 cycles of denaturat
at 98°C for 10 seconds, annealing at 65°C for 30 seconds, and extension at 72°C for 30 seconds, with a final exten

step at 72°C for 5 minutes.

To verify the successful addition of identifier sequences gme postPCR samples were analysed on a 4206

station (Agilent Technologies, Santa Clara, California) to confirm an increase in PCR fragment size. Subsequently,
amplicons underwent pification and quantification using the Quantifluor dsDNA system kit (Promega) before being
pooled together to a concentration of 150ng. These samples were then diluted to a final concentration of 4nM of DN

before submission for lllumina sequencing at OGiRersity of Liverpool.
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4.8 Data Analysis

To identify and visuak patterns, relationships, and trends that elucidate the dynamicsgibnellssurvival and

growth, raw data were compiled into a Microsoft Excel spreadsheet and subsequently imported intodfdin in
analysis. This process aims to provide a comprehensive understanding of the environmental factors influencing
Legionellgpresence, offering insights into effective management and mitigation strategies within engineered water

systems.

4.8.1 Total Cell Count, Intact Cell Count and Intact to Total Cell Count Percentage
Toensure the accuracy of cell count measurements and to account for any potential background interference

contributed by the SYBR Green ahdyes themselves, a corrective process was implemented. First, the mean cell
count obtained from sterile water controls, which served to measure any baseline signal from the dyes, was
subtracted from the cell counts recorded during the control runs udBjrS5reen and Pl. These adjusted control
results were then averaged separately for each dye. The final stegeihetdducting these averaged control counts
from the total and intact cell counts of the environmental samples that were stained with SYBR Green and P,
respectively. This procedure ensures that the reported cell counts for environmental samples acefiedetie

cellular content, free from artefacts introduced by the staining dyes.

To account for variations in biofilm surface area water sampled, the adjusted biofilm sample cell counts were
normalized using the following equatidrCC or ICC = ((Cell Count)/ (Volume Analysed)) x Total Volume of Sample +
Surface Area

Where the count is the total or intact cell count, volume analysed is the volume of sample that was processed in the
flow cytometer (50ul), the total volume in this case was 30ml (30000ul) and surface area was the area which was
sample on the pack of a dog tower. The bulk water sample cell counts were expressédntaking the

planktonic cell count or intact cell count and multiplying it by 1000. Additionally, to determine thedrtiatzt cell

count percentage, intact cell counts were dividedhgytotal cell count of the same sample and multiplied by 100.

4.8.2 Emerqging Detection Methods fdegionellaspp. andL. pneumophila
To understand the occurrence loggionellaspecies andl.. pneumophilavithin each cooling tower across the

longitudinal study (two years), results obtained from the Genesig software (Version 2.0.5), which outputs copy
numbers, and Genomadix CubegionellgVersion 2.3.2) software, which provid=giivalentCFUs, were initially
organsed in a Microsoft Excel Spreadsheet (Microsoft Office, 2023). To allow for standardised measurements,
facilitating accurate comparison across samples and sfudigg numbers obtained from the Genesig software were
then converted to copy numbeer litre. This conversion was followed by a multiplication by 10 to account for the
tenfold dilution, as outlined in Section 4.5.3. Meanwhile, the CFUs obtained from Genomadix Cube could be used

directly for analysis.

4.8.3 Bioinformatics
To provide a comprehensive overview of the bacterial populations present within biofilms and bulk water, and to

elucidate how these communities are shaped by physicochemical parameters, the swadyhatdterial community
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profiling and ecological indices. These methodologies are vital for interpreting the intricate data obtained from
lllumina sequencing. They not only highlight the bacteria present but also the richness and evenness of species wit
individual samples ardemonstrate how these communities differ across biofilm and bulk water environments under

varying physicochemical conditions.

4.8.3.1 Bacterial Community Profiling
The bacterial community profiling sequencing data were processed using the Qiime 2 pipeline (version 2023.9). The

demultiplexed forward and reverse fastq files for each sample were imported into Qiime 2 using a manifest file, with
the PCR primer sequendeisnmed utilsing the cutadapt tool (Martin, 2011). Subsequently, these sequences were
denoised and grouped into amplicon sequence variants (ASVs) through DADA2. To ensure high read quality for bo
forward and reverse reads and to eliminate chimerasrehds were truncated at a quality score of 30. The resulting
ASVs were then classified against a trained classifier using the Silva 138 99%&dgth fsdiquences database,

providing the bacterial taxonomic information in each sample.

To eliminate unknown taxa classified by the Silva database, sequences were imported into the Basic Local Alignme
Search Tool (BLAST). Taxa were identified based on stringent criteria: a query coverd@®uf, 3t expectation

value (Bvalue) of less @n 0.01, and a percent identity greater than 90%.

4.8.3.2 Ecological Indices
To facilitate the computation of alpha and beligersity metrics, a rooted phylogenetic tree based on the ASV

representative sequence, as described above, was constructed using multiple alignment programs for amino acid o
nucleotide sequences (MAFFT)ditidnally, an unrooted phylogenetic tree was constructed using the Fasttree 2 tool.
Noninformative regions were masked during this process. Alpha diversity within each sample was assessed using 1
Observed, Pielous Evenness metiicsobserve beta divsity, unweighted Bray dzNIi A 3 Qa Y SO NR Oa o.
1957) were employed. Statistical analysis aimed to identify significant differences in alpha diversity concerning
categori@l or numerical metadata, utiligy the Krusked I € t A4 Q& GSad yR wkylSR { LISt
respectively. For assessing significant differences in beta divRERMANOV#nalysis was employed. Lastly, to

identify differentially abundant taxa between sample groups, the ANBOKhethod was applied (Mandal et al.,

2015)

4.8.4 Visualiation of Data, Statistical Analysis and Community Analysis
To visualise data, a variety of plots including scaibts, bar charts, boxploésddendrogramsvere generated using

R Studio (version 2023.09.1+494) with the ggpdaikage (v3.4.4; Wickham, 2018). All statistical analyses were

conducted on the base R Studio platform (version 2023.09.1+#4&HR community analysis, Qiime 2 artifacts were

imported into R as a phyloseq object using the Qiime2R package (version 0.99.6; Bisanz, 2018).

A variety of norparametric statistical methods were employed, as the data were not neeahaioanalyse
differences and relationships based on the characteristics of the dataset. The-Wrallisatlest was used to assess
significant differences across multiple groups, such as between cooling towers or seasons, providing an initial

overview of group varialdy. For paired comparisons, such as differences between sample types (biofilm and bulk
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water) or before and after cleaning events, the Wilcoxon-samk test was applied, offering a robust method for-non
parametric pairwise analysiBo further explore relationships within the data, the Spearman rank correlation
coefficient was calculated to assess associations between variables, such as correlations between sample types or
between cell concentration aridegionellaspp. concentration. For microbial community structure, Permutational
Multivariate Analysis of Variance (PERMANOVA) was empbogrealiate differences across sample groups,

leveraging its suitability for higlimensional ecological data.

When significant results were obtained from the KruB¥allis test, poshoc analyses were conducted to identify
specific pairwise differences. For smaller datasets or comparisons;fzopdatilcoxon rankum test with Bonferroni
correction was used taatrol for Type | error, ensuring robust conclusions. In cases with multiple comparisons, a
posthoc Dunn test was applied as an alternative approach, providing flexibility in adjusting for multiple comparisons
while balancing the risk of Type | and Tygerbrs. These combined statistical approaches allowed for a

comprehensive and nuanced analysis of the dataset, tailored to the specific questions and characteristics of the dat
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5.1 Method Validation

5.1.1 Flow Cytometry Microbial Concentration and Viability Detection
To validate the flow cytometry protocol outlined in Methodology Section 4.2.1, the technique was employed on lab

grown biofilm samples to measure total and intact cell counts, as well as the-dogigt percentage, as depicted

in Figure?. Allsamples were found to be homogsa, with a singletioublet percentage exceeding the threshold

level of 90% (Pick and Fish, 2024) for both total and intact cell counts. Furthermore, the intact cell counts were lowe
than the total cell counts, aligning with expectations due to the inh@@mposition of biofilms, which typically

include a mix of viable and neiable cells. These findings indicate that an acceptable number of events were
recorded as individual cells and flow cytometry was suitable fowitisdiofilm samples, providing a representative

and reliable quantification of cell concentration and viability, thereby giving confidence to apply these methods in th
field.
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Figure7: Biofilm total cell count (TCC), intact cell count (ICC) and sample homogenisation (singlet/doublet %). Panel A shows tI
concentration and viability, and panel B shows sample homogenisation.
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5.1.21 egionellaDetectionvia Emerging Methods
Tabled presents a comparative analysis of various emerging methods for deteetjimgnelldan an initial screening,

focusing on sample throughput and the percentageeagfionellgositives identified usingla pneumophilaerogroup

type 1 Lenticule discs, as detailed in Methodology Section #2lfls study, total throghput is defined as the

number of tests that can be completed within a constrained sampling period (2400 minutes per sample period).
Nephros exhibited the highest throughput among the methodtuated; however, iachieveda relatively low

detection success rate of only 6.25%lfegionellgositives. In contrast, Genomadix despite its lower throughput,
achieved d.egionellgositive detection success rate exceeding 80%. Both Hydrosense and Legiped were unable to
detectLegionellgositives throughout the course of this experiment. Due to its deployment at the field site during the
experimental period, Genesig could not be evaluated in lab tests but was still applied as it represents a current

industry method.

Table4: Comparison of egionellaDetection Test Results

Emerging Sample Time | Number of Total Throughput(Tests Percentage of_egionella
Detection Test (Mins) Tests per session) Positives (%)
Nephros 240 16 160 6.35
Genomadix 75 1 32 83.34
Hydrosense 25 3 288 0
Legiped 75 6 192 0
Genesig N/A? N/A N/A N/AL

Given its performance, Genomadias selected for a subsequent sensitivity analysis involving three known
concentrations ofegionellaas detailed in Section 4.2.2 and illustrateBigure8. The results show that Genomadix
consistently detectsegionellaat various CFU concentrations across multiple replicates (n=10). However, it is crucial
to acknowledge that the estimated equivalent CFUs observed deviate significantly from the anticipated
concentrations. This deviation is likely attributable to thelehges and limitations in contieg genomic units to
equivalent CFUs, asstribedn Section 2.3. Consequently, in the longitudinal study, Genomadix will dsel dth

binary detection (presence/absence) and trend analysis, rather than for absolute quantification.

2Genesig data are not available as it was already deployed at the field site during the experimental period and could not be
evaluated in lab tests.
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Figure8: Sensitivity analysis of Genomadix lfegionelladetection across varying CFU concentrations.
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5.1.3Novel and Optimised Biofilm Sample Technique
Figure9 presentshiofilm total and intact cell count three differeniocations withirthe pack for cooling towers Al

and A2These locations were chosen to represent different temperature zones, as the top of the pack is typically
hotter than the middle antottom due to its proximity to the spray nozzlEer cooling tower Al, the top of the pack

had an average temperature 20.5 °C + 0.30 °C, the middle of the pack had an average of 16.5 °C £ 0.10 °C and the
bottom had an average of 8 °C + 0.20 °C. Similarly in cooling tower A2, the top of pack had an average temperature
15 °C £ 0.20 °C, the middle was 13.2 °C + 0.1@°@e&bottom was 7.5 °C + 0.10 °C.

It wasobserved that both biofilm total and intact cell counts remain consistent across the temperature range, despite
a higher range noted at the top of the pack. This consistency indicates that variations in temperature within the
studied ranges do not sigaidintly affect cell concentration and viability. Confirming this observation, the Kruskal

2 fftAa GSald aK2ga y2 aAIYyATAOIYyd RAFTFSNByOSa Ay OS¢
=>ndnpT !'m L/ /OD5AMTCE Hooy ImmpASHE L/HX .u ' odoX LI |
findingsled to the optimisation of biofilm sampling sypporingthe selection of the most accessible locaijdhe

middle of the packdincetemperature fluctuations within these ranges are not tioaii factor in biofilm metrics,

ultimately allowing for a higher biofilm sample size, which was consistent etnderéhroughout the study period

enhancing the study robustness.

Figurel0 presentsbiofilm total and intact cell counts across different surface areas, ranging from 100 to 300 cm?,
cooling towers A1 and A2. The analysis shows no significant change in either total or intact cell counts between
sampling areasmplyingthat surface are&ariationsdo notmarkedlyaffectcell concentration and viability. &@h
Kruskalallis tesconfirms this, showing 2 aA Ay AFAOlI yi RATTF=HNBYYWADA d mMveLd // /2
B ndnpT !'H ¢F //EdnpT I'! o Dyo0R)Thisjustifcdtion supmoiEs theduse ofstandardsed

100cm? quadrat fobiofilm sampling throughouhe longitudinal study.
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Figure9: Impact of temperature variations (represented by pldation) on biofilm total (TCC) and intact cell counts (ICC) at
different pack locations (Bottom, Middle, Top) in cooling towers Al and A2. Temperatures in parentheses represent the a
values measured esite over two months (N=3). Panel A representsing tower Al, and Panel B represents cooling tower A:

53



100,000 -
N 75,000 -
£
Q
2
— Legend
5
(e}
O 50,000 - Tee
= IcC
O
E
=
2
m
25,000 -
O - 1 1 1
100 200 300
Sample Area (cm”2)
B
400,000 -
o 300,000 -
<
£
o
g
§ Legend
8 200,000 - TCC
3 IcCC
@]
E
=
XS]
m 100,000 -
0 -

100 200 300
Sample Area (cm”"2)

Figurel0: Impact of surface area variations on biofilm total and intact cell count. Panel A represent cooling tcamer geinel E
represent cooling tower A2.

54



5.2 Longitudinal Study

5.2.1L.pneumophilaDetectionand Quantification
The comparison df. pneumophilaletectionacross biofilm and bulk water samples from cooling towers Al and A2 is

illustrated inFigurell, using the Genomadix platform that expressed results as equivalent colony forming units (CFU
Notably,L.pneumophilavasexclusively detected in the biofilm sample of cooling tower A2, with no detection in the
bulk water during the sample period. A progressive escalation in equivalent CFU was observed throughout 2023, w
increases by a factor of approximately 2.59 fromil Ap July, then by a factor of approximately 2.23 from July to
September, and finally by a factor of approximately 1.88 from Séetetom October, reaching its highest point.

Importantly, cleans conducted in June and August were followed by a period whemaomophilavasdetected
in either cooling tower.
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Figurell: Comparative analysis of L. pneumophila presence in biofilm (n=3 for each date, totalling 39 samples) and bulk watgns8nimie

each date, totalling 39 samples) from cooling towers Al and A2 across 2022 and 2023, quantified as equivalentrooignynits (CFU) using t

Genomadix platform. The solid line indicates changes associated with the implementation of a new pack in cooling tovilerthA detted line
represents periods following the cleaning of cooling tower A2.
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5.2.21 egionellaGenus Detection and Quantification
This section examinéggionellaspp concentrations in biofilm and bulk water samples collected from cooling towers

Al and Aand analysed using the Genesig platform. Focusirthe relationships between these sample types, the
influence of biocide regimes, and the effects of seasonal variation and cleaning reFigunes2 illustrates
Legionellaconcentrations over theampling period, with cleans and operational changes marked by vertical dotted

and solid black lines, respectively.

5.2.2.1 Comparison dfegionellaspp. Detection and Quantification across Sample Types and Influence of
Biocide regimes
A significant observation in this study is the consistent higbgionellsspp. concentrations in biofilm samples

compared to bulk water across both operational cooling tovi®ikc¢xon Ransum Test test: Al: W=392, p < 0.05;

A2: W=549, p < 0.05). Despite this, no discernible correlation was observed between biofilm and bulk water
concentrations$pearman Correlation coefficiehtmY ~T'ndnndE LI B ndapT ' HY T nd
accompanied by linear regression (Appendix), reinforces theflackrelation with low coefficients of determination

(R2 <0.05). Comparison of the two cooling towers revealed no significant differelbeg®irellaspp. concentrations

in either biofilm or bulk water samples, despite differences in bigegiees \Vilcoxon Ransum Test test:

biofilm, W = 356, p > 0.05; bulk water, W = 314, p > 0.05)

5.2.2.2 Temporal and Cleaning Effects loegionellaspp. Detection and Quantification
Fluctuations in Legionella spp. concentrations were evident, with both cooling towers exhibiting sustained periods o

elevated biofilm concentrations in March and July 2023. Cooling tower Al also displayed elevated levels in April an
May 2023. As shown Figure 2, these periods of elevated concentrations inclutheividual samples with lower

values, highlighting variability even within months generally characterized by higher concentrations.

Kruskalallis tests confirmed significant monthly differences for both sample types across the study period (Al
OA2FAEYY .u I wHpodcynI LI f ndapT 'H O6A2FAEYY .4y T nH
117.31, p < 0.05Rosthoc Wilcoxon rankum tests with Bonferroni correction identified specific monthly differences
while controlling for multiple comparisons. These tests indicated that Legionella concentrations in cooling tower Al
remained relatively stable over timdgspite variability in individual samples, as no significant differences were
detected between months. In contrast, cooling tower A2 demonstrated greater variability, particularly in May 2023,
where concentrations significantly decreased compared to adjagenths. However, this variability fell within the
broader range of fluctuations observed during other periods, such as between March and April 2023, suggesting th:

the changes in May were not uniquely large but rather part of ongoing concentratiamidyna

Finally, the impact of cleaning regimens was assessed, focusing on cooling tower A2 due to the lack of comparable
cleaning events in Al. The Mdyne 2023 cleaning event led to a significant increasegionellaspp.
concentrations in biofilm samples (Wilcoxon raokn test, W=245, p < 0.05), with concentrations rising from an

average of 43,863 copies/litre in May to 684,670 copies/litre in June, representing a 1,460% increase.
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Similarly, bulk water concentrations increased significantly during this period (W=0, p < 0.05), rising from an averag
of 1,200 copies/litre in May to 46,727 copies/litre in June, a 3,794% increase. In contrast to the substantial increase
observed duringlay-June, the AugusSeptember cleaning event was associated with a significant 98.49% reduction

in bulk water concentrations (W=441, p < 0.05), but no significant change in biofilm concentrations (W=245, p > 0.0

In summary, biofilm samples consistently showed higbgionellaspp. concentrations than bulk water, with no
significant correlation between the two. While cooling tower design and biocide regimes had limited impact, tempor:
variations and cleaning regimens played a critical role, particularly in cooling tower A2¢clehring events had

contrasting effects ohegionellaspp. dynamics
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Figurel2: Highlights Legionella genus concentrations across sampling dates for biofilm and bulk water samples within cooling toW&2A1 a
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5.2.3 Microbial Concentration and Viability
This section examines the microbial dynamics of cell concentration (TCC) and cell viability (ICC) in four cooling tow

over the sampling periofFigure 13where cleans are indicated by dotted vertical labelled and operational changes
are represented by solid black lingse study compares biofilm and bulk water TCC and ICC to assess potential
correlations. It evaluates the influence of TCC and ICC on the presence and quantifitateoneflsspp., including

a specific analysis bf pneumophilawhich was detected in only one tower. Additionally, it explores the effects of
cooling tower design, biocide regimes, seasonal changes, and cleaning schebidésroand bulk water TCC and
ICC throughout the field study. The #60° CC percentage highlighted differences in microbial health and was
instrumental in establishing a standard for comparing microbial concentrations across cooling towers with larger

microbial loads.

5.2.3.1 Comparison of Cell Concentration and Viability between Biofilm and Bulk Water
Biofilm and bulk water samples from four cooling towers across two years demonstrated inconsistent correlations ir

TCC and ICC couritgjicating they are independent samples. Biofilm and bulk water TCC count exhibited a
combination of statistically significant and rgignificant correlations, with significant results showing both pesiti

and negative relationshipBor example, cooling tower B2 exhibited a strong significant positive correlation for TCC
O2dzyia Oo{LISINXNYIY wlkyl [/2STFFAOASYidT ~ I noyypZ LI f n
correlations. Furthermore, TCC correlations vasigoss seasons fardividual cooling towers. For instance, cooling
tower A2 demonstrated a strong significant negative correlatiedztt dzYy HAaHH 0 { LIS NX Yy wl y
0.94, p = 0.017) but shifted to a weak insignificant positive correlatioh i SNJ HaHH 0 { LIS NX I vy
0.50, p = 1.00).

Similarly, ICC counts between biofilm and bulk water showed no consistent or significant correlations across the fot
cooling towers with a mix of significant/ insignificant positive and negative correlations. For example, Cooling tower
Al had a strong sificant negative correlation BBJNA Y3 HAHH O { LIS NI-1.G0, pwD.93B) but 2 S F 7
strong positive correlation slzY YSNJ Hnuu 6" I ménnX LI T ndooovd CAYL
was not correlated (Spearman RanS§GTF A OASY (X °~ TnodnudpE LI T ndTtpod

5.2.3.2 Relationshigpetween Biofilm Cell Concentration, Cell Viability arigegionellaConcentration
Biofilm cell concentration (TCC and ICC) and the presence or abundanpaafmophilavithin cooling tower A2

AK26S8R y2 AAIYATFAOIYG O2NNBfFdGA2Y o6{LISINYIYQa NIV
0.05). There was also no correlation with ICC to TCC o pneéumophilaJNE & Sy OS 2NJ | 6 dzy Rl y OS
O2NNBf I GA2y-002059D35).0ASyiz ~ T

Biofilm cell concentration (TCC) did not correlate with the preseroggisnellad Sy dza 6 { LIS NXY I yQa |

O28SF¥FFAOASY Gl - I nomcE LI T ndomy ONRaa |ttt &aSlazya
ICC to TCC % showed a statistically significant correlatiobegitmellld Sy dza Ay O22f Ay 3 (26 SN
O2NNBtFiAz2y O2STFFAOASyGE L//Y ~ I nopt LT nodnncT
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observed in cooling tower A2. Seasonal variation had no impact on the correlation between TCC, ICC, and ICC to

% and_egionellayenus.

5.2.3.3 Comparison of Biofilm Cell Concentration and Viab#ityoss Cooling Towers
Cooling towers biocide regime and engineering design jointly had a significant influence on TCC and ICC across th

cooling towers (Kruskél I £ t A&4 GSaid= ¢//Y .4y I' npHEZHocXestsrewedladimT L/ |

significantly different TC and ICC across all cooling towers pairs, except cooling tower Al and B1. Cooling towers
using a combination of oxidising and r@adising biocides (A2 and B2) exhibited higher microbial counts than those
using only oxidising biocides (Al and B1), B&tlshowing the highest counts overall. Cooling tower design influenced
microbial concentration and viability within one pair (A2 & B2). Cooling towers also showed a significant influence o
ICC to TCC % across the cooling towers (Kéuskdl f A & 14.2 % & B.01). Subséquent pdsic test showed

that biofilm samples from cooling tower A2 significantly differed from those in B1 and B2, but not cooling tower Al.

5.2.3.4 Seasonal Effects on BiofilmliG2oncentration and Viability eross Cooling Towers
Seasonal variations significantly influenced TCC and ICC counts across all coolifi§rtskak&/allis rank sum, p <

0.05), but these effects varied by year and between TCC and ICC counts. In 2022, cooling towers Al and A2 exhibi
significant increases in TCC and ICC during the transition from winter to spring (February to April, fokoéd)
by declines in summer. In contrast, cooling tower B1 showed reductions in TCC and ICC during autumn (Septembe

November), whereas B2 exhibited elevated microbial counts from July to September, followed by a decline in autun

In 2023, seasonal influences were evident, but patterns differed between towers. Cooling tower Al remained stable
throughout the year, with no significant monthly changes apart from a general decline from March to October (p <
0.01). A2 repeated its pattef spring peaks in TCC and ICC (p < 0.05) and showed additional peaks in October duri
autumn. Cooling tower B1 exhibited significant fluctuations, with declines from March to June followed by increases
July, suggesting a lagged response to seat@maitions. B2 displayed synchrged TCC and ICC peaks in spring

(March to May), followed by sharp reductions at the onset of summer (May to June).

ICC to TCC percentage does not exhibit seasonal effects across the cooling towers. For Cooling towers Al, A2 anc
there was no significant differences between the seasons in the years 2022 and 2023. However, cooling tower B1 |

to TCC % displayed a gfigiant increase in 2023 rising progressively from Spring to Summer to Autumn.
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Figure13: Cell concentration in biofilms across sampling time. Each shape represents a different cooling tower. Dashed linesutegmebentooling tower was cleaned when solid black lines represer

operational cooling tower change. Each cooling tower isfalsetted to allow for comparison.
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5.2.3.5 Cleaning Effects on Biofilm Cell Concentration and Viability
Cleaning effects on biofilm TCC and ICC vary significantly across events and coolingittowpesational changes

playing a crucial role in enhancing cleaning outcomes. In cooling tower Al, a cleaning event showed no significant
effect on either TCC or ICC. In contrast, cooling tower A2 revealed that most cleaning events had no sigrifitant im[
on these metrics. However, a March 2022 cleaning paradoxically increased ICC by 128% (Wilcoxon rank sum, p <
without significantly affecting TCC. Conversely, a combined cleaning and pack replacement in October 2022 achiev
a significant reductioin both TCC and ICC by 96% (p <,&a81epictedn Figure 14Cooling tower B1 demonstrated
variable responses. An August 2023 cleaning reduced TCC by 92% (p<0.05) but left ICC significantly unchanged.
Notably, an operational change in September 2022 significantly decreased TCC by 82% and ICC by 68% (TCC: p <
IGC: p<0.01¥how inFigure 15Cooling tower B2 showed a paradoxical result in April 2023, with TCC increasing (p

<0.05) after cleaning while ICC remained unchanged after cleaning.
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Figure14: Biofilm cell concentration before and after a paeglacement and cleaning evewtthin cooling tower A2which took place ihate October
2022. The vertical black line represents the timing of this event.
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Figurel5: Biofilm cell concentration before and aftiye installation of an automatic dosing systemd cleaning evenwithin cooling tower
B1, which took place iMid SeptembeR022. The vertical black line represents the timing of this event.

5.2.3.6 Relationship between Bulk Water Cell Concentration, Cell Viability laeamionellaConcentration
Bulk water concentration (TCC), viability (ICC), and ICC to TCC % showed inconsistent correlations with the preser

Legionellayenus (copy number per litre), limiting their reliability as indicatorsdgionellaletection across cooling
towers and seasons. Cooling tower A1 showed no significant correlation, whereas cooling tower A2 exhibited a
Y2RSENI S LREAAGADGS O2NNBfFGA2Y o6{LSINXYIY NIyl O02STTA
effects were generally not significant fb€C correlations wittegionellayenus in either cooling tower. However,
AAAYATFAOLIY(G aSlazylf O2NNBflFIdA2ya 6SNBE 20aSNISR F2N
YR .mycc o0 I nodydE LI T ndnooovd L// (2 ©wersorseasors.d 2

5.2.3.7 Comparison of Bulk Water Cell Concentration and Viability across Cooling Towers
Similar to biofilm samples, cooling towers biocide regime and engineering design jointsidraficant influence on

TCC and ICC across the cooling towers (Keudkdl £ A& GSadGX ¢/ /Y .u [ o dgHoctedtsr n
revealed significantly different TCC and ICC across all cooling towers pairs, except cooling tovwit ACawithg

towers using a combination of oxidising and-oaidising biocides (A2 and B2) exhibited higher microbial counts than
those using only oxidising biocides (Al and B1), with B2 showing the highest counts overall. Cooling tower design
influencedmicrobial concentration and viability within one pair (A2 & B2). Cooling towers also showed a significant
influence on ICC to TCC % across the cooling towers (Rruskalf A & (S&dGX .u I ddocIestld f
showed that biofilm samplesoin cooling tower A2 significantly differed from those in A1 and B1 but not cooling

tower B2.lllustration of this finding shown Kigure 16
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5.2.38 Seasonal Effects oBulk WaterCell Concentration and Viability across Cooling Towers
Consistent withthe findings in biofilm samples, seasonal variations significantly influenced bulk water TCC and ICC

across all cooling towers except B1 (Krugkallis rank sum, p < 0.05). However, when analysing the ICC to TCC
percentage, most cooling towers did not #xthnotable seasonal effects. The only exceptions were cooling tower Al,
which showed seasonal differences between summer and autumn 2022, and cooling tower B1, with differences
observed between summer and autumn 2023. Post hoc tests examining thedafafeseason on TCC and ICC
revealed that cooling tower Al showed relatively consistent TCC and ICC durg®P2082@ith significant variations
observed in spring and autumn 2022 and between spring and summer 2023. Cooling tower A2 also exhibitéd seasc
differences in 2023, with TCC varying between spring and autumn, as well as between summer and autumn, and I(
showing differences between summer and autumn. Finally, cooling tower B2 displayed a significant decrease in TC

between spring and autumn 2028nd ICC reductions between spring, early summer, and autumn 2023.
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Figurel6: Cell concentration in bulk water samples across sampling time. Each shape represents a different cooling tower.e3asjpeesant when the cooling tower was cleaned when solid black lines represe

operational cooling tower change. Each coolioger is also facetted to allow for comparison.
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5.2.3.9 Cleaning Effects on Bulk Water C&tincentration and Viability
Similar to biofilm samples cleans hmaed resultscross cleaning dates and cooling towEms cooling tower Al,

there was no significant difference in TCC before and after the clean that occurred in282gusiowever there was

I aAIYAFAOlIYyG RSONSBI ad). Foycooling foweOA2 dihérié was ao. sigrificant diffecefice ind f
TCC and ICC before and after the clean in March 2022. Interestingly, after a clean in September 2022 and a pack
replacement in October, cooling tower A2 exhibited a significant dropihn JO& L/ / 6 0.85)showmimby ¢ =
Fgure 17 In 2023 cooling tower A2 had two clegrene in May and one in Augusthere there was no significant
difference in both TCC and ICC counts. Cooling tower B1 did show a significant decrease in TCC and ICC in Nover
following the installation of an automatic dosing pump in September &@@&n inFigure 8. Furthermore, total and

intact cell counts significantly decreased from July to September after the clean in August 2023. Cooling Tower B2
showed no significant difference in TCC but did show a significance decrease in ICC before and after the cleaning i
April 2023.
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Figurel7: Bulk Water cell concentration before and after a pack replacement and cleaning event wihtin cooling tower A2, whi
place in Late October 2022. The vertical blackripeesents the timing of this event.
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Figure18: Bulk Watercell concentration before and after the installation of an automatic dosing system and cleaning event wihtin «
tower B1, which took place in Mid September 2022. The vertical blackfiresents the timing of this event.
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5.3 Bacterial Community Structure
To explore differences in bacterial community structure, two key parameters were examined: bacterial richness and

bacterial evennes®ichness refers to the number of bacterial spggiesentin the community, while evenness
describes how enly these species are distributed within the commuiiheW hserveddnetric was used to measure
NAOKy Saa | WwRSHtANS 2 deQazZASRS (2 | &4 FiguieldS20eBdy Saa | yR Ol
5.3.1 Bacterial Richness and Evenness between Biofilms and Bulk Water Samples

Biofilms exhibited significantly higher bacterial richness (Observed) compared to bulk water samples for cooling
towers Al and B1 (Wilcoxon test: Al, W=583, p < 0.05; B1, W=279, p < 0.01). However, no significant differences \

observed for cooling towsrA2 and B2. As illustratedrigurel9, biofilm samples consistently demonstrated a higher
median richness than bulk water samples across all cooling towers. Notably, cooling towers A2 and B2 displayed a
larger interquartile range, indicatingoeoader variability in bacterial species richness. This broader variability, coupled
with data averaging over two years, likely masked any statistical significance for cooling towers A2 and B2.

Ly GSN¥Ya 2F O2YYdzyaie S@SyySaa ot ASftz2dzQa 9@SyySaaov:s
bacterial species distribution, with only cooling tower Al showing a significant difference (Wilcoxon test: A1, W=263
< 0.05). This result suggie that biofilms in cooling tower A1 may be dominated by a few species, whereas the bulk
water supports a more balanced bacterial commuikitgurel9 shows that bulk water samples had a higher median
evenness for cooling towers Al, B1, and B2; howewehroad interquartile ranges for B1 and B2 prevented the

detection of significant differences in evenness.

While cooling towers Al and B1 demonstrated significantly higher bacterial richness within biofilm compared to bulk
water, this was not consistently reflected in bacterial evenness. In cooling tower Al, biofilms showed lower species
evenness, suggestingatwhile more bacterial species are present, their distribution is less uniform. In contrast,
cooling tower B1 did not show any significant difference in evenness between biofilm and bulk water samples,
indicating similar species distribution patterns desgifferences in richness. Additionally, cooling tower B2 had a
higher median bacterial richness in biofilms but a lower evenness, though these results were not statistically
significant. This implies that, despite biofilms in B2 having more bactex#&sthese species are unevenly

distributed. Caution is advised in interpreting these findings, particularly for B2, due to the variability in data.

5.3.2 Relationship Between Bacterial Richness and Evenness Wwhagmeumophilawas present.
Bacterial richness and evenness didsighificantlydiffer significantly one month before and after the detectioih..of

pneumophiladuring any event.. pneumophilavas detected in April, July, September, and Octfiyerooling tower
A2, yet bacterial species richness and community structure remained stable throughout, indicating no measurable

impact on microbial diversity.
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5.3.3 Bacterial Richness and Evenness Among Cooling Towers
The bacterial richness of biofilms and bulk wakegyrel9) in cooling towers showed similar median values, with

comparable interquartile ranges for cooling towers Al and A2, as well as B1 and B2, respectively. The results of a
Kruskalallis test confirmed these findings. Evenrassess each cooling tower has similar median with lots of

interquartile overlap showing no significant difference, this was confirmed by the Kiledkaltest.
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5.3.4 Temporal Variation Between Bacterial Richness and Evenard€Ieans
Whencomparing the richness and evenness across the sampling feigade(® & 21) for both biofilm and bulk

water across the cooling towers, no significant differences were observed, evidenced by substantial overlap betwee
interquartile ranges. The Krushk&hllis test and pogtoc Dunn test further confirmed the absence of signitican
differences between sampling dates. Additionally, this analysis revealed subsequent cleanings did not significantly

impact the richness and evenness of the biofilms and bukraeross any cooling towe
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5.4 Bacterial Community Composition
To investigate microbial community composition changes across sample types, cooling towers, seasons, cleaning

events, and.. pneumophildetection, beta diversity analysis was performed using the Bray dissimilarity metric.

5.4.1 Microbial Diversity between Biofilm and Bulk Water Samples
Biofilm samples consistently exhibited significant differences in microbial communities compared to bulk water

samples across all cooling towers when measured with the Bray dissimilarity metric (Permutational Multivariate
Analysis of Variance test, p <@, highlighting distinct microbial communities in these two sample types.
Visualisation using hierarchical clustering anallfgsie 2) also highlighted this finding for cooling tower A1 with
clear clusters between biofilm and bulk water and even digtictclustering between biofilm samples indicating
variability within biofilm microbial communities. The same trend was observed with cooling tower A2, B1 and B2

shown in appendix.
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Figure22: Hierarchical clustering analysis of microbial communities to compare between biofilm and bulk water sancpl@infptower Al

using the Bray Curtis dissimilarity matrix. Red lines represent biofilm samples and blue lines represent bulk wateBtaokpiless represe

direct link to the biofilm and bulk water samplde height of the branches reflects the degree of dissimilarity between samples, with ¢

heights indicating more distinct microbial communiti€be xaxis labels (Sample ID) represent a combination of cooling tower ID and s
type (BIO = Biofilm, BW = Bulk Water).
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5.4.2 Microbial Diversity between Cooling Towers
Cooling towers exhibited distinct bacterial communities within biofilm and bulk water samples (Permutational

Multivariate Analysis of Variance, @30). Pairwise analysis revealed varying results for both biofilm and bulk water
samples. For instance, in biofilm samples, cooling towers A1 and A2, which are structurally similar but have differer
biocide regimes, did not show distinct bacterial commusitie contrast, cooling towers B1 and B2, which also share

a similar structure but differ in biocide regs) exhibited significant differences in their bacterial communities
(pairwise PERMANOVA with BenjasHiochberg (BH) corrections, p<0.8fpwn inFigure 23However, cooling

towers Al and B1, as well as A2 and B2, which differ in engineering structure but have similaebiocde

showed significant differences in their bacterial commungiesvn in (appendixY his suggests that engineering

structure may have a stronger influence on biofilm bacterial composition than biocide regimes.

Pairwise analysis for bulk water samples also revealed varying results with cooling tomresigiently displayed a
statistically significant distinct bacterial community when compared to A1, B1 and B2 (Permutational Multivariate

Analysis of Variance, p < 0.01), while the other cooling towers did not exhibit such differences
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Figure23: Hierarchical clustering analysis of microbial communities to compmrkng tower B1 and B2 biofilm samplesrigshe Bray Curti

dissimilarity matrix Red lines represent cooling tower biofilm samples when blue lines represent cooling tower bulk water $ampkght

of the branches reflects the degree of dissimilarity between samples, with greater heights indicating more distinct macnohiglitiesThe
x-axis labels (Sample ID) represent a combination of cooling toveerdBample type (BIO = Biofilm, BW = Bulk Water)
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5.4.3SeasonaVariation in Microbial CommunityComposition
Seasons had a mixed effect on the biofilm microbial community composition across cooling towers. For cooling tow

Al, in the year 2022, the bacterial community composition remained stable across all seasons. However, in the yesg
2023, the bacterial commity composition irspring (Marchjyvas significantly different comparedlaie spring and
summer (April, May, June, July, and AugiEERMANOVA, p <0.0Adlditionally, in 2023zarly spring (Aprilvas
significantly different compared toid and late spring (May and Jyn8imilarly, for cooling tower A2, in the year

2022, the biofilm bacterial community composition remained stable across all seasons. In the year 2023, the bacter
community inspring (Marchyliffered compared tsummer (June, July, and AugBfERMANOVA, p <0.01)

Furthermore early autumnSeptemberyignificantly differed fro,summer (June and Augusfooling towers B1 and

B2, on the other hand, exhibited stalliefilm bacteral communities throughout 2022 and 2023, with no significant
seasonal variatioBBulk water samples showed no significant changes in bacterial composition across seasons for all

coolingtowers.Both biofilm and bulk watdrends are further illustrated iRigureV (Appendix).

5.4.4 Microbial Community Between Cleans
Whenexaminingoeta diversity one month before and after a clean (where data allowed), it was clear that cleans did

significantly change the microbial community for cooling tower A2 when the clean happened In May 2022. However
it should be noted that results from Agrdd to be compared to July instead of May due to lack of sampling date.
Furthermore, the clean that occurred in May and August 2023 did cause a significant shift in microbidhitgrasnu
confirmed by a PERMANOVA test (P < .0.B8) cooling tower B1 the clean in April 2023 did not cause a significant
shift between March and May 2023. For cooling tower B2, the clean in August 2023 also caused a significant
difference between July and September 2023 0.05)In comparisorhulk water samples were not significantly

different across any cleans.

5.4.5 Microbial Community betweeih. pneumophilaDetection
A Permutational Multivariat&nalysis of Variance revealed a significant difference in the biofilm microbial community

only between August and September in cooling towelFigute 3). When examining whether there was a significant
difference between the biofilm microbial communities one month before and one month after the presénce of
pneumophilaconsiderable overlap was observed between the clusters in March and April, April and May, June and
July, and July and August. This indicates no considerable difference in the microbial commuritypndiemophila
wasdetected in April and July. However, the cluster observed in August was different from that in Septembier, when

pneumophilavaspresent

75



Groups
W A2 BIO_2023_7 W AZ BIO_2023_3

1.0

0.8

0.8
|

0.4
|

0.0
L

AZ _BIO_2023_7
AZ_BIO_2023_8
AZ BIO_2023 8
A2 BIO_2023 9
A2 BIO_2023_7
AZ _BIO_2023_8
AZ_BIO_2023_8
AZ BIO_2023 7
A2 _BIO_2023 7
A2 BIO_2023 7

Eamiple IC

Figure24: Hierarchical clustering analysis of microbial communities to compaskng towerA2and A2 biofilm samples Wsg the BrayCurtis

dissimilarity matrix Red lines represent cooling tower biofilm samples when blue lines represent cooling tower bulk water $ampkight

of the branches reflects the degree of dissimilarity between samples, with greater heights indicating more distinct macnohigdities The

x-axis labels (Sample ID) represent a combination of cooling tower ID, sample type (BIO = Biofilm, BW = Bulk Water) fcdlamaadiby
month, allowing for direct comparisons across time points
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5.5Bacterial Community

5.5.1 Bacterial Community Composition
Figure25 and Figur€6 show most abundant bacterial phylum, class, family and genus present within each cooling

tower over a tweyear period, encompassing both biofilm and bulk water samples.

5.5.2 Characterisation of Biofilm and Bulk Water Bacterial Community within Cooling Towers
The charactesation of the biofilm and bulk water community within various cooling towers reveals a striking

consistency in bacterial composition, with both matrices predominantly feafrotgobacteriafollowed by
Bacteroidotaand Firmicutes. Biofilm samples additionally exhibit small abundanCgambbacteriand
Acidobacteria. At the class level, Alpha, Gamma, and Peli@obacteriare abundant in both biofilms and bulk
water, while Bacteroidia, Bacilllyanobacterigand other rare taxare uniquelycharactersed in biofilms. Families
such assphingomonadaceaBseudomonadaceae, Bdellovibrionaceae, Xamthobacteraceaare the most

prevalent across both environments, with differences mainly in the relative abundance of fpadiés.

Further examination across different cooling towers highlights a consistent predomin&rogobacteriaCooling

towers Al and A2 show higher abundanceBaifteroidoteand Cyanobacteriawhereas towers B1 and B2 are richer

in Firmicutes and Acidobacteriota. Notably, cooling tower Al features a higher abundance of Beijerinckiaceae, and

both A1 and B1 show higher levels of Caulobacteraceae. Cooling tower A2 is particularly distingsiighifiddntly

larger abundances of Clade lll, Hypomicrobiaceamsmaceae, and Azospirillaceae. An analysis at the genera level

across all samples did not yield additional insights, reaffirming that the key distinctions occur at the phylum and fam

levels.

5.5.3 Characterisation of Biofilm Bacterial Community whierpneumophilawasPresent
To determine if community composition changed whegmneumophilavasdetected by Genomad{April, July,

September and October) within cooling tower A2 biofilm samples, the phyla, classes, families, and genera present «
month before, during, and one month after the detectio.gfgneumophilavere analysed (refer t&igure27, 28

and 29. In April 2023, wheh.pneumophilavasdetected, a unique phylum @yanobacteriavas identified, which

was absent in both March and May. During this month, there was a distinctive pres@yemolbacterialasses,
accompanied by a notably high relative abundance of Adpbieobacteriaompared to the following month,

whereas the previous month showed no presence of ARroteobacteriaAn examination of the familgvel

composition revealed th&phingomonadaceaand Xanthobacteraceaexhibited muchhigher abundances than in

the months before and after, alongside a unique presence of Rhizobiales and Solimonadaceae. Further analysis of
genera present indicated that Novosphingobium, Sphingomonas, Afipia, and Phreatobacter had a significantly high
relative abundance than in the previous and subsequent months, with Nevskia, Methylobacterium, and Skermanell

uniquely present during the month of April whempneumophilavasdetected.

In July 2023Cyanobacterisemained uniquely present, supplemented by additional uniquely present phyla such as
Bacteroidota Firmicutes, and Acidobacteriota. The classes observed during this month, which correlated with the
presence of..pneumophilaincludedCyanobacteriaBacteroidia, Deltgroteobacteria Bacilli, and other rare taxa.
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July 2023 also saw a higher abundance of the farKdiethobacteraceaand Hyphomicrobiaceae, along with a
unique presence of Clade_lIll, Rhodobacteraceae, Bdellovibrionaceae, Spirosomaceae, and Beijerinckiaceae. The
genera landscape in July 2023 was uniquely dominated by rare taxa, as well as Hypomicrobium Splaidgolplyxis

, Blastomonas, Bdellovibro, Lentibacillus, and Methylobacterium.

September 2023 comparisons revealed a small, unique presence of Firmicutes. A deeper analysis of the classes
showed that DeltBroteobacteriavas particularly unique this month, accompanied by small abundances of unique
classes such as Bacilli and Bacteroidia. The family structure included a unique presence of Hypomicrobiaceae,
Moraxellaceae, Bdellovibrionaceae, rare taxa, Bacillaceae, amoi@alaaceae, with a higher relative abundance of
Pseudomonadaceae compared to the previous month. The genera pireSatember 2023 whdn pneumophila
wasdetected werePseudomonadHypomicrobium, Acinetobacter, BdellovikBphingopyxisalong with rare taxa,

Blastomonas, and Lentibacillus.
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5.6 PhysicochemicadParameters

Thephysicochemical parameters measured across the four cooling towers overnyganperiod provide insights

into variation in calcium hardness, alkalinity, chloride conductivity, water temperature, pack temperature and Iron

content. A summary of the meamjnimum and maximum values for each parameter is providédble 5

Table5: Mean water quality parameters across cooling towers. Values in bracket represent min and max value

Cooling Hardness Alkalinity Chloride pH Conductivity | Iron (mg/L) | Temperature | Temperature

Tower (ppm) (ppm) (ppm) (uS/cm) (°C) Pack (°C)

Al 18.83 (8.0 | 27.07 (15.0 | 30.65 (10.0 | 6.84 (6.3 259.12 (39.0| 0.11 (0.1 17.11 (12.3 | 15.98 (9.8
46.0) 50.0) 83.0) 7.5) -615.0) 0.5) 25.3) 22.2)

A2 43.33(28.0- | 29.59 (20.0 | 39.24 (18.6 | 6.9 (6.5 172.29 (79.0| 0.07 (0.0- 17.37 (8.7 14.63 (8.2
100.0) 78.0) 175.0) 7.7) -837.0) 1.13) 26.8) 19.5)

B1 13.67 (9.0 | 20.64 (15.0 | 19.52 (5.8 | 6.69 (6.1 254.17 (74.0| 0.1 (0.1- 14.08 (6.6 12.62 (8.%
20.0) 25.0) 45.0) 7.2) -563.0) 0.1) 21.6) 16.9)

B2 21.3(12.0 | 21.57(12.0 | 75.97 (48.0 | 6.61 (6.3 273.22 4.33 (0.9 13.96 (8.7 16.15 (10.3
45.0) 35.0) 115.0) 7.0) (127.0- 194.0) 22.9) 22.8)

456.0)

5.6.1 Calcium Hardness Variability ahdpneumophilaCorrelationin Cooling Towers
Figure30displays that calcium hardness was recorded the highest in cooling tower A2, exhibiting dramatic

fluctuations and pronounced peaks and troughs throughout the timeline. In contrast, the other cooling towers (A1,
B1, and B2) generally maintained more stahleium levels, hovering around 25 ppm, with A1 and B2 experiencing
occasional peaks. Notabtliere was evaluations talcium hardness in cooling tower A2 coincided lwith
pneumophilagPCRletection near the end of the months of Afmiit a dop in calcium hardness coincidediuty

2023.

5.6.2 Alkalinity Variability and_. pneumophilaCorrelationin Cooling Towers
Figure31l illustrates that cooling towers Al and A2 have a relatively higher average alkalinity, around 30 ppm,

compared to cooling towers B1 and B2, which maintain an alkalinity around 20 ppm. Furthermore, towers Al and A
exhibit greater variability in alkalinifjcluding some extreme peaks. Notably, there were no significant changes in

alkalinity levels in cooling tower A2 wHepneumophilavasdetected.

5.6.3 Chloride Variability andl. pneumophilaCorrelationin Cooling Towers
Figure 2 shows that cooling tower B2 had the highest chloride levels throughout the sample timeline, followed by

cooling tower A1 and A2 with the lowest being found in cooling tower B1. Throughout the timeline cooling tower A2

had the largest spikes, however, teavas no peaks or drops wherpneumophilaoccurredin April and July.

5.6.4 Conductivity Variability andl. pneumophilaCorrelationin Cooling Towers
Figure 3 illustrates that each cooling tower typically maintains conductivity levels between 200 and 400

microSiemens per cm. However, all towers except for B2 experience peaks that exceed 400 microSiemens per cm
various times throughout the observation peridibtably, there were no significant changes in conductivity one

month before, during, or after the detection lofpneumophilan any of the towers.
84



5.6.5 Water Temperature Variability and. pneumophilaCorrelationin Cooling Towers
Figure & shows that cooling towers Al and A2 reach higher peak temperatures compared to towers B1 and B2.

Despite this, considerable variance and overlap exist among the temperatures across all towers. Specifically for tov
A2, an increase in water temperaturesa@oted in April and July 2023, coinciding with the detecti@n of
pneumophilaHowever, these temperature increases followed previous drops and remained within the typical range

for this tower.

5.6.6 Pack Temperature Variability andpneumophilaCorrelationin Cooling Towers
The data illustrated iRigure35 shows seasonal pack temperature variations within four cooling towighs,

measurements taken from the middle of the patke data indicates an increase from March to July, with
temperature peaks observed in April and July. These peaks correlate with the detection of L. pneumophila in the sa

months. Despite a temperature decline in August and September, the bacteriuteteeted again in September

5.6.7 Iron Variability and.. pneumophilaCorrelationin Cooling Towers
Iron levels were found to be same throughout the entire testing period at O ppm. Therefore, no change was found

throughout the testing period and cooling towers.
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Figure30: Time series plot showing fluctuation in calcium levels (ppm) recoded by four different cooling towers (A1, A2, B1, &&ufion2B22 to June 2023. Each Cooling tower is represented by a distinct cola
illustrate trends and variations across thgesific period.
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Figure33: Time series plot showing fluctuation in conductivity (Mmhos) recoded by four different cooling towers (A1, A2, B1, BRjdeopn2022 to June 2023. Each Cooling tower is represented by a distinct colo
illustrate trends and variations across theesffic period.
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Figure34: Time series plot showing fluctuation in watemperature (°C) recoded by four different cooling towers (A1, A2, B1, B2) from February 2022 to June 2023. Each Gadsliegtesented by a distinct cols
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The study conducted at the field site leveraged a unique research environment, chegddigiits diverse array of

cooling towers, each distinguished by its own engineered structure, specific biocide regimes, and distinct
PhysicochemicplarametersL y (G KA & addzReéx WodzZ | 6F SN &l YLX S& NBT
tower basin following the 1ISO 11731 protoddiese towers provided a robust platform for the development,
optimisation, and application of a tailored biofilm sampling strategy. The accessibility of these cooling towers enable
an extensive and methodical sampling routine over ama8th period. This routine not only differentiated between
biofilm and bulk water sanhgs but als@wonsideredvariations in engineered structures, biocide regimes, seasonal
changes, and maintenance cyclelse presencef an onsite laboratory was also pivotal, allowingtierimmediate
analysis of both biofilm samples and bulk walkis capability enabledearreattime assessment of microbial
concentrations, viability and the presenceLefjionellaspp., includind..pneumophilaAdditionally, samples could be
DNA extracted on site and stored immedhiafer downstream microbial community analysis. This unique

combination of sophisticated esite facilities, diverse sampling strategies, and comprehensivémeatiata analysis

enabled a thorough investigation of this research aims and objectives.

6.1 Biofilms as Lead Indicators

6.1.1 Exclusive discovery &f pneumophilan Biofilms
In this study, the first known detection and quantificatioh.gbneumophilavithin biofilm samples extracted from

operational cooling towers is presented. This discovery is particularly significant given the lraptyeaimophila
occurrencesn cooling towers within Europe and the USA, where its detection is generally considered a sporadic
event. The exclusive identificationlofpneumophilavithin biofilm samples not only showcases the potential of
biofilms as critical indicators for monitoring effobut also underscores the limitations of conventional monitoring
strategies, which are confined to planktonic samples and would have overlooked such detections within the same
study period. The findings emphasthe need for a more comprehensive monitoring policy, practice, and even
regulations, which shouidtegratethe assessment of biofilm samples alongside traditional planktonic samples
complementing each othetegrating biofilm assessments offers a forwlaaking approach by enhancing the
sensitivity and comprehensiveness of monitoring efforts, significantly improving the capabilities for early detection
and timely implementation of a water safety plan. 3¢hare essential in mitigating the risk_opneumophila

outbreaksand maintaining public health.

6.1.2 Biofilms as Ecological Niches fargionellaspp.
For the first time, this study has identifiedgionellaspp. in higher concentrations within cooling tower biofilm

samples compared to cooling tower bulk water samples, further corroborating the pivotal role of biofilms as an
ecological niche and their potential as lead indicatadglitionally, within operational cooling towers, a lack of
correlation was observed between biofilm and bulk whtsgionella sponcentrations, indicating that these
represent discrete sample types with distinct microbial dynamibge such findings are not novel in other

engineered water systems, as demonstrated in previous studies (van der Kooij et al., 2005; De Filippis et al., 2017;
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Margot et al., 2024), thistudy presents théirst demonstration of this phenomenon within the specific context of
operational cooling towers. These studies have shown that biofilms in drinking water distribution networks and
building plumbing systems often harbour higher concentrations of Legispgll compared to bulkater. The
importance of biofilms is widely recoggil for the survival dfegionella sppn diverse environments, such as
freshwater systems (Declerck, 2010), water distribution systems (De Filippis, 2018; Waak, 2018), shewer hose
(Cavallaro, 2023), and in vitro systems (Taylor, 2013; Stelwtrye and Cianciott@®012). This is further highlighted
in various guidelines (ASHRAE, 2019; WHO, 2007; HSE, 2014). These findings are attributed to the protective
characteristics of biofilms, such as nutrient availability and resistance to shear forces, whichLsgipoetla spp.

growth (Costerton, 1995; Flemming, 2020; Pereira, Silva, and Melo, 2021).

This study builds on these observations by providing novel insightegitmellaconcentrations in biofilms

compared to bulk water, and whether these two sample types are correlated, within the specific context of
operational cooling towers. Cooling towers exhibit unique microbial dynamics and water quality parameters
compared to otheengineered systemdsao et al., 2019yet their biofilms have not been systematically studied

until now. This research gap can be attributed to four main challenges: (1) the assumption that cooling tower biofilm:
behave similarly to those in other engineered water systems without systematic evidence; (2) the absence of
standardsed biofilm sampling methods; (3) the logistical difficulties of obtaining biofilm samples compared to more
accessible bulk water samples; and (4) ongoing debates regarding the abéigyooklla sppgo persist and

proliferate without protozoa, which has led to an underestimatiath@fole of biofiims (Barbosa, 2024). This study
reveals that routine planktonic sampling methods (bulk water samples)ins a critical component bégionella
surveillance and public healtHowever, theylo notcapture the distinct bacterial concentratiand communities
includingLegionellaspp., that reside within biofilm$hese findings underscore the need for improved cooling tower
management strategies that incorporate biofilm sampling. As demonstrated in this study, biofilm samples can be
readily and reliably collected across the cooling tower pack using a developautiarised biofilm sampling regime.
This highlights their pivotal role in thegionelldife cycle anastablishediofilms as a viable and valuable lead

indicator ofLegionella spmontamination warranting theiintegration into traditional monitoring practices

A further consideration is the role of protozoa, such as amoebae, which are known to graze on bacterial population:
within biofilms, fostering environments whdregionella spgan persist and replicate intracellulafBeclerck, 2010)

They also contribute to nutrient cycling by feeding on bacteria and recycling organic matter, which further supports
Legionellgroliferation(Nisaret al., 2020) While protozoa are recognized as important hosts that enhaegenella
AAdINDAGIE | yR NBLEAOFGA2YS (KS& 6SNB y2d AyOf dRSR Ay
several reasons. Protozhagionellanteractions are wellocumented in bulk water systems as they can serve as
intracellular hosts foLegionellaprotecting the bacteria from environmental stressors, disinfectants, and even
predatory bacterigdBoamalet al., 2017)rendering this aspect less novel for the scope of the present research.
Despite the relationship between biofilms and protozoa, this study was specifically designed to explore biofilms as

independent ecological niches and lead indicatotseegfonella spgpresence, focusing on their unique role in cooling
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tower environments. Moreover, previous research suggestd #gibnella spgan proliferate within biofilms
independently of protozoéSurman etl., 2002; AbdeNour etal. 2013 A dzLJLI2 NI Ay 3 GKA & & ibdzR
investigating biofilms without this added variable. Finally, practical and logistical considerations also influenced this
decision. Incorporating protozoa into the analysis would have required additional samplirglsrotdich could
complicate the longitudinal assessment.efjionellalynamics in biofilms versus bulk water. While protozoa
undoubtedly play a significant roleligionellacology, the scope and design of this study préedtbiofiims as self
contained ecosystems. Future studies might delve into protbegnelldnteractions within biofilms, but this

research has established a critical foundation for understanding biofiims as lead indicbtgismélla sppn cooling

tower environments.

6.1.3 Novel and Optimised Sample Technigue to Determine and Quahtifgneumophilaand
Spp.

This study successfully demonstrates that biofilm samples can be collected and analysed from various operational

cooling towers, including two distinoboling tower structures (induced crossflow and induced draft thoa)two

biocide regimesusing the novel and optimised sampling technique developed in this research. To the best of our
knowledge, this is the first study to design and valid&ti®fim sampling method that can be consistently applied
across operational cooling towers, addressing a critical gap in Legionella surveillance practices. This method
overcomes challenges such as the lack of starsdgiah and logistical complexities in biofilm research within cooling
towers. The robustness of the novel method is evidenced by the successful collection and analysis of hundreds of
biofilm samples, reinforcing its practicality and reliability. This stdtyfilm sampling approach specifigdargets

the cooling tower pack, where biofilms are most likely to thrive and develop, and where Legionellsatiwogsli

most likely to occur. Furthermore, cooling tower pack is also located just upstream of the standardised bulk water
sampling locations, such as the basin or makeup water, making it a logical and complementary site for sampling

biofilms.

The biofilm sampling strategy also incorporates key environmental considerations, such as temperature gradients
across the cooling tower pack and variations in biofilm surface area, whilst ensuring it remains practical for routine
application. By offering clear, reproducible protocol that does not require additional equipment, operational
changes, or specific location and time constraints, this approach ensures practicality and accessibility for routine
application. Thereby providing a strong foundatimnestablishing standardised biofilm sampling practices in
operational cooling towers, improving the consistency of Legionella surveillance and supporting better public health

outcomes.

Another key methodological decision was the use of swabs for biofilm sampling, chosen for their practicality, flexibil
and already established in routine guidelines for showerh@d€, 20195wabs enabled immediate sampling from
cooling tower pack surfaces without requiring-prstalled devices or operational shutdowns, minimising disruption.

In contrast, methods such as coupons or biofilm monitoring devices (e.g. Robbins devicesdrstat@agtor or flow

cells)(Azeredo et al., 201 Mtroduce foreign substrates that can affect biofilm development, bacterial compaosition or
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require controlled laboratory conditions that do not replicate the complex biology and physiochemical conditions
within operational cooling towers. Similarly, while advanced methods such as impedimetric biosensors show promis
they remain expensive andsinfficiently validated for use in cooling tower environméisiam et al., 20207 his

& ( dzR & ¢haseddapproach represents an innovative, practical solution that bridge the gap between laboratory
based technigues angalworld application, enhancing routine surveillance practices and promoting reliable

Legionella detection.

Despite limited research in this area, the results of this study closely align with those of Waak et al. (2018) and De
Filippis et al. (2018), who reported that L. pneumophila was exclusively present in biofilm samples within water
distribution systems. Aditionally, Garner et al. (2018) observed that Legionella spp. were more abundant in biofilms
than in bulk water, further validating the critical role of biofilms in water distribution systém<orroboration of

these findings, despite the use of different engineering structures in this study, further proves the reliability and
adaptability of the novel biofilm sampling routine developed here. This consistency across varied systems highlight:
the robustness of the method and its potential for broader application. By providing a validated and reproducible
method for biofilm sampling in cooling towers, this study contributes to filling a critical gap in the literature,
promoting future researctgnd emphasizing the importance of biofilm sampling for the detection and quantification

of L. pneumophilaUltimately, this advancement enhances monitoring efforts, supports early detection, and facilitates

the timely implementation of water safety plans to protect public health.

6.1.4 Integrating Biofilm Sampling with Rapid Detection: Advancing Beyond Bulk Water

Monitoring
An increasing awareness of the need for early detectitn phieumophildas sparked significant research into

emerging detection techniques. These rapid detection methods exhibit distinct advantages over traditional culturing
methods, as discussed in Section 2.3. Most existing techniques, however, have been developedian teste
planktonicLegionelldan bulk water samples, leaving their applicability to biofilms relatively unexplored. This study
sought to bridge this gap by exploring how biofilm sampling could be integrated with rapid detection techniques to
enhancelLegionelh monitoring practices. Specifically, it evaluated the performance of two commercial quantitative
polymerase chain reaction (qQPCR) metho@gnomadix and Genesidor detectingL. pneumophilandLegionella

spp, respectively, in both biofilm and bulk water samples.

The results highlight that rapid detection methods, such as gPCR, can be successfully applied to both biofilm and b
water samples for detectingegionella spprhe detection ofegionella sppn bulk water samples aligns with prior
studies on other engineered water systems (e.g., Wullings and van der Kooij, 2010; Waak et al., 2018; Buse et al.,
2020), which demonstrated the effectiveness of gPCR for identifying plankegmonellaHowever, this study

revealed several advantages of using biofilm esémple typel.. pneumophilavas detected exclusively in biofilm
samples, antlegionella sppvas consistently found in higher concentrations in biofilms compared to bulk water.
These results provide a more accurate representatidregionelldevels within cooling tower systems, underscoring

the limitations of protocols that focus solely on planktonic samples.
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Incorporating biofilm sampling into routine monitoring practices is essential for obtaining a more comprehensive
understanding oL egionellaisks. This integration offers a critical step toward improving rapid detection methods and

enhancing environmental monitoring frameworks.

Beyond gPCR, this study evaluated other emerging detection methods, including lateral flow assays, immunomagn
separation, and an additional commercial gPCR kit. However, these methods failed to reliably or accurately detect
pneumophilavhen tested against known positizepneumophiléenticule discs (NCTC 12821). Variability in their
performance likely stemmed from limited test availability, sparse methodological data (e.g., for lateral flow assays),
and testspecific constraints, such as the sgeitif of immunomagnetic separation for wild strains as indicated by the
manufacturer. Differences in detection efficiency compared to studies like the Nephros PluraPath (2024) further
highlight the urgent need for standardized methodologies, particutagipck preparation and concentration

protocols.

While these emerging detection methods were not applied to biofilm samples in this study, they may perform better
when adapted for biofilm contexts. The higher concentratiohegionella sppbserved in biofilms compared to

bulk water suggest that biofilm sampling could align better with the sensitivities of these methods than planktonic
testing. Moreover, the exclusive detectionLofoneumophilén biofilmsamples during this study reinforces the
importance of prioriging biofilm sampling in routine monitoring practices to more reliably deegibnellaand

better protect public healtlover more emergent detection methads

6.2 No Correlation between Cell Concentration ahdgionellaspp.
In examining the correlation between cell concentration (TCC), cell viability (ICC), and the préssgioaallespp.,

includingL. pneumophilathe findings challenge the conventional expectation that higher bacterial counts create a
conducive environment fdregionellaggrowth, an assumption often uncritically accepted in the existing literature
(Springston, 2017T.his study also explored, for the first time, the correlation between the ICC to TCC ratio and the
presence ot egionellaadding a new dimension to if cell counts can correlategponellaA noteworthy aspect of

this study was the inclusion of both biofilm and bulk water samplésbigifilms being a particularly critical focus due

to their previously underexplored roleliegionellacology. When comparing cell counts before and &fter
pneumophilavasdetected, in most instances, there were no significant differences in cell counts associated with the
detection ofL. pneumophildntriguingly, in scenarios where differences were observed, cell counts were lower at the
time ofLL. pneumophildetection contradicting the idea that a higher bacterial load is a prerequisiteefporella

proliferation.

A patrticularly intriguing outcome of this investigation was the isolated detectiopredumophilan one cooling
tower (A2), despite cooling tower B2 having significantly higher TCC and ICC counts. Additionally, it was observed 1
Legionellaspp. concentrations were similar between cooling towers Al and A2, even though A2 exhibited significant

higher cell counts. These findings imply that the presence and concentratioprumophilzas well as other
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Legionellsspecies, may be influenced by factors beyond simple microbial concentrations and viability, casting doubt

on the reliability of cell counts as a standalone indicator for assésgmanellaisk.

In this study, the ratio of cell viability to cell concentration was analysed to determine its relationshipgratiella
spp.concentrations. Observations showed that despite sirhédgionellaspp.concentrations in cooling towers Al and
A2,L. pneumophilavasdetected exclusively in cooling tower A2. Both A1 and A2 exhibited a similar, low intact to
total cell ratio, indicating a predominance of naable cells within their microbial communities. Conversely, cooling
towers B1 and B2, which had mucytter intact to total cell ratios, showed no presenckeagjionellaThese findings
suggest that the ratios of viable and nanble cells cannot reliably predict the presenceatfionellaand the

viability of the surrounding microbial community may not be a crucial factor for the survival and grbegiootlla
The lack of correlation between the cell viability to cell concentration ratibegidnellaspp.currently cannot be
compared to existing research due to a lack of studies. The inferendestfiabellaloes not require viable microbial
communities has been evidenced for the first time and aligns with the findings conducted by Temmerman et al.
(2006), who found thdtegionellacan exhibit necrotrophic growth by utilising nutrients from Haléd microbial

cells in tap water.

The observed detachment between aalhcentrationcell viabilityand Legionellaletection underscores the

complexity ol_egionellaecology, suggesting that its proliferation within water systems cannot be predicted by
bacterial load alone. Consequently, this calls for a more comprehensive approach that considers not just the microk
load but also the composition of the bacterialntounity and keyphysicochemicaglarameters to fully understand the

conditions that favoukegionellggrowth and persistenceithin both biofilms and bulk water.

6.2.1 Comparative Analysis with Biofilm Studies
The lack of correlation between cell counts aedionellavithin biofilm samples is a distinctive feature of this

investigation, particularly given the scarcity of literature directly addressing this relationship, yet it is prevalent in
‘expert judgement' and practice. This finding stands in contrast to alsyuebn der Kooij et al. (2017), which

reported significant, albeit weak, correlations between total cell count, heterotrophic plate couhggiondella

growth within biofilms. Importantly, their study used a laboratory setup that differed significeptlyscochemical
parameters from the operational cooling towers we examined ugh of flow cytometry in these reabrld settings
enabled a more detailed and comprehensive analysis, allowing for higher sensitivity in comparing cell concentratior
and assessing cell viability relative_agionellaconcentrations. This methodology has enhanced our understanding of
how cell concentrations and viability correlate within both biofilms and bulk watet egibnellgpresence within

operational cooling towers.

6.2.2 Comparative Analysis with Bulk Water Studies
This study also found that bulk water cell counts didamotcorrelate withLegionellgpresence that again,

contradicingthe expectatiorthat higher bacterial counts create a conducive environmeritégionellagrowth. This

finding actually aligns with some studies, for instatimework of Sanchis, Inza & Figueras (2023) challenges

traditional assumptions by showing that heterotrophic plate count (HPC) values above 100 CFU/mI do not necessal
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correlate with an increased riskloggionellgpresence. Their findings, which rely on conventional methods for
evaluating cooling tower bulk water samples, suggest that only HPC values under 100 CFU/ml could serve as reliat
indicators for the absence or minimal concentrationsegfionellaSimilarly, Duda et al. (2015) underscore the
limitations of using HPC as a predictive tooL&gionellacolonisation, demonstrating that such measures failed to
indicateLegionellaspp. presence in over 64% of caige®lving cooling tower samples. These studies, while
methodologically diverse to this research, underscore a critical point: the predictive value of D fmllaisk
assessment is highly variable and often unreliable. Conversely, research by Camparia et al. (2023) and Kyritsi et al
(2018) suggested a potential relationship between overall microbial concentration in bulk water samples and
Legionellpresence, positing that under certain environmental conditions, microbial load could indeed reflect a
increased_egionellaisk. The discrepancy between these findings and those presented here, as well as those reporte
by Duda et al (2015) & Sanchis, Inza, & Figueras (2023) highlights the nuanced and compleX_egiare it

ecology. This complexity necessitates a move beyond simple numerical analyses. To tiudgigmsitadynamics,
identifying bacterial compositions or plgmihemical factors that either promote or inhib#gionellagrowth is

crucial for developing more effective management strategies.

This study's use of flow cytometry represents a significant methodological advancement, allowing for the detection «
viable but norculturable (VBNC) cells, which are often overlooked by traditional plate counts. The ability to identify
these cells is pamount, as they may play a crucial roleégionellasurvival, proliferationand pathogenicity anss

than 1% of bacteria found in environments are culturable (Wang, 2010). Thus, the approach developed and presen
here not only provides a more acctgaepiction of the microbial load but also showcases the importance sihgtili
advanced methodologies to understand the complexity of microbial interactions within cooling towers. The sensitivit
and comprehensiveness of these methods reveal the limitations in relying solely on conventional microbial load
measurements fokegionellaisk assessment. Given these considerations, alignment between the research findings
presented here and those of Sanchis, Inza, & Figueras (2023), despite their usemfatandthods, further

emphasizes the need for a multifaceted approacheagionellaisk assessment. This approach should not only

consider cell counts but also the specific characteristics of the microbial community and other factors beyond mere

microbial abundance.

Considering the limitations of relying solely on cell countsdgionelladetection, itisimportant to recogrse the

need for a more comprehensive strategy for monitotiegionellaAlthough these counts are still valuable for

asessing biocide efficacy, cleagsand malfunctions that may lead to bacterial growth in cooling tovleey should

be complemented with a broader range of indicators. These other indicators should focus on microbial community
characteristics, physicochemical parameters, atetactions between biofilms and bulk water on the detection of
Legionellaspp. especially pneumophila. Gradually introducing these elements can enhance the predictive models fo
Legionellpresence and provide a strategic advantage in customizing monitoring and control measures for water

systems.
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6.3 Biofilm Community & Structure
This work has shown that sampling biofilm usiagecific detection method can yield new insight and advance

indication ofL. pneumophilavhile also showing that cell numbers are not enough. Biofilms are complex multispecies
environments, and literature has suggested that biofilms communities play a pivotal role in the survival and
proliferation ofLegionellavithin cooling towers (Abu Khweek, 2018; Di Pippo, et al., 2018; Pereira, Silva & Melo.,
2021) These communities have not been studied or quantified, particularly from the pack of an operational cooling
tower, with little information about the microbial composition and structure pres&ntther crucial aspect of
biofilmsisthe substantial amounts of EPS that might influence the survival and detectaliétyiariellaand

although not the focus of this study, the importance of EPS warrants further investigation, as it likely plays a critical

role in the persistence and detectionlafgionellavithin these environments.

The selection of the pack, constructed from PVC, for use in cooling tower systems was strategic, primarily due to its
massive surface area and identification as a potential hotspot faettesolisatiorof LegionellaThe large surface

area provided by the pack is instrumenteidcilitated microbial attachment and nutrient accumulation. Moreover, its
structural design moderates water flow, creating an optimal environment for biofilms to establish and mature over
time. Furthermore, PVC has been demonsilab exhibit the highest species richness among various material used
within water distribution systems (Li et al., 2Q2ijactor correlated with egionellaspp., in cooling towers (Llewellyn

et al., 2017) and inherently promotes biofilm formation (Li et al., 2021).

In this study examination of microbial community compositions associatetl.vpiteumophilpresencewithin

biofilms, pivotal insights emerge. Notably, the detectiobegfionellaoincides with the presence of phyla
Cyanobacteriand Firmicutes, alongside families suclsplsingomonadaceadloraxellaceae, and

Xanthobacteraceae, known for their ability to sgilorganic compounds. Additionally, families like Hypomicrobiaceae
and Rhodobacteraceae, involved in nitrogen fixation, were consistently identified-wheeumophilavasdetected.
Intriguingly, instances whete pneumophilavasdetected also showed the presence of the family Bdellovibrionaceae,
suggesting a predatory mechanism that could indirectly belnagiionelldby reducing competition. These

observations indicate that pneumophilavithin biofilms may thrive via two primary ecological mechanistinst,

through ecological niches rich in bacterial communities that enhance the availability of organic compounds or
nitrogen; second, through ecological dynamics that suppress competitive bacterial populations. Crucially, the
variation in bacterial fanils and genera observed each timgneumophilavasdetected underscores a significant
insight: the specific species present may be less critical than the functional capabilities of the overall bacterial
community. This finding aligns with the work ofnldiyn et al. (2017), who observed a correlation betwlesgionella
presence and higher species richness in bulk water samples. Such parallels suggest that the resilience and prolifer:
of Legionellan biofilm environments are intricately linked to the functional diversity and ecological roles of the

surrounding microbial community, rather than the dominance or absence of any single taxon.

This study's subsequent analysis of bacterial communities within biofilms revealed significant differences compared
bulk water samples, highlighting the unique presence of the jadteroidotaCyanobacteriaand Acidobacteriota,
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which are exclusively found in biofilms. There was also a higher abundance of specific families such as
Xanthobacteraceae, Clade 1ll, Hypomicrobiaceae, and Burkholderiaceae, along with other rare taxa. This contrasts
with the findings in bulk water sampleghere these specific phyla and families are typically less dominant or absent.
Furthermore, a core community predominantly containing the phyumteobacterianotably Alphproteobacteria
alongside the consistent presence of the genera Sphingomondsomodphingobium, was detected. Comparisons

with findings from Di Gregorio et al. (2017) and Wang et al. (2014) also shmilaacore community present within
biofilms. This commonality underscores a fundamental characteristic of biofilm microbial communities across variou
cooling tower systems, suggesting potential ecological roles these genera play in biofilm stalfilitgtéon.

Moreover, both referenced studies and our current findings observe a long tail of taxa, crezdigid plethora of
bacterial species present in small abundances, indicative of a vast, intricate microbial ecosystem. Simultaneously, c
analysis has revealed a notable increase in the abundance opf#abacterieand Gammproteobacteria

particularly within the families Bdellovibrionaceae and Pseudomonadaceae, presenting a unique microbial diversity
this study's samples. This distinct composition contrasts with the communities documented in previous studies,
suggesting that the speitifsampling location on the pack used in this research, as opposed to the basin sampled in
prior studies, could contribute to observed variances in microbrmmunity structure. These environmental

variations might influence microbial selection pressures, nutrient gradients, and physical conditions, leading to the

nuanced composition of these communities we have identified.

The divergence between microbial populations in biofilms and bulk water underscores the limitations of traditional
water sampling methods. Upon closer examination, it becomes clear that biofilm microbial communities exhibit a co
set of taxa, primarily wiin the Proteobacterigphylum, consistently observed across various studies and
environmental conditions. This core community represents a foundational aspect of biofilm ecosystems, suggesting
essential ecological roles in stability and function. Howéuerthe nuanced composition of leabundance and rare

taxa within biofilms that adds a significant layer of complexity. These taxa, though present in smaller numbers, can
profoundly influence microbial interactions and ecological dynamics. They male@mdditional organic compounds
andnitrogen oreven play a role in reducing competitive bacterial populations, potentially affecting conditions
conducive td_egionellgroliferation. This finding underscores the importance of préorgibiofilm samplig in water
monitoring strategies. By focusing on biofilms, we gain a more accurate understanding of microbial communities,
which can either promote or inhibit the presencd._efjionellaspecies, which are not present in bulk water samples.
Adopting a holistic view of microbial ecology in water systems is crucial for the effective monitoring and managemel
of Legionellahighlighting the necessity of considering the broader functional capabilities of microbial communities in

shaping conditions conduciveliegionellgpresence.

Whilst this study primarily focuses on bacterial community dynamics within biofilms, it is important to acknowledge
the role of other microbial components, such as amoebae and protozoa, which further influence biofilm dynamics.
These organisms serve a dué: acting as a protective niche for the persistence and intracellular replication of

Legionella (as highlighted in Section 2.1.2) and influencing biofilm dynamics through selective grazing, predation, a
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nutrient recyclingNisar et al.,2020)hese activities contribute to the formation of microenvironments within the
biofilm's extracellular polymeric substances (EPS) and drive trophic cascades within the microbial ecosystem
(Flemming and Wingender, 201Thisinherently complex dynamic can cause shiftsicterial communities,

influencing the presence or absencd.efjionellapp.

This selective predation of fagtowing, dominant bacteria can provide ecological opportunities for sigregring or
less competitive species to thrive, suctLagionellaAdditionally, selective feeding may influence bacterial diversity,
or, conversely, inhibit {furgens Matz, 2002)If the remaining bacterial community promotes the production of
EPSl egionelldhas a greater opportunity to obtain nutrients, either from lysed bacteria or nutrients trapped within
the EPS matrix. Selective feeding can also increase bacterial species richness, which has been correlated with the
presence ofegionellgLlewellyn et al. 2017FFurthermore, selective feeding may allow rare taxa to persist, which, in
this study, were found to coccur wherL. pneumophilavas present. Selective feeding could also drive the
dominance of bacteria that positively correlate wittgionellaor suppress bacteria that negatively correlate with it.
For exampleAcinetobacter spmositively correlate witlh.egionelladby coexisting in biofilms and creating fasable
conditions for its persistendStewart, Muthyeand Cianciotto, 2012Whereas. aeruginosanegatively correlates

with LegionellgParanjape et al., 20208)e to its production of antimicrobial compounds like rhamnolipids and its

competitive exclusion in biofilms.

Therefore, investigating protozodmofilm interactions would complement the findings of this study; however, this
was not conducted, as justifiedSection 6.1.2In the context of protozoan community analysis, broader data
collection and 18S rRNA analysis would have been required, presenting practical challenges in terms of time,
resources, and interpretative complexity. These considerations further reinforcatitheale for narrowing the scope

of this study to bacterial interactions in its aims and objectives

6.4 Bulk WateBacterial Community and Structure
In this research, we have placed a significant emphasis on the analysis of biofilms within cooling towers due to theit

critical role in the survival and proliferationL&gionellaHowever, it is important to consider the bacterial
communities present in bulk water. While distinct from biofjltinis complementary insight allows us to capture a full

spectrum of microbial interactions, from transient populations that may seed biofilms.

Throughout this study, the major phylum within bulk water Rrageobacteriafollowed by Firmicutes. At the family
level,Sphingomonadacea®seudomonadaceae, Bdellovibrionaceae, Xanthobacteraceae, Moraxellaceae, and
Bacillaceae were consistently present, underlining a shared microbial structure within the bulk watetetnus
analysis further aligned with these findings, vithvosphingobiugSphingomong$seudomona®dellovibrio
AcinetobacterandLentibacillu®eing prevalent across samples. Ietmngly, cooling tower A2's major phylum was

still Proteobacteriabut it had no Firmicutes present, instead featuBagteroidotaand small amounts of
CyanobacteriaThis trend continued at the family level, as uniquely, cooling tower A2 had a much higher abundance

of Clade_lll, Hypomicrobiaceae, Spirosomaceae, and Azospirillaceae. Again, this trend was evident at the genus le
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as cooling tower A2 uniquely had much higher abundances of Clade_lIII, Hyphomicrobium, Flectobacillus, and

Skermanella.

To draw comparisons with this study, which explores both biofilm and bulk water microbial communities within the
UK, examining the research conducted by Llewellyn et al. (2017), who investigated planktonic microbial communitie
within cooling towers acrossne regions in the United States, and Parangtps.,(202(0), who focused on select
locations in Canada, reveals a remarkable consistency in core planktonic community composition. This underscore:
the profound selective pressures exerted by the biofilm environments within these structures. This consistency is
particularly evident in the predominant abundancdofteobacteriaa finding that aligns with Llewellyn et al. (2017)
and Paranjapet al(202M). The presence of Bacteroidetes alyhnobacterias the second and third most abundant
phyla, respectively, eckd this pattern but only in one ofidstudy cooling towers, specifically cooling tower A2.
Interestingly whileProteobacterimerge as a common denominator across all investigated cooling towers, the
presence of Bacteroidetes a@yanobacterias the second and third most abundant phyla, respectively, introduces a
layer of diversity. This pattern, particularly observed in cooling tower A2, suggests a nuanced microbial ecosystem
that, while consistent at its core, exhibits variations. Suchiadlien is particularly notable when compared to the
broader patterns observed by Llewellyn et al. (2017), where the phyla Planctomycetes and Verrucomicrobia were a
present, but absent in data reported here. The comparative analysis further extends to tii@afahgenera taxa

with (Llewellyn, 2017), where similarities and differences were fapeatificallya high abundancBseudomonas

was a small abundance Mkthylobacteriunwas similar buLimnobacterLegionellaand Cupriviadusvas completely
absent in his study. In summaythis shows that although there is a core microbial community presearty

Physicochemicalarameters influence the bacterial composition and structure especially at the genus level.

One striking difference in this research was the complete abseh&giohellan bulk watemithin the 16S rRNA

gene analysjslespite the presence of a similar core microbial community at the phylum, family, and genus levels.
Notably,Pseudomonasmerged as the third most prevalent genus, which may partly explain the absence of
Legionellaspp. This observation aligns with findings by Paranjape et albj20&(ch demonstrated thd®.
aeruginoséhada higher abundance iregionellaspp. absent samples, potentially showing thakeruginosa
inhibitingLegionellaspp. growth. The discrepancyliagionellpresence could be atbuted to several factors,

including differences in the methods used for 16S rRNA gene analysis, variations in the abundance of lower taxa,
differences irphysicochemicglarameters, or a combination of these factors. The differentiation in 16S analysis
methods might affect the detectability of specific taxa, includegjonellaby either enhancing or limiting the
resolution at which these organisms can be identified. Similarly, the variations in lower abundance taxa and
physicochemicglarameters might eate environmental niches that either discourage or are inhospitable to
Legionells growth in bulk water, despite their presence in biofilm samples. The notable pres@seziddmonas
particularly, suggests a competitive microbial interaction that could further elucidate the environmental conditions

unfavourable td_egionellgroliferation in cooling towers.
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6.5 Cooling Tower Engineered Structure and Biocide Regmfleence on

Bacterial Community Composition, Structure and Microbial Load
This study's findings demonstrate that a combinatioengfineeredstructures and biocide regimes can impact both

biofilm and bulk water sample microbial communities. Due to the novelty of this finding, there is no current literature
comparing the effects of oxidising and rmxidising biocides arehgineeredstructures in operational cooling towers

on the microbiome within biofilms and bulk water samples. One study (I.S.M. Pinel, et al., 2020) that useae full
system has compared the differences bedéw disinfected (chlorine) samples in the basin anddisinfected

samples in the feed water. It found that the most abundant phyla Resteobacteriaand Actinobacteria, with the

orders SAR11 Clade and Frankiales. However, these abundances dramatically dropped in the cooling tower water,
with the most abundant orders being Caulobacterales, Obscuribacterales, followed by Rhizobiales, Sphingomonad:
and Betgroteobacterides, which although found in tlieed water was much lower abundance. The cootimger

showed less diversity than the feed water. This finding is similar to the findings of this study, showing that disinfectic
practices create a strong core community but still differ irdbwndance taxa. Despite this, the change in low
abundance tax is significant, as evidenced wherpneumophilavaspresent, implying a big impact despite their low

abundance.

This study illuminates a critical aspect of cooling tower management: the substantial impact of routine cleans and
operational changes on cell concentration, viabiliggionella sppeoncentration, and microbial community
composition within operational cooling towers. Routine cleaning of the four cooling towers in this study included higl

pressure washing, scrubbing, and chemical treatment with-dibjieersant and oxigihg biocide.

Results showed that pneumophilavithin biofilms was consistently undetectable for at least a month following
cleaning. However, cleaning methods failed to consistently rddegienella spponcentrations in biofilms and bulk
water, with one event even increasing their concentration in both. Similarly, reductions in cell concentration and
viability were inconsistent, with some cleaning events showing no significant impact or even in€hesses.

outcomes highlight the resilience of biofilms, largely thutheir extracellular polymeric substance (EPS) matrix, which
acts as a protective barrier against disinfectants like chlorine. AdditionalHivingeamoebae that harlw bacteria

may exist in cyst form within biofilms or bulk water, further reducing the efficacy of chemical treatments. In bulk
water, cleaning inconsistencies may also result from the release of cells from disrupted biofilms, replenishing

planktonic populaons.

Combining cleaning with operational changes, such as continuous dosing pumps or pack replacements, demonstra
more reliable reductions inegionella sponcentrations, cell concentration, and viability. However, operational
changes may also have unintended effects, as observed in this studylwheezimophildetection coincided with
a pack replacement. This suggests that microbial community shifts caused by such changes could create condition:

favourablepathogen proliferation.

103



Interestingly L. pneumophilsvas consistently undetectable after cleaning, even when cell concentration and viability
remained unaffected. This indicates that cleaning practices may disrupt the microbial community in ways that preve
L. pneumophilérom surviving or proliferating. The observed variability between towers, such as the resilience of
biofilms incooling bwer B1, highlights the complexity of microbial dynamics and suggests that some communities ar

more resistant to disruption due to lower microbial concentration and viability.

Cleaning had little effect on bulk water bacterial richness and evenness, likely because these communities are less
diverse and may consist of biofilm species nsaioilinto the water or adapted to biocigeesence. This aligns with
previous research (Llewellyn et al., 2017), which identified a consistent core microbial community across large

geographic areas due to strong selective pressures within cooling towers.

Emerging research into probiotic approaches offers a promising yet challenging direction in cooling tower
maintenance. Probiotic treatments aim to introduce beneficial microorganisms that outcompete opportunistic
pathogens likéegionellfCavallaro et al., 2022owever, maintaining stable populations of beneficial microbes in
dynamic, highurnover environments such as cooling towers is challenging due to factors like nutrient fluctuations,
water flow, and biocide use. Additionally, understanding how probiatEsact with existing microbial communities

is critical to avoiding unintended ecological consequences, such as fostering niches for other pathogens.

This study highlights the limitations of current cleaning practices, which often fail to achieve consistent microbial
control. By integrating operational changes and gaining better insights into the complex interactions within microbia
communities, futureefforts can improve the effectiveness and reliability of pathogen suppression in these systems.
Advancing our understanding of microbial dynamics will enable the development of optimized water treatment

strategies that reduce the risks associated Wwéljonellaand other opportunistic pathogens.

6.6 PhysicochemicadParameters on Bacterial Community Composition,

Structure and Microbial Load
This study is the first to investigate the relationship between pack temperature and the preseeg®oélla

species, including. pneumophilan cooling tower systems using biofilm samples. Our analysis found no significant
correlation between pack temperature and the prevalendeegfionellaspp. This result may be attributed to the
protective role of biofilms, particularly the extracellular polymeric substances (EPS), which could shield bacterial
communities from thermal variations in cooling towacks. Given theurrent gap iditerature on this interaction,
further experimental work is needed to understand the potential of EPS in protecting these bacteria from
temperatureinduced stress. These novel findings highlight the necessity for additional research to validate our

obsewations and to consider their implications for alternatiegionellanonitoring strategies.

Moreover, the study evaluated the influence of various physicochemical parameters, including water temperature,

calcium hardness, alkalinity, chloride, conductivity, and iron content on microbial concentrations, microbial viability,

and the presence dfegionellsspp. in bulk water samples. Contrary to certain guide(if88$1RAE, 2018; CDC, 2017)

that suggest these parameters can pretliegionellaisk, our findings revealed no correlations. This challenges the
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effectiveness of using water quality parameters as predictotsefgionellgpresence, echoing the findings of Pierre et

al. (2019). However, contrasting results from Camparfia et al. (2023) indicate that parameters such as chloride, pH,
water hardness may be linked to highegionellaisks in cooling towers. This discrepancy underscores the need for a
more nuanced approach tcegionellananagement, informed by a broader array of empirical data, rather than a

reliance on a uniform set of water qualitgrameters

6.7 Practical Implication® Challenges
An identified key area for methodological enhancement in the current research focuses on integratindpaaidre

methods alongside qPCR for biofilm analysis. Despite the limitations of culture teshagdiscussed in Section, 2.2
they are considered the 'Gold Standard' due to their ability to assess the vialiétyiaiellspp. and to leverage
historical data. Incorporating this dual approach could have replicated the lead indicator effect observed with gPCR
facilitating a quicker adaptation of biofilm sampling into existing water safety and monitoring frameworks @ue to th
culture's compatibility with established risk levels and thresholds. This integration promises a more immediate,
practical application for water safetygamisations, sidestepping the need for significant alterations to current
protocols or the adoption of costlier, nascent detection methods. However, the distinctive operational conditions at

the Fieldsite restricted our full exploration of this combined methodological approach.

Immunomagnetic separation, in combinationkvit 0 K A & & (i dzR & Qadl biofiltn @enpling; ofuRd haveJi A Y A
potentially provided an earlier detectionlaf pneumophilasimilar to that achieved by gPCR with bioffiousd in

this study This approach suggested a promising avenue for enhancing the sensitivity and timeliness of detection
methods. However, before extensive longitudinal analysis could be conducted, the field site discontinued this methc
due to reliability issues. Thesefidifilties were thoulgt to be caused bytheed A G S 1 6 Qa FAE GSNAY
adhered to the ISO 11731 protocol. Notably, our biofilm samples did not require this filtering process, which could
have mitigated some of these challenges. The premature removal of this eehmiderscores the operational
challenges that can arise when implementing new methods in practical settings, reflecting the delicate balance

between innovative approaches and the robustness required for field applications.

This study navigated procedural constraints, particularly in terms of sample handling and processing. Stringent site
regulations necessitated the exclusive use of a specific DNA extraction methogiter ssfmple analysis. This

limitation may have beeassociated with a higher proportion of unidentified samples in our 16S rRNA gene analysis.
Further examination suggested that the DNA yield and quality, potentially influenced by this specific extraction
method, might have contributed to this outcome. Hawe it's essential to recognize that such challenges are not
unique to our investigation. The study by Cavallaro et al. (2024) similarly highlighted the influence of DNA extractior
techniques on the quantification begionellaspp. and the delineation of bacterial community profiles. Despite these
procedural nuances, we remain confident in the robustness of our analytical approach and the insights derived from
this study data. Notably, this stufigdings reveal a core bacterial community within bulk wektat is consistent with

prior literature. This consistency not only underscores the value of our study in contributing to a deeper
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understanding of microbial communities in biofilm and water samples but also reinforces the credibility of our

approach and the relevance of our findings to the field.

Given these findings, it is crucial to consider how cooling tower operators should respegbtellspp. and..
pneumophilan biofilms Biofilmassociated.egionellaontamination often precedes its detection in bulk wg#rao,

Sun and Liu, 2023)osing a significant public health risk even when bulk water samples remain below action levels.
This study confirms that risk, laspneumophilavas detected exclusively in biofilms. Over time, biefdsiding

bacteria may be released into the water column due to mechanical disturbances, flow dynamics, or biocide action,
increasing the likelihood of aerosolisation in cooling towers. Sagienellaxposure occurs via inhalation of

contaminated aerosols, biofilm contamination must be considered in risk management strategies.

Despite this, UK Health and Safety Executive (HSE) guidelines currently focus only on bulk water sampling, with no
specific action levels for biofilm samples. However, biofilms provide a protective environnegidorellaallowing

it to persist at much higher concentrations than in bulk water, as found in thisastdgyrevious literatureThe

bacteria benefit from trapped nutrients, microbial interactions, and protozoan hosts, which support their survival anc
multiplication before release into the system. These factors highlight the neagfoactive monitoring approach

that includes biofilm sampling alongside standard bulk water tegtithis study relied exclusively giRCR methods
which detect both live and dead bacteria, additianature-based testings necessary before biofilm contamination

can be assessed using the same action levels as bulk(Rigteel). However, using bulk water thresholds as an

initial reference pointould help operators interpret biofilm results in a familiar context.

If Legionellaspp. and/oiL. pneumophilés detected in biofilms, operators shoapply the same remediattions

outlined in HSE guidelines for bulk water contaminafidris includes reinforcing existing water treatment protocols,
increasing biocide dosing if necessary, and conducting mechanical cleaning, descaling, and system flushing to rem
biofilms.In additionto existingwater treatment protocolsthis studyfindingsrecommendghe use ofan automatic

dosing pump to applg consistent dosage of oxidising biocdd€his approactimits biofilm regrowthand hathe

most significant impact on lowering microbial concentration and micrahliaility, reducing fluctuations that may
allowLegionelldo persist and adaptAdditionally, operators shoutéassess their water management plan (WkoP)

identify potential weaknesses that may contribute to biofilm persistence and modify control measures accordingly.

Although applying bulk water action levels to biofilms may seem excessive, given their typicallyegighela
concentrations, the lonterm benefits outweigh the costs. Early biofilm detection allows feeprgtive
interventions beford_egionellaspreads into bulk water, reducing the likelihood of widespread contamination. A
Legionellautbreak can lead ttegal liabilities, regulatory penalties, reputational damage, and facility shutdalins

far more costly than proactive biofilm management.
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6.8 Future Research
Future studies should focus on validating biofilm sampling techniques across diverse operational cooling tower

environments to ensure regulatory adoption. While this study highlights the value of biofilm sampling for early and
more accuratd_egionelladetection, further research is required to establish standaddcompliance thresholds
comparable to those for bulk water monitoring. This includes incorporating cblises detection alongside

molecular methods to align with existing regulatory frameworks.

Beyond regulatory validation, future research should explore the integration of biofilm sampling into routine
monitoring programs, ensuring that it is both practical and-efisttive for industry adoptior.his study has
demonstrated the feasibility of biofilm sampling across multiple cooling tower designs and operational conditions,
showing that it can be a practical and reliable monitoring tool. However, future research should expand on this furth
by evduating its longerm reproducibility and costffectiveness across an even wider range of cooling tower

systems, climate conditions, and biocide regimes. tsrgle, multsite studies will be essential to refine

standardsation efforts and confirm the robustness of biofilm sampling in diverse operational contexts, ensuring its
seamless integration into industry practicAdditionally, advances in automated or riade biofilm monitoring
technologies such as biosensors orline sampling devicescould further improve the feasibility of biofdbased

surveillance, reducing reliance on intermittent manual sampling.

While this study employed gPCR as a rapid detection metha@dornellan biofilm samples, future research should
investigate the compatibility of biofilm sampling with other emerging rapid detection technologies, such as
immunomagnetic separation. Evaluating the effectiveness of these techniques in conjunction wittsaiofilmg
couldfurther enhance detection sensitivity, improve early warning capabilities, and providemeahonitoring

solutions, ultimately strengthening Legionella risk assessamel outbreak prevention strategies.

By developing clear action levels for biofilm samples and optimizing their incorporation into existing monitoring
frameworks, future research can help establish bigfitteed monitoring as a standardized, proactive approach for

Legionellaisk assessment, ultimately improving water safety and public health protection.

Building upon the foundational research of this thesis, future studies should consider investigating the role of
protozoa within biofilms in cooling tower systems and their interactionshegionellaProtozoa have been

recognigd for their ability to harbour and potentially augment the proliferatiobegfionellaFuture research should

aim to identify and quantify the types of protozoa present in biofilms, explore specific interactions between protozoa
andLegionellaand examine how environmental facgptower design, and maintenance practices influence these
dynamics. Additionally, integrating protozoan detection into routine biofilm sampling methods could enhance
Legionellanonitoring protocols, potentially leading to the development of predictive models based on protozoan and
bacterial community dynamics. This expanded focus could significantly improve the efficacy of monitoring and
managingd-egionellan cooling towers, providing a more comprehensive understanding of microbial interactions

within biofilms and enabling more effective prevention strategies adasgsbnellautbreaks.
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This thesis has successfalgveloped andmplemented a novel and optimised technique for collecting and analysing

biofilm samples from operational cooling towers, effectively addressing the challenges of standardisation and
logistical complexity. Thisethod offers a robust approadbr future research on biofilms within cooling towers.
Additionally this study fing that even with the use of emerging detection methddgyneumophilhasbeen

detected exclusively in biofilm samples, not in bulk watgs. dhderscores the importance of biofilm samples as lead
indicators and marks a critical advancement in our ability to detect and quantify this pathogen with timely precision
and accuracy. Given this exclusive detection within biofiaztmgside findings that biofilms contain significantly

higher concentrations dfegionellaspp. than bulk wateit becomes imperative to revise water monitoring practices

to incorporde biofilm sampling. Bytegratingbiofilm-based monitoring, we can significanttyprove early detection

and risk assessmeahhance the satg and efficacy of water management practices, ultimately reducing the risk of

Legionellautbreaks and protecting public health.

Biofilms and bulk water samplgisow thatcell concentration and cell viability coundts not correlate with the

presence otegionellaspp., including pneumophila. This findiregessitateshe need for a multifaceted approach to
Legionellaletection and monitoring. Such an approach should extend beyond mere cell counts to include the
examination of microbial community characteristics and the interaction between biofilms and bulk water. By adoptin
such comprehensive strategies, we can gaimore accuratend holistic understanding begionelladynamics,

significantly enhancing our ability to monitor, detect and mahaggonellaffectively proactively with better lead

times.

Biofilms create a unique ecological niche, distinctly different from that of bulk water samples, especially in lfostering
pneumophilagroliferation Notably, the presence of specific bacterial fam8iglsingomonadaceaMoraxellaceag
XanthobacteraceadlypomicrobiaceadRhodobacteracea@nd Bdellovibrionaceae was uniquely identifiedt low
abundancen conjunction with_.pneumophilaThese findings highlight the intricate microbial dynamics within

biofilms that may provide additional organic compounds, nitrogen or even play a role in reducing competitive
populations These findings highlight the intricate microbial dynamics within biofilms that sugmmicnellayrowth,

offering crucial insights into the broader capabilities of biofilm microbial communities in fostering conditions

conducive td_. pneumophilpresence

This study significantly advances the understanding of microbial dynamics in cooling towers, revealing that enginee
structures, biocide regimes, and routine cleaning practices distinctly shape biofilm and bulk water microbial
communities. The most sidicant impact on microbial communities for both biofilm and bulk water was biocide
dosing, with the engineered structure being less influential and cleaning having a limited impact. Moreover,
physicochemical parameters showed no correlatiobegionellpresence and quantification. Thusjnforcing the

needfor a broadeyintegratedapproach td_egionellanonitoring, informed by a wider array of empirical daging
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both sessile and planktonic samphegh Physicochemicg@arameters being insufficient alone to monitagionella

due toits complexity within cooling tower.

Future research should focus on validating biofilm sampling techniques across diverse operational cooling tower
environments to ensure regulatory adoption. Integrating biofilm sampling with both colisexl and molecular
detection methods will allow fdhe development of clear compliance thresholds and regulatory detiets.
Establishing standasgid protocols for biofilm analysis will enhance the reliabilityegionellasurveillance and

improve risk mitigation strategies
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Figurel: Hierarchical clustering analysis of microbial communities to compare between biofilm and bulk water samples for coolig 1
using the Bray Curtis dissimilarity matrix. Red lines represent biofilm samples and blue lines represent bulk wateBlaaknlies.
represent direct link to the biofilm and bulk water samples.
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FigureVI: depicts the hierarchical clustering of microbial communities across various sampling dates for biofilm samples for agcho@eoliutilizing the Bray dissimilarity matrix. Each coloui
represents a unique sampling date, illustrating the diversity amdasity of microbial compositions over time. The black lines indicate the absence of a significant link or similaréy betwecrobial
communities of the compared samples. Panel A, B, C, D represent cooling tower Al, A2, B1, B2 respectively.
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FigureVII: depicts the hierarchical clustering of microbial communities across various sampling dates for Bulk Water samplesdolireatiwer, utilizing the Bray dissimilarity
matrix. Eacltcolour represents a unique sampling date, illustrating the diversity and similarity of microbial compositions over titeeKTlivees indicate the absence of a significe
link or similarity between the microbial communities of the compared samples| RaB, C, D represent cooling tower Al, A2, B1, B2 respectively. 130



Appendix(I1): Multidimensional Scaling Plot

To assess the variance in bacterial communities between biofilm and bulk water across each cooling tower,

multidimensional scaling/DS) plots were generatdtigure Y1), Figure X) andFigure (X)
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Figure VII): Multidimensional Scaling plot to compare the microbial communities between biofilm and bulk water samples for cool
Al (A) and A2 (B) using the Bray Curtis dissimilarity matrix.
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Figure PY: Multidimensional Scaling plot to compare the microbial communities between biofilm and bulk water samples for codiih
(© andB2 (D) using the Bray Curtis dissimilarity matrix.
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Figure X): Multidimensional Scaling plot to compare the microbial communities between coolinfptoiefiims (A) and bulk water ({@ing the

Bray Curtis dissimilarity matrix.
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