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ABSTRACT
Bacteria of thd_egionella genus are a water-borne pathogen of increasing
concern due to being responsible for more annuiakitig water related disease
outbreaks in the United States than all other niesocombined. Unfortunately, the
development of public health policies concernliagionella has been impeded by
several key factors, including a paucity of datatmir interactions and growth
requirements in water distribution networks, a paderstanding of potential
transmission sources for legionellosis, and lirotad in current methodology for the
characterization of these pathogens. To addresetissues, a variety of research
approaches were taken. By measutiegionella survival in tap water, association in
pipe material biofilms, population dynamics in adabdistribution system, and
occurrence in drinking water distribution systerafits, key aspects dfegionella
ecology in drinking water systems were revealedrotligh a series of experiments
gualitatively and quantitatively examining the gtbvef Legionella via nutrients obtained
from several water sources, environmental nutrdieaquirements and capability for
growth in the absence of host organisms were defrated. An examination of
automobile windshield washer fluid as a possiblere® of legionellosis transmission
revealed_egionella survival in certain windshield washer fluids, gtbwvithin washer
fluid reservoirs, high levels and frequency of @mnination in washer fluid reservoirs,
and the presence of viable cells in washer flurdgpsuggesting the potential for
exposure td_egionella from this novel source. After performing a systémand
guantitative analysis of methodology optimization the analysis dfegionella cells via
matrix-assisted laser desorption/ionization timdlght mass spectrometry, several



strains of this microbe isolated from separatedwangéd environmental water sampling
sites were distinctly typed, demonstrating a paatapplication of this technology for
the characterization dfegionella. The results from this study provide novel insighd
methodology relevant to the development of progrionghe monitoring and treatment

of Legionella in drinking water systems.
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CHAPTER 1

BACKGROUND

1.1 Introduction

Since the discovery as the causative agent gidkentially deadly pneumonia
Legionnaires’ diseaséggionella have become a waterborne pathogen of increasing
concern. Consistently rising incidence after ih& feported outbreak in 1976 (Brenner
et al., 1979), frequent high profile outbreaks, #reldiscovery of numerous novel
sources of transmission has caused these baddrecome increasingly relevant from
both a scientific and lay perspective. Unfortuhatthis ubiquitously occurring water-
borne environmental human pathogen to which indiaisl are exposed to regularly is
poorly understood in many ways. Two simple fa@sdnstrate how this lack of
information leads to potentially unnecessary pubéalth risk: 1) egionella cause more
drinking water related outbreaks in America thdrpaftasites, other bacteria, viruses,
fungi, and chemicals combined (Brunkard et al.,120&nd 2) no U.S. federal or state
laws mandatind.egionella specific monitoring or treatment for public dringimater
utilities exist.

There are many reasons, ranging from politicadonomic to scientific, why
these two seemingly incongruous statements ardtsineously true. Amongst the major
components responsible for the non-existendeegionella regulation is a sheer lack of
information about this pathogen. Unfortunatelylaasy as key knowledge gaps exist
concerning the dynamics of hdvegionella interact with water distribution systems,
effective policies to reduce the transmission gfdaellosis will be difficult to

intelligently design, implement, and regulate. Mgiit a fundamental understanding of
1



how these bacteria grow and survive in the enviemmwater treatment methods aimed
at reducing or eliminatingegionella contamination may prove ineffective. Until all
relevant reservoirs fdregionella are discovered, monitoring programs may overlook
important, yet unknown, sources of transmissi@sués with current detection and
characterization methodology fbegionella may translate to inaccuracies when these
techniques are applied towards analysisegionella within the environment. The goal
of this research was to aid in solving these amdlar issues through the elucidation of

important unknowns concernimggionella.

1.2 Objectives

The aim of this project was to address knowledgesgoncerning the ecology
and physiology of egionella. Four primary objectives were addressed throegkarch

utilizing a variety of approaches:

1. to investigate occurrence abegionella survival in drinking water distribution
systems. This was accomplished through experine@nining the impact of
temperature ohegionella survival in water, the effect of water pipe mateoa
Legionella biofilm association, the dynamics loégionella populations within a model
drinking water distribution system, and a fielddstwf Legionella occurrence within

domestic water meters.

2. to evaluate nutritional requirements and avditglfor Legionellain water. This was

accomplished through experiments detecliegjonella colony formation on media
2



supplemented with nutrients from water sourcesraadsuringd-egionella population

dynamics in water containing nutrients from varieweger sources.

3. to determine potential faregionella transmission from automobile windshield washer
fluid. This was accomplished through experimentasaeingLegionella survival in
windshield washer fluid, determining the capabifdy Legionella growth within
windshield washer fluid reservoirs, and a fielddstof Legionella occurrence in

windshield washer fluid reservoirs.

4. to implement a MALDI-TOF-MS based typing metHodLegionella. This was
accomplished through experiments optimizing a MAITDF-MS based characterization
procedure fot.egionella and evaluating this procedure via the examinatfon o

environmental strains dfegionella.



1.2 Literature Review

1.2.1Legionella Physiology

Bacteria of the_egionella genus fall into a single family, Legionellaceae,
containing over 50 species and 70 serogroups (Beed#008). These bacteria are
heterotrophic, non-spore forming, non-encapsulaerhbic, and Gram-negative,
although lipid rich outer cell membrane leafletulesn poor Gram staining and
necessitate silver staining for visualization. |@ellls contain side chains responsible for
somatic antigen specificity (Thomason and Bibb )9&4gionella are differentially
motile, depending on their cell state, due to mglar flagella. A high degree of
pleomorphicity has been demonstrated by the gdraudkner and Gardufio 2002),
similarly due to differential protein expressionr@sponse to environmental stimuli and
replication cycling. Cell morphology exists in seal forms including: 0.5-1.0 um cocci,
1.0-2.5 um bacilli, diplobacilli, and 5-50 um filamts. A high degree of genetic
variation exists amongst the genus, with numerpesiss-specific genetic markers
existing (Diederen 2008).

Legionella are considered fastidious organisms, as they redugh
concentrations of soluble iron (Reeves et al., 1981 L-cysteine (Ewann and Hoffman
2006) for growth. L-cysteine is an essential ananils forLegionella due to the lack of
essential cysteine biosynthesis enzymes in mashsirresulting in a nearly genus-wide
auxotrophy for this compound. The high iron regmients for growth are potentially due
to low-efficiency iron uptake mechanisms and a assitg for the synthesis of essential

iron-containing proteins (Mengaud and Horwitz 199B)is believe the vast majority of

4



these two required (and many other) nutrients aneced directly from parasitized
eukaryotic host cells or from other microbes présebiofilms Legionella inhabit via
necrotrophy (Temmermen et al., 2006). Althoughhhigncentrations of specific
nutrients are needed for replicatitvegionella are capable of long term survival in
oligotrophic conditions. This survival is oftertrdduted to biofilm association (Diederen
2008) and may be facilitated in the environmenbulgh the conversion to cell forms
with substantially reduced metabolic processeddieg filaments and spore-like cocci
(Faulkner et al., 2008).

A high level degree of environment dependent dguakntal cycling has been
demonstrated fdcegionella, resulting in the ability for these bacteria to éxmsseveral
distinct forms related to survival and replicati@ardufio et al., 2002), each with vastly
different forms of metabolism and protein expressié stationary phase form expressed
in the presence of potential host cells resultsaicilli with flagella expression, motility,
and increased host infectivity. Upon infectioradfost cell or in the presence of
sufficient extra-cellular nutrients, a replicatifiegm of non-motile cocci is expressed.
Upon consumption of available nutrients, a matafedtious form distinct from the
stationary phase form, but also motile and infedis produced. Intermediate forms are
known to exist, as well as the aforementioned dotroacci and filaments (Al-Bana et
al., 2014). In addition to nutrient and host prese environmental stresses such as heat
and chemical disinfectants have been shown to &iemorphological changes in

Legionella cells (Piao et al., 2006).



1.2.2Legionella ecology

Legionella are ubiquitiously found in artificial and naturaé$h water sources, but
have been also detected in salt and brackish emigats (Gast et al., 2011). They are
capable of long term survival in a wide varietyeoivironments due to the formation of
dormant cell forms, biofilm association, and hastgsitization (Rowbotham 1980). An
affinity for high temperatures is a hallmarkladgionella species, with most requiring
temperatures between 20-48 °C for growth (Kusnet$at., 1996, Schulze-Rébbecke et
al., 1987). Legionella have demonstrated the capability to tolerate a muider range
of temperatures, including 50 °C for extended pkiof time (Dennis et al., 1984) and
short durations of up to 68 °C without substard&treases in concentratiobegionella
possess an ideal pH range for growth of 6.0-8.0h¢3¢#t al., 2003), with survival
demonstrated in extended exposure to 4.0-9.5 (KadzHammel 1987). Relative to
other water-borne pathogens and indicator organisegsonella, particularly when
associated with biofilms or infecting host organssilemonstrate a high level of
resistance to conventional water treatment metbsads as chlorine (Cooper and Hanlon
2010), heat, ozone, and ultraviolet radiation (Marat al., 1987). This resistance has
been reflected in numerous studies demonstratmglifficulty associated with
eliminatingLegionella contamination from water distribution systems (Mes et al.,
2011).

Through a combination resistance mechanisms tomaitiple forms of
environmental stress, including starvation inducelticycling,Legionella populations
are capable of long-term survival in unfavorabladitons. Affinity for warm

temperatures and biofilm association leads to kleztgineered water systems often
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serving as reservoirs for these pathogens (Died@(#)8). Hot tap water systems are
infamously capable of providing an ideal environtfen Legionella, potentially due to
selective pressure caused by temperature andetsanits reducing microbial
competition. In such systenmsgionella are capable of maintaining concentrations
despite oligotrophic conditions for years (van Kepij et al., 2005) and remain able to
produce population blooms induced by favorable @, particularly sufficient
nutrients sourced from eukaryotic hosts or otherraties entering the systems. The
efficacy of methods for feasibly inhibiting growéimd survival oL.egionellain tap water
systems are debated, with appropriate temperatunteot and pipe material often cited as
possible solutions due to studies demonstratingntipact of these conditions on
Legionella survival (Rogers et al., 1994). Unfortunately théso particular approaches
are not universally effective or applicable, aspenatures above 50 °C required for
Legionella control can pose a scalding risk in water intenfdediuman use, and the
antimicrobial effects of certain pipe materialsisas copper seem to be temporary or
inconsistent (Buse et al., 2014) at inhibiting ¢hewth and survival of these pathogens.
Legionella occurrence is common in a wide variety of natural anthropogenic
water sources, with frequency and concentratiogingrby source, region, season, and
other environmental factors. Surface water israroon reservoir for and thought to be
the primary environmental habitat loégionella. Numerous studies have demonstrated
high positivity forLegionella in rivers and lakes, often with nearly universasigwity
(reaching over 99%) unaffected by water chemistmameters (Fliermans et al., 1981)
and in concentrations greater thari @élls/mL. While much less studied, ground water

has been demonstrated to another common enviroatreenirce fot.egionella.



Concentrations and frequencyladgionella in ground water tend to be lower than in
surface water, although studies have demonstratsitipty over 90% (Lye et al., 1997)
and concentrations greater tharf d@lony forming units (CFU)/mL (Brooks et al., 2004)
Artificial water systems are often highly contantethwithLegionella, presumably due
to preferential environmental conditions not tyfiicéound in natural water sources,
such as elevated temperature, reduced competibamdisinfection, and high biofilm
surface area to water volume ratio. Drinking walistribution systems are considered to
be ubiquitously contaminated hgionella, as demonstrated by a United States
Environmental Protection Agency (USEPA) study reaag L. pneumophila presence in
nearly 50% of drinking water taps sampled acrosd.thited States, with an average
concentration of 2 genomic units/mL (Donohue eR@ll4). Due to increased nutrient
concentration and, often, temperatures conducitegmnella growth, waste water often
represents an ideal environment fegionella. This has been demonstrated in several
studies showing 100% positivity for contaminati®almer et al., 1993) and high
concentrations greater than’ GFU/mL (Olsen et al., 2010). The high levels of
Legionella contamination in waste water often lead to thegmes of these microbes in
treated waste water designed for reuse. While afigndful of studies examining
Legionella in recycled water have been conducted, all haveodstrated positivity
greater than 30% (Alonso et al., 2006). Conceotatgreater than 10 CFU/mL have
been detected in tertiary treated effluent (Jjeets, 2010) and regrowth within
reclaimed water distribution systems has been ksiteol (Fahrenfeld et al., 2013).
Although most commonly associated with aquaticesystLegionella are capable of

survival in most environments, particularly somgdaoften in association with host



organisms (Rowbotham 1980). Soil botregionella occur in varying levels of
frequency in soil additives for agricultural purpssincluding 73% of potting soll
samples (Steele et al., 1990) and concentratiohighsas 18CFU/g of compost (Casati

et al., 2010).

1.2.3 Legionellosis

The first reported outbreak of legionellosis ocedrduring the summer of 1976
in Bellevue-Stratford hotel in Philadelphia, PA ithgran American Legion convention,
in which 221 cases of pneumonia and 34 deaths xtuAfter a 6 month long
investigation by public health authorities, the sative was found to be a previously
discovered environmental bacterium which was nabegtbnella pneumophila (Fraser
et al., 1997) in honor of the Legionnaires affedad due to the organism’s affinity for
causing lung infection. Earlier cases and outlsedtegionellosis have since been
established, including a then unresolved outbrdakfebrile illness in Pontiac, Ml in
1968, which was later confirmed to be caused bysupe td_egionella (Glick et al.,
1977). L. pneumophila is the most commonly reported species responsfble o
legionellosis, responsible for approximately 90%ades (Yu et al., 2002), followed by
L micdadei, L. bozemanii, L. dumoffii, andL. lonbeachae. Of the reported Legionnaires’
disease cases causedLbyneumophila, nearly 70% are due to strains belonging to
Serogroup 1 (Joseph 2004), highlighting the redsothe emphasis placed on this
particular strain and species in health reldtegionella research. Incidence of

legionellosis has consistently and substantialkygased since the discovery of the

disease (Hicks et al., 2011), witkgionella currently being responsible for more
9



drinking water related disease outbreaks in theddrtates than all other microbes and
chemicals combined, leading to the recent adduidregionella pneumophila on the
USEPA contaminant candidate list in 2009 (Brunkatrdl., 2011). Although federal,
state, municipal, and industry guidelines for leglbosis prevention exist (Parr et al.,
2014) (including a USEPA Safe Drinking Water Agpatation that water properly
treated forCryptosporidium, Giardia, and viruses will most likely have negligible léve
of Legionella), no regulations specific faregionella outside of the local level are in
place in the United States. This will change i tiear future, as a document outlining
minimum legionellosis risk management guidelingsiialding water systems is
currently being drafted by the American SocietHefting, Refrigerating, and Air-
Conditioning Engineers. The anticipated releasthese guidelines in 2015 will mark
the first major national regulatory standards dpefor Legionella monitoring and
treatment in the United States, nearly 40 yeaes #fie discovery of Legionnaires'
disease.

Legionellosis occurs in two primary forms: Pontiager and Legionnaires’
disease. Pontiac fever is a self-limiting febdisease caused by infection of epithelial
cells and macrophages located in the upper respyraact (Glick et al. 1977).
Symptoms typically occur within 3 days of infectiand last for 2-5 days, although the
disease is rarely fatal and treatment is normalppsrtive. Pontiac fever is extremely
underdiagnosed and very rarely reported outsidritifreaks (Pancer and Stypulkowska-
Misiurewicz, 2003), but is predicted to be the masnhmon form of legionellosis,
causing up to 95% of cases. Legionnaires’ dissag@otentially deadly pneumonia

caused by infection of alveolar macrophages anthelml cells in the lower respiratory

10



tract (McDade et al., 1977). Symptoms occur wihO days of infection and last for
7-10 days. Fatality rates for both sporadic anthr@ak cases vary drastically, between
1% and 80% dependent on factors such as treatomederlying health issues, causative
strain, and source of infection (Benin et al., 200Riagnosis of legionellosis is typically
performed via urine antigen analysis (Edelstein72@md isolation (Den Boer and
Yzerman, 2004). Although Pontiac fever is ofteth sudostantially linked to any risk
factors, several major ones exist for Legionnaidestase (Fields et al., 2002). These
risk factors generally coincide with those for atfems of typical pneumonia and
include smoking, old age, male gender, immunodaiicy, recent surgical operation, and
throat obstructions.

Transmission of legionellosis occurs due to emmental exposure from a source
of water, air, or soil contaminated witlegionella. To date, there have been no reported
cases of human-to-human transmission of legionsl{@&out and Yu, 1997). The two
primary routes of transmission are aspiration ahdliation (Yu 1993). Aspiration of
microdroplets of water entering mouth during theaddrinking water, a process which
is a common cause of general pneumonias, mostdngiguoccurs in bed-ridden
individuals with some form of throat obstructioimhalation of aerosolizeldegionella
cells or microdroplets of water can also occur miginespiration (Fraser et al., 1977) and
is commonly accepted to be the primary route ofdnaission for legionellosis, though
this is debatable as aspiration is often ignorea jpsssible route during epidemiological
studies. The primary route of transmission fronhIisorne cases has not been
established; hand-to-mouth transmission has odeiy Isuggested (most likely due to

this route being common for other soil-borne pa#ng], although inhalation of
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bioaerosols containinigegionella is most likely (Conza et al., 2013). Both forms of
transmission for Legionnaires' disease requegonella cells or microdroplets within a
particular size range to enter the lungs and cauieetion, with particles ranging from 1-
10 um in diameter able to effectively enter andosépwithin alveola (Schoen and
Ashbolt, 2011). Non-respiratory forms of legioslis, most often caused by non-
pneumophila species, have been documented with increasingdrexyun recent years.
The most common forms of atypical legionellosis @Hulitis/faciitis (Kilborn et al.,
1992) and endocarditis (McCabe et al., 1984), afghoother presentations, including
several cases of central nervous system casedbbanerecently reported (Perpoint et al.,
2013). A widely accepted mean infectious doskegfonella required to cause
Legionnaires' disease in healthy individuals hddgée established (Delgado-
Viscogliosi et al., 2005), with estimates betweet0D,000 cells deposited in the lungs
necessary to cause infection. A major limiting iache discernment of an infectious
dose is the fact thategionella infectivity is highly dependent on strain and agjtling
dependent virulence of transmitted cells. The whetmingly vast majority (>95%) of
reported legionellosis cases in the United Statesraced to contaminated drinking
water sources (Brunkard et al., 2011), althoughlsmine transmission have become
increasingly common in other countries (CurrielgtZz014) and is even responsible for

the majority of cases in New Zealand.

1.2.41 egionella identification and characterization

Detection and quantification akgionellain environmental water, air, and soll

samples is typically performed via culturing, P@Rdirect microscopy. Culturing is
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typically performed on Buffered Charcoal Yeast Betr(BCYE) agar medium (CDC
2005), containing yeast extract (for carbon an@wottutrients), ACES buffer (to maintain
pH), charcoal (to bind free radicals), iron (a &aaitrient), L-cysteine (a trace nutrient),
anda-ketoglutarate (a supplemental trace nutrient).YB®@edium utilized for
environmental samples is often supplemented wabcktail ofLegionella selective
antibiotics, most commonly glycine (a general amtilrial), polymixin-B (for Gram-
negative bacteria), cyclohexamide (for eukaryoticrobes), and vancomycin (for Gram-
positive bacteria). Incubation for most speciekagfionella is performed at 35 °C for 2-
10 days. An extended heat amplification of wagengles or co-culturing with amoebae
can increase odds of colony formation due to regigm of viable but non-culturable
cells. MostLegionella species exhibit a distinct colony morphology witteature

similar to cut glass, allowing visual confirmati@ithough colony color and UV
fluorescence can drastically vary amongst specidstains. PCR based detection of
Legionella is most often accomplished via amplificationLefjionella specific 16s rRNA
(Bej et al., 1991), or genus specific genes, mostroonlymip (Ratcliff et al., 1998).
Real-time PCR (Ballard et al., 2000) has becomeeasingly popular as a method for
guantification ofLegionella (Diederen 2008). This method is often contestea m®re
appropriate ‘gold standard’ than culturing for us¢he detection ofegionella,
particularly in environmental samples, in whiotgionella are known to often be

difficult to culture. Despite several inherent béts, PCR has been shown to have
potential drawbacks, including detection of nonblgecells or naked DNA, as well as
reports of false-positive results in clinical saegp(Cloud et al., 2000). Direct

fluorescent-antibody microscopy usibegionella specific antibodies was once a popular
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method for the detection and quantificatiorLefionella in environmental and clinical
samples (Cordes et al., 1981). This techniqueshag/n to be as sensitive and specific as
PCR and culturing, with greater accuracy in detectotal cells present in a sample
(Yamamoto et al., 1993). This form of microscoiplientification and quantification of
Legionella was once commonly used for examining environmesaaiples, but has

fallen out of common practice outside of the meldimdustry, in part due to the
development of simpler and lower cost methods.

Typing methods are commonly used in ecologicalistiofLegionella and
epidemiological investigations of legionellosasses. Shortly after its discovery as a
common environmentally derived human pathogen, adstifior the characterization of
Legionellaisolates began to be developed. One of the eadielsniques for
characterization developed was serotyping (Wilkmand Fikes 1980), which to this
date remains a commonly used method for differgatiaof Legionella strains.

Serological typing of.egionellais particularly common in the clinical setting fase in
distinguishing serogroup onegionella, which are responsible for more Legionnaires’
disease cases than all other serogroups combira@th(De et al., 2014). Over the years,
other methods of subgrouping have been developddefponella, including monoclonal
antibody subgrouping (Watkins et al., 1985), repetielement PCR (Georghiou et al.,
1994), pulsed-field gel electrophoresis (Schoonmakal., 1992), and amplified
fragment length polymorphism (Fry et al., 1999)igp The current ‘gold standard’ for
L. pneumophila typing revolves around an ordered seven alleleesrpibased typing
(SBT) scheme (Gaia et al., 2005, Ratzow et al.7p0Bhich currently has produced over

1880 sequence types for the genus. Improvemeilsdap-sequencing technology have
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led to the development of whole genome sequent@S) ofLegionella subgrouping
(Underwood et al., 2013), an attractive high resotualternative as deep sequencing
technology continues to fall in price. While eaxdhhese listed methods has potential for
use in certain circumstances, they are all hawgatantial monetary cost and lengthy
assay time, limiting their applicability.

While immunological and genetic approaches have seecessfully used for the
typing of Legionella (Garcia-Nunez et al., 2013, Jarraud et al., 20th&se methods can
be considered time consuming and costly, two clanatics which are significantly
improved upon through the use of Matrix AssisteddraDesorption/lonization Time-of-
Flight Mass Spectrometry (MALDI-TOF-MS) (Kliem arshuer 2012). MALDI-TOF-
MS has been used increasingly in recent yearstasldor clinical microbiologists to
efficiently identify pathogens. The approach ha®rb proposed as an alternative to
conventional methods for the typing of microbesud&s have shown promising results
for a number of organisms, particularly those dafichl relevance.E. coli isolates have
been successfully identified based on pathotyparkGét al., 2013), and MALDI-TOF-
MS was found to be a more rapid alternative to tiepe sequence based-PCR for the
typing of drug resistanfcinetobacter (Mencacci et al., 2013). In addition to clinical
microbes, this technology has been successfulljieapfo the typing of environmental
isolates of a number of bacteria including lact@éacteriak. coli, andEnterococcus
(Doan et al., 2012, Siegrist et al., 2007, Gieball.e 2008).

Despite a large amount of work being performedhenuse of MALDI-TOF-MS
for the identification of_egionella species in clinical settings, few studies have erath

Legionellaisolated from environmental samples. Gaia e&l12) compared MALDI-
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TOF MS data from hundreds of clinical, water, cogltower, and soil isolates of various
Legionella species to conventional sequence based ideniicaMoliner et al. (2010)
demonstrated a high level of sensitivity and spatyffor the use of MALDI-TOF-MS in
the identification of clinical and environmentadgionella. Svarrer and Uldum (2011)
examined the distribution afegionella species in clinical and environmental isolates
from Denmark using MALDI-TOF-MS. Pennanec et 2DX2) investigated the
refinement of a MALDI-TOF-MS protocol for the idéintation of environmental
bacteria, applying it successfully tegionella obtained from a cooling tower. While
these and other studies have advanced researble application of MALDI-TOF-MS
for Legionella species and genus-level identification, to datg ardingle published
study has reported strain-level differentiatiorLefiionella (Fujinami et al., 2010) using

this promising technology.
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CHAPTER 2

SURVIVAL OF LEGIONELLA IN TAP WATER

2.1: Abstract

Legionella are an increasingly relevant yet poorly understoaterborne
pathogen often associated with engineered watégrags Current information on the
interactions ot_egionella with biological and abiotic aspects of municipalter
distribution systems is lacking in key areas. d@drass these knowledge gaps, the
growth and survival of egionella in water distribution systems was studied. When
incubated in tap water at 4, 25, and 32 2hneumophila survival trends varied with
temperature, with growth potentially occurringla two latter temperatures. Stable
populations were maintained for months at 25 an&@iG38emonstrating the capability of
Legionella to survive for extended periods of times underetmmnditions despite a lack
of biofilm development and low levels of nutrient&fter inoculation of reactors
containing coupons of PVC, copper, brass, andikastL. pneumophila colonized
biofilms formed on each pipe material in days, vatimcentrations over time on each
material being similar, save for cast iron, whicmiined 1-log leskegionella after 90
days. 106L. pneumophila cells spiked into a 50 L model water distributgystem
rapidly dispersed throughout and colonized theesgswithin 3 days. In addition,
Legionella demonstrated an apparent delayed biofilm relegsardic following growth
periods. Chlorination of the system had a gregffiecct on biofilm associatddegionella
concentrations, with populations in water and Imofieturning to pre-chlorination levels
within 6 weeks. Biofilms sampled from residentiahking water meters collected from

two general areas within central Arizona were aredlyvia PCR for the presence of
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Legionella andL. pneumophila. One area consistently produced samples conggbuoth,
with 26% and 14% positive faregionella andL. pneumophila, respectively. A lack of
any positive samples from the second area indeate@onmental differences in water
distribution systems may have an impact on theigalrof Legionella. The results
provided by this study document the survivalLefjionella under different environmental
conditions and provide relevant knowledge in idgmtg conditions which promote

survival and potential growth of these pathogens.

2.2: Introduction

TheLegionella genus contains over 50 species of gammaproteolza{Bederen,
2008), many of which are capable of producing maspiy illness in humans. These
bacteria are ubiquitous in both natural and aréfieater systems where their growth is
often associated with biofilms. While not neceggar growth, biofilm habitation
providesLegionella protection from harmful substances such as disiafgs as well as
more ready access to eukaryotic host organismsriamdor replication in the
environment (Donlan et al., 2005). The typicalteder these bacterare thought to be
protozoan biofilm grazers (Valster et al., 201@tably amoeba such akartmanella
(Wadowsky et al., 1991). Despite tHiggionella are also capable of infecting a wide
variety of eukaryotes, with humans being a potémt@dental host. Although able to
survive in a wide range of temperaturesgionella typically require relatively warm
environments found in anthropogenic water systemmsdch population levels capable of

posing public health risks to humans (Declerck.e@12).
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The first reported outbreak of legionellosis ated at an American Legion
convention in Philadelphia, PA during the summez6L9Several months later, the
causative agent of the pneumonia cases linkecetoutbreak was found to be a
previously unidentified environmental bacteriunegionella pneumophila (Brenner et al.,
1979). While various forms of legionellosis infiecis have been documented, the
overwhelmingly vast majority result in one of twespiratory diseases: Pontiac fever is a
self-limiting febrile disease that is poorly docume, whereas Legionnaires’ disease is a
potentially deadly pneumonia which is often highlyblicized and reported (Hicks et al.,
2011). Though a majority of confirmed Legionnaimdisease cases occur in the hospital
setting, both community acquired and nosocomiabi@atks of legionellosis occur
regularly (Stout and Yu 1997). Drastically incregsrates of legionellosis outbreaks has
led toLegionella being responsible for more water borne diseaderealks in the United
States than any other microbe (Brunkard et al.1p(ighlighting the importance of the
development and implementation of measures to ptekes disease.

As Legionella require temperatures above 20 °C to grow, contaimimégs often
associated with heated artificial water systemé sisccooling towers, spas, and hot tap
water lines (Farhat et al., 2012). As a resultviligt majority of legionellosis prevention
measures are aimed at treatment of these high tatope systems. Although the warm
temperatures necessary fagionella replication are more likely to occur in these
environments, non-heated engineered water systesreds® common sources of
outbreaks (Kool et al., 1999). Due to this faleg impact of drinking water main
distribution systems on the transmission of legiloses warrants examination. While a

large number of studies have been aimed at in&@stmythe incidence and survival of
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Legionella at the in-premise level, a relatively small amoointesearch has been focused
on Legionella within main distribution systems (Donohue et a12), leading to a
knowledge gap on their interactions with theseesyst The objectives of this study were
to elucidate the ecology akgionella in drinking water distribution systems via the
following experiments: 1) a bench scale experimemheasure the capability for
Legionella to survive in tap water at varying temperaturea Bench scale experiment to
determine the association and survivalegionella within biofilms on various water

pipe materials3) a pilot scale experiment examining the intecaibetweeihegionella

in flowing water and biofilms of a model distrilbat system (MDS), and 4) a field study
of the occurrence dfegionella in drinking water distribution system biofilms fro

residential water meters.

2.3: Methods

2.3.1: Media and laboratory strainladgionella

All Legionella cultures were prepared according to the methodsquely
described by the United States Centers for Dis€aserol and Prevention (CDC 2005).
Culturing was performed using buffered charcoakyeatract agar medium (BCYE)
(BCYE Agar Base, Benson, Dickson, and Company, firahakes, NJ, USA). BCYE
was prepared with the following supplements: 0.396ige, 100 units/mL polymixin B,
5 pug/mL vancomycin, and 80 pg/mL cyclohexamide, @dd L-cysteine HCIL.
pnuemophila stock cultures were grown at 37 °C with agitatieero/2 hours in Buffered

Yeast Extract (BYE) liquid medium. Cell conceniwat in stock cultures were
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estimated using optical density measurement an@@0 The spread plate technique was
used to quantifyegionella after incubation at 37 °C for 72 hours, with ug’tadditional
days as needed. All laboratory experiments utlideel. pneumophila serogroup 1

strain Knoxville-1 (American Type Culture Colleati®@3153).

2.3.2: Molecular detection dafegionella

DNA extraction was performed on drinking water emdiiofilm samples using a
ZYMO Research yeast/bacterial DNA extraction kiyrf#®b Research Corporation, Irvine,
CA, USA). Legionella spp.andL. pneumophila specific primers were used in this study
(Table 1). For both primer sets, PCR amplificatiortures consisted of: 12.5 uL
Promega GoTag Green MasterMix (Promega Bioscielnc€s, San Luis Obispo, CA,
USA), 10 pL DNA template, and 0.13 uM each priméth a final reaction volume of
25 pL. Gel electrophoresis was performed in a 40LA% agarose gel containing 2uL of
10,000X Invitrogen SYBR Safe DNA Gel Stain (Lifechmologies Corporation,
Carlsbad, CA, USA) to detect PCR products. Segugneas performed on PCR

products to confirm the presencelefjionella or L. pneumophila.

Table 1: PCR Primers used in the study

Primers Sequences (573" Gene Amplified Amplicon Reference
Length
LEG-226 | AAGATTAGCCTGCGTCCGAT Legionella 16S 654 bp Wullings et
LEG-858 GTCAACTTATCGCGTTTGCT rRNA al. 2011
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LpneuF CCGATGCCACATCATTAGC L. pneumophila 150 bp Wullings et

LpneuR | CCAATTGAGCGCCACTCATAG mip al. 2011

2.3.3: Survival oLegionellain tap water at 4, 25, and 32 °C

A series of 50 mL polystyrene conical tubes weltediwith 50 mL of
dechlorinated tap water from the city of Tempe, ABA. Following inoculation with
3x10’ L. pneumophila cells, duplicate tubes were incubated at 4, 28,32h°C. The
temperatures chosen for this experiment were ig@na represent the range of
temperatures commonly recorded in water distrilmusigstems across the United States.
The study parameters simulate conditions in anshdistribution system where growth
of Legionella may be possible (25 and 32 °C) and a condition uwtiech replication
cannot occur (4 °C) (Schulze-Rdbbecke et al., 198R)er the course of 97 days, the
tubes were sampled periodically and colony formings (CFU)/mL were determined

via the spread plate technique on BCYE agar medium.

2.3.4: Association dfegionella with biofilms on a variety of pipe coupons

A series of 5 L polyethylene containers were dilleith 1 L of tap water from the
city of Tempe, AZ, USA. Coupons of polyvinyl chide (PVC), cast iron, copper, and
brass were placed in the containers and incubat2® & for 3 weeks to allow biofilm
development. The materials studied were chosegpi@sent a range of pipes and water
fixtures commonly found in drinking water distrilbart systems in the United States.

Following the initial biofilm incubation, 3x£@_. pneumophila cells were spiked into
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each container. One mL water samples and%bafilm samples were collected from
each container periodically over 94 days. Prisgampling, the water in each container
was gently agitated to mix suspendsesgionella while maintaining biofilm integrity.
Biofilm samples were collected with sterile cot®mabs and resuspended in sterilized
deionized water. CFU/mL and CFU/Emere determined for each sample via spread

plate technique, performed in duplicate for eacha, on BCYE agar medium.

2.3.5: Growth and survival afegionella in a model water distribution system

The ability of introduced.egionella to colonize and survive within distribution
system water and biofilms was established usiraparhtory scale model water
distribution system. The MDS had loop with PVCipg consisting of a 5.5 m long and
5.1 cm in diameter main pipe, with a 1.4 m longddead, and a total volume of 50 liters.
Distribution mains and dead-end lines consiste@l afid 2 removable pipe sections (65
cm each in length), respectively. The main pips a@nected to a reservoir. A self-
priming, thermally protected, magnetic-drive purhjitie Giant Pump Company,
Oklahoma City, OK, USA) continuously re-circulatedter between the main loop and
the reservoir. Pressure, flow rate (0.304 m/g),temperature (25 °C) were kept
constant through external controls. The MDS haghhesed continuously for 11 years

and contained well established biofilm communibegore the start of this experiment.

City of Tempe, AZ, USA tap water was circulatedhe MDS, following
dechlorination. PVC coupons 2.5 cm in diameter adh in length were suspended in

the reservoir for several weeks to allow biofilnmnf@ation. Prior to inoculation with a
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laboratory strain ok. pneumophila, water and biofilm samples were tested to contiren
absence of culturableegionella in the MDS. After inoculation with approximatel@’L..
pneumophila cells, water and biofilm samples from the MDS weeeiodically collected
over 131 days and cultured on BCYE to deternhiegtonella concentrations. Water
samples were collected from two sampling portorig located in a dead end segment of
the system approximately 3 m from the reservoir 2none located in an open segment
of the system approximately 1.2 m from the reservdivo 5 mL water samples were
collected from each port for each sampling evem¢, lsefore and one after flushing one
liter of water, with Legionella concentrations eaaged between the two. This form of
sampling was performed to assess any variationdestlaegionella in the samples due to
potential water stagnation or biofilm for the pori&/hen necessary, water samples were
concentrated via the membrane filtration techniggiag 0.45 micron pore size filters
resuspened in 10 mL sterilized deionized watenfilBn samples were collected from
PVC coupons using sterile cotton swabs and resdgpen sterilized deionized water
prior to spread plating. After 131 days, the MD&swreated with 5 mg/L of chlorine
introduced into the reservoir. Two hours latertevgamples were collected along with

biofilm samples from a coupon, a dead end secéind,an open end section of pipe.

2.3.6: Presence tfegionella in water meter biofilms

Residential drinking water meters were collecteanftwo general areas located
in central Arizona: 35 from area A and 32 from dBeaSampling occurred over a period
of approximately one month during June/July 20Cbllection was possible due to water

meter recycling programs in which water utilitieplace mechanically worn meters with
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new ones. All water meters collected were madarads, with some containing rubber
washers on their inlet rims. Upon removal by tytipersonnel, meters were submerged
in tap water and transferred to the environmentaftahiology laboratory at Arizona
State University. Biofilm samples were collecteahi the inlet of each meter within two
hours of removal. Approximately 40 éof biofilm were collected using sterilized nylon
wire brushes and resuspended in 20 mL of steriterwdNA extraction was performed
on 750 pL of this suspension, followed by PCR afigaliion using specific primers for
Legionella spp. and.. pneumophila. PCR reactions producing bands visible on a DNA
gel were sequenced to identify the presendeegifonella or L. pneumophila. Biofilm

samples positive fdregionella were cultured on BCYE via the spread plate tealiq

2.3.7: Data analysis

Excel (Microsoft Corporaion, Redmond, WA, USA) wesed for all data analysis
and graph generation. Student’s T-tests were padd, with a p-value cut-off value of
0.05 used to determine significance using R 3R.Equndation for Statistical

Computing, Vienna, Austria),

2.4: Results and discussion

2.4.1: Survival oLegionellain tap water at 4, 25, and 32 °C

During the first week of incubation, no significatecrease in the concentration
of Legionella was observed at any temperature (Fig. 1). AT 4after the first week of a

steady statd,egionella concentration decreased at an exponential ratgviomonths
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before stabilizing at FOCFU/mL for the remainder of the study period. 25t°C,
Legionella concentration decreased exponentially for 30 dagsstabilized at
approximately 10CFU/mL. At 32°C, Legionella concentration decreased at an
exponential rate for 18 days and relatively stabili at approximately 5xICFU/mL.
After the initial decrease, the variation in cortcation was more pronounced at 32
than for the other temperatures. After 11 moritkegionella concentrations at 4, 25, and
32 °C were <1 CFU/mL, <1 CFU/mL, and F10FU/mL, respectively, suggesting that

long term survival of_egionella was supported by the higher temperature.
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Fig. 1 -L. pneumophila concentration in 50 mL tap water incubated at 4, 2, and
32 °C over 97 days after inoculation with 3x1{cells. Day O represents sampling
performed 2 hours post inoculation. Error bars indcate standard error between

two replicate cultures.
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The data from the initial three months of the ekpent indicate a more stable
population ofLegionella at 25 °C compared to 4 °C and 32 °C. Converseljurable
cells were only detected at 32 °C after 11 monihile periods of population
maintenance were eventually established at eaghetieture, the cultures incubated at
25 °C reached a steady state quicker and with highrecentrations than at 4 or 32 °C.
Legionella replication has been demonstrated to be fastérindtreasing temperature
(Schulze-Rdbbecke et al. 1987), raising the questsoto why higher concentrations
were observed in the initial three months of thpesxnent at 25 °C. The increased
survival of thelL.egionella population observed at a lower temperature (28€1Gus
32 °C) during the initial three months of incubatimay have been due to lowered
metabolically linked cell turnover or similar facso Cell cycling may have also
contributed to the differences in concentrationsenbed at the two temperatures, as the
highly pleomorphid_egionella spp. are known to alter cellular morphology inp@sse to
environmental stresses to aid in survival undereexé conditions (Al-Bana et al., 2013).
High temperatures are known to induce formatioresilient (yet often non-culturable)
filamentousLegionella (Piao et al., 2006), which may have factored th®increased
long term survival observed at higher temperatuiee rapid decrease in concentrations
observed during the initial days of the experinmaal have been linked to this
phenomenon of the formation viable but non-cultiedlegionella. This is particularly
relevant in regards to filamentous cells, as alsingltinucleate filament capable of
giving rise to dozens of individual bacilli undgregific environmental conditions may

only produce a single colony when cultured. Relgaslof cell cycling dynamics,
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replication could have contributed to the increas@wival observed at both higher
temperatures compared to 4 °C. This appears t® ba@®n demonstrated by multiple
concentration increase kregionella population in the 32 °C incubation, including a&on
log increase between days 67 and 82. No suchaser®a population was recorded for
the cultures incubated at the other temperatuteshould be noted that the long term
survival and population stabilization from this exment occurred in the absence of
mature biofilm formation as the frequent agitatajrthe tubes prior to sampling should

have minimized biofilm formation.

2.4.2: Association dfegionella with biofilms on a variety of pipe coupons

For all pipe materials, similaregionella biofilm association (1Tto 2.7x18
CFU/cnf) was observed three days after inoculation (PigAfter the initial 3 days,
concentrations in biofilms formed on cast iron éesed before stabilizing at 1.2%10
CFU/cnt for the duration of the study, resulting in a 2-teguction. Concentrations on
copper remained stable neaf OFU/cnf until day 50 and then decreased until day 90.
Concentrations on brass increased 7-fold to a maximf 7.6x18 CFU/cnf by day 14,
and then steadily decreased until day 90. Coragortis on PVC followed a similar
trend to brass, increasing to 1.6X0FU/cnf by day 21 before decreasing. Final
concentrations on copper, brass, and PVC wereasimiilday 90, each near*ITFU/cnf,
approximately a 1-log reduction from the initialksgadl concentrationsLegionella levels
in water surrounding each coupon (Fig. 3) evernyuagicreased, with final concentrations

of 1.3x1G, 2.1x16, 4.9x10, and 4.9x18CFU/mL for brass, cast iron, copper, and
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PVC, respectively. Concentrations were stablelfhr8, 8 and 3 days in water

surrounding the PVC, copper, brass, and cast imapans, respectively.
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Fig. 2 -L. pneumophila concentrations in biofilms on the coupons submergen tap
water incubated at 25 °C. Error bars indicate stadard error between duplicate

samples of each culture.
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Fig. 3 -L. pneumophila concentrations in tap water containing the coupons
incubated at 25 °C. Error bars indicate standard eror between duplicate samples

of each culture

The association dfegionella within biofilms on each coupon examined
demonstrates the capability of this organism taldisth a population on a wide variety of
pipe materials. Two materials chosen due to #msumed antimicrobial properties,
brass and copper (Pongratz et al., 1994), hadstendlly higher concentrations of
Legionellain biofilms than on the cast iron coupon. Whilestimay have been due to a
combination of replication, different rates of aolation/release, or impacts on
culturability within biofilms formed on cast iroit,appeard.egionella may have
increased affinity for these presumed antibacteniaerials. Overallegionella
concentrations were at the highest on the PVC aougdthough the final recorded
concentrations were similar for PVC, brass, angeop These results suggest that, while
pipe material may be a factor in the long-term suaivof Legionella populations, the
dynamics ol_egionella persistence in distribution systems may rely mageicantly
on other factors, such as pipe age, water qualitgt,microbial community, which were
unaccounted for in this batch study. The net cotragon changes were similar between
water and biofilms for each coupon, with the eximepof cast iron, which demonstrated
an additional 1-log reduction compared to the otmeipons. Overall, steady reductions
in Legionella concentration were measured for the water surrogneiach material,
while concentrations in biofilms experienced morastic fluctuations. This discrepancy

between concentrations over time in biofilms andewauggest dynamics such as biofilm
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release/re-colonization, replication, or cell cygli(including transitions to viable but
non-culturable states) may have been occurringnpieily most noticeably within
biofilms on the cast iron coupon. As expectesjionella population dynamics
substantially varied amongst biofilms and wategrealterized by periods of
concentration increase, stability, and sharp deer@abiofiims, as opposed to steady

decreases observed in water samples.

2.4.3: Growth and survival afegionella in a model water distribution system

Within hours of inoculation, simildregionella concentrations (approximately
1.5x1G CFU/mL) were detected in samples collected froth lsampling ports (Fig. 4)
of the MDS. During the first weekgegionella concentration rapidly fluctuated and then
stabilized at approximately 8x4@FU/mL. From day 20 through day 45, a steady
increase in concentration was observed, with a peakentration of 3.5xf@CFU/mL,
followed by a steady decrease until day 60. Atftes point,Legionella concentration
stabilized at approximately 1.6x<(.GFU/mL until day 126. At day 131 a concentration
of 4.3x16 CFU/mL was recorded, followed by 1.710FU/mL after chlorination.
Three days after inoculation of the MDS, an inibiafilm concentration of 8.8xf0
CFU/cnf was measured (Fig. 5). Concentration within lio§amples increased
steadily, with a peak at 2.2x1GFU/cnf on day 28, followed by a steady decrease until
reaching a stable concentration near 4.4xBU/cnf on day 68 until day 131. After
chlorination, biofilm concentrations (averaged froaupons and pipe loop segments)
decreased to 1.1xA@FU/mL. After 6 weeks, concentrations in bothfitiies and the

MDS flowing water increased to pre-chlorinationdés/(data not shown). In addition,
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culturablelLegionella were detected for over a year in the MDS, with agpnately
1.5x1G CFU/mL in flowing water and 2x2@CFU/cnfin biofim samples 13 months

after the initial inoculation.
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Fig. 4 -L. pneumophila in flowing water of a model drinking water distribution
system over a period of 131 days after inoculatiowith 10" cells. Day O corresponds
to sampling performed 2 hours after inoculation. e red square at day 131
corresponds to sampling performed 2 hours after clorination. Error bars indicate
standard error of samples collected from two sepata ports before and after

flushing 1 L of water.
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Fig. 5 -L. pneumophila in biofilms of a model drinking water distribution system
over a period of 131 days after inoculation with 10cells. The first data point
corresponds to sampling performed 3 days post inotion. The red square at day
131 corresponds to sampling performed 2 hours aftezhlorination. Error bars

indicate standard error from two biofilm samples.

The initial fluctuation in the concentration loégionella over the first 10 days
after inoculation can be explained by dispersaufghout the MDS and colonization of
biofilms. The spikes in concentration occurringlays 58 and 131 were potentially due
to release of organisms from biofilms resultingrir;ncidental agitation while removing
pipe segments for biofilm sampling. This suggesi@logous disruption events within a
drinking water distribution system could cause éases irLegionella concentration in
flowing water, resulting in an increased risk opegure td_egionella. Because the vast
majority of Legionella in the MDS were always biofilm associated (theeyscontained

substantially more cfrof surface area than mL of flowing water), resals suggest
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monitoring of only water samples may not provideaaourate estimation of the true
level of contamination within a distribution systemespite the two sampling ports used
being located on opposite ends of the MDS withediffg flow conditions, similar
concentrations (1.44x3ICFU/mL and 1.48x10CFU/mL) of Legionella were seen in the
flowing water samples collected two hours afterculation, suggesting a rapid and even
dispersal throughout the MDS and within dead-enidss was further supported by the
fact that mearh.egionella concentrations in samples collected from theseflovo
conditions remained relatively similar throughdus study. In addition, similar
concentrations were observed in water samplesatetlebefore and after flushing the
ports. It should be noted that the largest vamain water concentrations were measured
in the samples collected after chlorination on #1a¥, possibly related to both differential
dispersal of chlorine and sedimentation dependmficav conditions of pipe sections.
After early fluctuationsl.egionella concentrations in both flowing water and biofilnfs o
the MDS reached stable levels for extended pewbtisne, with an initial decrease
followed by stabilization. However, in biofilmsetperiods of increase and decrease
occurred 14 days earlier than the flowing watergas Chlorination resulted in
significant reduction ofegionella within biofilms (1.4 log, p-value: 0.0419) andwimng
water (0.5 log, p-value: 0.0314). The differencéhe effectiveness of chlorination
against_egionella present in water and biofilm seems contrary tonibt#gon that biofilms
typically provide additional protection from disedtion (Cooper et al. 2010). The
reactive properties of the chlorine itself (alonigsthe previously mentioned physical
disruption), may have played a role in increashgydoncentration dfegionellain the

flowing water in the system by inducing the releaskegionella containing biofilm
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fragments into the flowing water. This demonssaigotential scenario in which the
concentration oELegionella or other biofilm dwelling pathogens could increaséhe
flowing water of a distribution system followingsihfection. The eventual increase and
stabilization observed for concentrations in batfilns and flowing water following
chlorination coincides with previous evidence highting the difficulty of treating

distribution systems fdcegionella (Marchesi, et al, 2011).

2.4.4: Presence tfegionella in water meter biofilms

Molecular analysis of the biofilms samples testednfthe 35 water meters
collected from Area A confirmed the presencé.edionellain 9 meters, with 5 samples
also testing positive fdr. pneumophila (Table 2). None of the 32 meters collected from
system B tested positive. All attempts at culiwoafirmation for viabld_egionella were

unsuccessful due to high levels of non-legionedletérial growth.

Table 2: Legionella and L. pneumophila occurrencevia PCR in residential water

meters biofilms.

Sample Site Legionella spp. Positive L. pneumophila Positive

System A 26% (9/35) 14% (5/35)

System B 0% (0/32) 0% (0/32)
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The fact that biofilms collected from water metested positive for the presence
of Legionella demonstrates a practical approach for future sfudn the occurrence and
prevalence of this pathogen in drinking water dsition system biofilms. While not
perfectly representative of biofilms found elsevener a distribution network, those
within the water meters present a source of sanwildsly accessible and numerous in
any major metropolitan area. The possible effettsrass (as opposed to other
distribution system pipe materials such as PVCieng on the survival and biofilm
colonization ofLegionella could have impacted the results of this study. séheffects
may be negligible, as results from this study hdemonstrated the capability for
Legionella to associate within biofilms formed on brass inanmer similar to other
common pipe materials (Fig.2). More than halfta tvater meters biofilms positive for
Legionella also tested positive fdr. pneumophila, indicating that the species of
Legionella most commonly implicated in human disease may lad¢scelatively common
in relation to other members of the genus in drnigkivater distribution systems. In
addition, high occurrence in drinking water distitibn systems across the United States
(Donohue et al., 2014) suggests a widesplegibnella contamination may be typical.

A number of explanations could be considered aghipArea B contained no water
meters positive fokLegionella, whereas those from Area A tested positive fohbot
Legionella andL. pneumophila. While both Area A and Area B receive their wdtem
the same three sources in central Arizona, thegotioms from each source are not
identical and varied during different seasons.ddition, Area B consists of a newer pipe
network and water treatment methods (such asatitia of ozone) differed between the

two. Further examination of these and other factould determine how drinking
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distribution systems may create environments tila¢einhibit or facilitateLegionella

growth and survival.

2.5: Conclusions

e Legiondla population maintenance is possible in unheatednggttems

e Legionela biofilm association can occur on a variety of pipaterials in tap
water.

e Water samples may not accurately refleagionella contamination conditions in
distribution systems.

e Legionela contamination may vary drastically in differentrdiing water

distribution systems.

With legionellosis cases continually on the ris¢he United States and across the
world, the development of appropriate public healthtocols to curtail the incidence of
this theoretically preventable disease is more nmamb now than ever. Despite the fact
that a substantial proportion of efforts focusedmnitoring and treatment procedures
aimed at preventingegionella contamination in-premise plumbing, the dispersal a
contamination of.egionella in these systems is clearly an important factarosider.

The very water distribution systems that introdtiese pathogens to building plumbing
systems are a logical target to help prevent legiosis incidence. By examining
Legionella survival in tap water, association in pipe matdsiafilms, interactions in a
model distribution system, and prevalence in drigkivater distribution system biofilms,

the results of this study provides valuable infaiiorarelevant to the design of
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monitoring and control procedures toggionella in public drinking water.
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CHAPTER 3

NUTRIENT PRESENCE AND ACQUISITION FOREGIONELLA

3.1: Abstract

Legionella are a common yet poorly understood water-bornqugth. These
bacteria are ubiquitous in water systems, wherepoan host endoparasitization and
biofilm association play important roles in thefelcycle. While commonly thought to
obtain the majority of their nutrients from hosganisms)_egionella are capable of
deriving nutrients necessary for replication frothew sources, including via necrotrophy.
To determine the presence and source of two eatentrients folegionella growth,
iron and L-cysteine, environmental water samplesewellected and separated via
filtration into different components, with freezgatving used to release potential
nutrients from microbial cells in the samples. §deomponents were supplemented into
modified BCYE media prepared with the following ditions: 1) no iron or L-cysteine
added, 2) iron added, 3) L-cysteine added, ana#) ibon and L-cysteine added.

Growth ofL. pneumophila on these media demonstrated levels of iron, L-aysjer

both, in sufficient concentrations to supploegionella growth in environmental waters
outside of host cells. Another experiment measurgrheumophila growth in the
previously mentioned components compared with kiooy grade sterile water. Results
showing higher concentrations lodgionella in comparison to sterile water suggest that
certain components in environmental water are depaftsupporting the growth of this
pathogen. The results from this study serve tdarrelucidate the environmental
nutritional requirements fdregionella and potentially demonstrate their capability for

environmental growth in the absence of host orgasis
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3.2: Introduction

Since the discovery of Legionnaires’ disease in6l®acteria of theegionella
genus (Brenner et al., 1979), particuldrlypneumophila have become water-borne
pathogens of significant concern. While greatssiinLegionella research have been
accomplished since the discovery of the bactetgad#ly increasing incidence of
outbreaks caused legionella (Brunkard et al., 2011, Hicks et al., 2011) are imos
certainly due, in part, to a lack of understandngey aspects of the organisms
physiology and ecology. Such paucity exists foic@lly important characteristics of
Legionella, such as the effects of environmental conditiamsurvival, interactions and
growth dynamics in water distribution systems, aattitional requirements for
environmental growthLegionella are considered to be fastidious organisms, requirin
high concentrations of iron and L-cysteine for gilmwn culture media. While these
nutrients are typically extracted from eukaryotoshorganisms such as amoeba in the
environment, necrotrophic growth bégionella on dead bacterial cells has been
documentedn vitro (Temmerman et al., 2006), demonstrating the patefar growth
outside of a host cell. These examples highliglgvant areas dfegionella research

which this study aims to elucidate through a sesfdsench and pilot scale experiments.
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3.3: Methods

3.3.1: Microbiological methods

All Legionella culturing techniques used in this study were derivem those
laid out by the United States Centers for Diseaseti©l and Prevention (CDC 2005).
Samples were cultured on buffered charcoal yedast@media (BCYE Agar Base,
Benson, Dickson, and Company, Franklin Lakes, NgIAJwith the following
supplements: 0.3% glycine, 100 units/mL polymixin5Bug/mL vancomycin, and 80
pg/mL cyclohexamideL. pnuemophila stock cultures were grown at 37° C with
agitation over 72 hours in charcoal yeast extraathbmedia. Cell concentration in stock
cultures was estimated using measurements of bpgecaity at 600nm. All cultures
were incubated at 37° C for 72 hours with up taldional days as needed. All
laboratory experiments utilized the pneumophila serogroup 1 strain Knoxville-1

(American Type Culture Collection 33153).

3.3.2: Environmental water sampling

For experiments testing nutrient requirementd_fmionella, four sets of water
samples were used: 1) water from a home aquariyen\@ronmental water originating
from a ground water distribution system, 3) primaigated wastewater, and 4) reclaimed
wastewater. Sample sites were chosen based tikehieood of each water type being
able to supportegionella growth via dissolved nutrients and/or potentiedionella host

organisms. In addition, water collected from theand site had previously demonstrated
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high levels ofLegionella growth (unpublished data). Immediately upon sangplivater

samples were stored at 4° C until processed.

3.3.3: Separation of environmental water components

The previously mentioned environmental water sasplere separated into four
separate components using varying pore size @itas: 1) whole unfiltered sampled, 2)
elution of resuspended cells trapped in a 1.2 |iter,fi3) filtrate of water and dissolved
chemicals passed through a 0.2 um filter, andiate of water and dissolved chemicals
passed through a 0.2 um filter after lysis of mi¢abcells in the original sample. The
1.2 um elutions were resuspended in sterile wadevartexing. Lysis was performed
via a freeze-thawing process involving a 30 minateibation at -80° C followed

immediately by a 30 minute incubation at 45° C.

3.3.4: Qualitative growth dfegionella on media supplemented with nutrients from

environmental water

To qualitatively measure the growthladgionella in environmental waters, a
microbiological assay was designed revolving aroimeduse of modified BCYE media
supplemented with the previously mentioned comptmehprimary treated wastewater
and reclaimed water. Four forms of modified BCYEdia were prepared: 1) containing
no iron or L-cysteine, 2) containing iron but netysteine, 3) containing L-cysteine but
no iron, and 4) containing iron and L-cysteine. i®/preparing the media, 50% of the

typical sterile water content was replaced withaiffiltrate or lysis filtrate from
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wastewater or reclaimed water, resulting in a totdl6 media types containing
environmental water components. In addition, as&ur control media types was
prepared containing 100% of the typical sterileawabntent as standard BCYE and no
environmental water components. The four contredlia types were poured with 150%
the volume of the test media types. After soligify each media type was spotted with
separate suspensionsLofpneumophila comprised of three strains: 1) the laboratory
strain Knoxville-1, 2) an environmental strain et@ld from tap water in Central AZ,
USA (environmental strain 1), and 3) an environraksirain isolated from ground water
in Central AZ, USA (environmental strain 2). THatps were incubated for a total of 14

days, and the presence and quality of growth wasrded.

3.3.5: Quantitative growth and survivalladgionella in environmental waters

To quantitatively measure the growthLaionella in environmental waters,
cultures of the.. pneumophila strain Knoxville-1 were inoculated into 2.5 mL adnious
components of the several environmental watersranubated at 37° C with agitation,
with CFU/mL measured over time. Three separatemxgnts were conducted. In the
first test, aquarium water elution, and aquariuntewbysis filtrate (both from
environmental water sample 1) were compared. drséitond test, the following
components from environmental water originatingrfrground water (environmental
water sample 2) were compared: whole sample, elutiibrate, and lysis filtrate. In the
third test, whole sample and elution from wastewakel reclaimed water (environmental
water samples 3 and 4) were compared. Each sgstahtained a culture begionella

in sterile water as a control.
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3.4: Results and discussion

3.4.1: Growth oLegionella on media supplemented with nutrients from envirental

water

Data from the qualitative growth testslagionella via nutrients from
environmental waters are depicted in tables 3nd,5a All strains showed strong growth
in all media supplemented with iron and L-cysteiistrong growth was also seen for the
lab strain and environmental strain 2 on the cémbedia containing L-cysteine. No
growth was seen for the lab strain on any otherimmedo growth was seen for
environmental strain 1 on control media not supglet®d with both iron and L-cysteine.
Microcolony formation was observed on several mestlia types, including weak true
colony formation on reclaimed water filtrate medigpplemented with L-cysteine and
wastewater lysis filtrate media supplemented witykteine. No growth was seen for
environmental strain 2 on control media without@emented L-cysteine and
microcolony formation was observed on severalrtesdia types. For all strains, growth
observed on wastewater lysis filtrate media wakefaend more robust than on
wastewater filtrate media. Growth was similar ealaimed water lysis filtrate and
reclaimed water filtrate for all strains. For fae strain and environmental strain 2,
growth on control media supplemented with only Isteyne was slower, less robust, and

resulted in atypically colored colonies (pale grasropposed to pale blue).
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Table 3: Growth of L. pneumophila ATCC strain 33153 on modified BCYE

supplemented with components of environmental watesamples.
_ -Fel-Lc  +Fel-Lc -Fe/+Lc +Fe/+Lc

Control - - C

Reclaimed Filtrate - - -

Reclaimed Lysis Filtrate

Wastewater Filtrate

O o o O O

Wastewater Lysis Filtrate

Water sample component used is listed in column droa/L-cysteine content is listed

in row one. C: robust colony formation. -: no cofdormation.

Table 4: Growth of L. pneumophila environmental strain 1 on modified BCYE

supplemented with components of environmental watesamples.

_ -Fel-Lc  +Fel-Lc -Fel+Lc +Fel/+Lc

Control - - -
Reclaimed Filtrate M M C*
Reclaimed Lysis Filtrate - M M

Wastewater Filtrate - - -

O O o O O

Wastewater Lysis Filtrate M M C*
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Water sample component used is listed in column dmoa/L-cysteine content is listed
in row one. C: robust colony formation. C*: weakaity formation. M: microcolony

formation. -: no colony formation.

Table 5: Growth of L. pneumophila environmental strain 2 on modified BCYE

supplemented with components of environmental watesamples.

_-Fe/-Lc +Fe/-Lc  -Fel+Lc +Fel+Lc

Control - - C C
Reclaimed Filtrate M - M C
Reclaimed Lysis Filtrate M M M C
Wastewater Filtrate M M - C
Wastewater Lysis Filtrate M M M C

Water sample component used is listed in column droa/L-cysteine content is listed
in row one. C: robust colony formation. C*: weakaty formation. M: microcolony

formation. -: no colony formation.
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The increases in growth demonstrated by all stram#astewater lysis filtrate
media compared to wastewater filtrate media sugbastegionella were able to utilize
nutrients originating from lysed microbial cell$he fact that this phenomenon was not
observed in reclaimed water media provides fursigport for this, as the wastewater
used in the media presumably contained severat®rdere microbes than the reclaimed
water used. Theoretically, if an environmentalevaource contained high levels of
microbial cells exposed to some form of pressuseltig in large-scale cell death while
simultaneously having no effect diegionella in the water, the result could be a supply
of nutrients to suppottegionella growth outside of a host cell. The growth of
environmentalegionella on wastewater and reclaimed water filtrate media aliggests
that these waters may contain dissolved iron arndysteine in quantities sufficiently
high enough to support growth. The increased roless of growth on media
supplemented with L-cysteine as opposed to iroclyding cases of true colony as
opposed to microcolony formation for environmeistaain 1) suggests that these two

water types may contain relatively higher levelsezdily available iron than L-cysteine.

The growth of the lab strain and environmentalisttaon control media
supplemented with L-cysteine is interesting, aglewf iron in base BCYE media are
typically insufficient to suppoitegionella growth. The weak growth accompanied by an
atypical colony morphology suggests that bactegeevstruggling to growLegionella
are thought to require somewhere between 1-10 pMat the absolute minimum to

culture on media (Reeves et al., 1981), while BG¥itcally contains nearly 1400 uM.
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A component of BCYE, yeast extract, contains t@o®unts of iron, and by increasing
the volume of media poured into the control med#gs in this experiment, iron levels
appear to have been elevated high enough to sugqmovth of two of the strains tested.
The fact that environmental strain 1 showed no ¢ind@ven the formation of
microcolonies was not observed) in the same nutdenditions suggests that nutritional
requirements can vary significantly amongst strains. pneumophila. This notion is
further supported by the lack of growth of the $atain on any test media not
supplemented with both iron and L-cysteine, anddiffering growth patterns on tests

media types for the two environmental strains.

3.4.2: Quantitative Growth and Survivalladgionella in Environmental Waters

Data for the survival ofegionellain agquarium water components, aquarium
water elution, and sterile water (Fig. 6) showlatieely steady near exponential
decrease ihegionella concentrations throughout the entire period oftése.

Conversely, concentrations from the aquarium wigses filtrate show a decrease after 5
days to 2.6x10CFU/mL, followed by an increase to 7.2RTFU/mL, before steadily
decreasing to a final concentration of 6%XC&U/mL at day 46. Data from for survival in
components of environmental water sample 2 (Fighdw a steady exponential decrease
in Legionella concentrations for sterile water, along with vagymtes and ranges of
decrease and concentration maintenance for enveotahsample two whole sample,
elution, and lysis filtrate, with final concentrartis for the three components at day 33
were: 4x18CFU/mL, 2x16 CFU/mL, and 1.2x10CFU/mL, respectively.

Concentrations in environmental water sample gatiét sharply decreased before
48



reaching undetectable levels at day 8. Data fruigal in components of wastewater and
reclaimed water (Fig. 8) show a small delay be&teady exponential decrease in
concentration fotegionella incubated in sterile water and reclaimed watern@hut A
sharp, immediate loss of concentration was obsewetthe whole wastewater culture.
Relatively high survival, including periods of camtration increase were observed for

whole reclaimed water sample and wastewater elution
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Fig. 6 - CFU/mL of L. pneumophilain 2.5 mL aquarium water elution and lysis

filtrate over a period of 46 days at 37 °C after inculation with 10° cells.
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Results from these experiments demonstrate gromdfoaincreased survival of
Legionellain a variety of environmental waters, both in and @ host cells. The nearly
identical survival rates fdregionella cultured in sterile water and aquarium water efutio
(Fig. 6) suggest a lack of sufficient host cellsgopulation growth. High survival rates,
including concentration increases observed in agoawater filtrate containing lysed
cell components, indicates the potential for neomtic growth in this water. The
increase survival rates in lysed filtrate compdrefiltrate, along with significantly
increased survival fdregionella cultured in whole sample compared to elution
components indicate thhegionella may be acquiring nutrients from a non-host sounce i
environmental water sample 2 (Fig. 7). Similadytlie aquarium samples, the increased
survival and occasional growth observed in whotdaiened water compared to
reclaimed water elution depicted in Figure 8 intBgaossible extra-host cell growth of
Legionella. Incidentally, the nearly complete lossLefjionella in whole wastewater
indicate the presence of growth inhibition in thigter sample, while the high survival
rates and growth observed for the wastewater elwtiiture demonstrate the presence of
potential host organisms. By demonstrating in@dasurvival and population increases
for Legionella cultured in these various components of environalemater samples,
growth dynamics of this pathogen have been exanfindéiger. In addition, the evidence
suggesting growth dfegionella outside of a host cell further support claims gatest

from the qualitative growth experiments in thisostu

3.5: Conclusions

* Legionellaare capable of obtaining nutrients for growth fream-host sources.
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* Amoebae are not necessary for long-term persistefiocegionella.

* Microbial communities can have a drastic impact.egionella growth and
survival.

* Necrotrophic growth can lead kegionella population increase.

* Varying strains ot.egionella demonstrate differing nutritional requirements.

Legionella continues to be a drinking water pathogen of irgireaconcern. As
incidence of legionellosis rise each year, it beesm@mpparent that appropriate
maintenance and monitoring protocols are needeffd¢ctively disease caused by these
bacteria. Before these protocols can be develdpdater knowledge on their ecology
needs to be elucidated to help us gain a sufficiaderstanding of howegionella
interact with their environment. By demonstratthg effect of temperature on growth,
examining interactions within distribution systerasd investigating nutritional
requirements fokegionella, these existing knowledge gaps will hopefully bduced.

The evidence produced through this study suggestmgotential fot.egionella growth
outside of a host organism is of particular releegrand could have serious implications

for futureLegionella treatment procedures.
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CHAPTER 4
AUTOMOBILE WINDSHIELD WASHER FLUID AS A POTENTIAL ®URCE OF

LEGIONELLA TRANSMISSION

4.1: Abstract

Infections caused byegionella have been traced to a wide variety of sources, and
epidemiological evidence suggesting that driving ¢a a risk factor for legionellosis has
prompted public health studies to investigate Mehimindshield washer fluid as a novel
transmission source. To date, a single study aciedun the United Kingdom has
attempted to investigate the presence and surefladgionella in automobile windshield
washer fluid, with mixed results. The goal of thiady was to investigate whether
windshield washer fluid could serve as a potesiairce of transmission ftuegionella.

A wide variation in the survival df. pneumophila was observed when incubated in
different types of washer fluids at 25 and 37 °@yaver, one brand of windshield
washer fluid demonstratddegionella survival potential similar to sterilized deionized
water. In addition, one liter of tap water con&rin a washer fluid reservoir was able to
support population growth and survivalladgionella for several months. In a field study
examining the windshield washer fluid of 12 elenagptschool buses.egionella were
detected from 84% of samples at a high concentrati®.1 X 16 CFU/mL. Culturable
cells were also detected in aerosolized washet during washer fluid spray. By
demonstrating survival in certain windshield washads, growth within washer fluid
reservoirs, and the presence of viable cells invilgher fluid spray, we have provided

evidence suggesting the potential for a novel rofiteegionella exposure. The warm
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climate of central Arizona, USA, in which the studgs conducted, may have largely

contributed to the results observed.

4.2: Introduction

Legionella species, particularly. pneumophila, are responsible for more drinking
water and non-recreational water-borne diseasa@alb in the United States than any
other microbe (Brunkard et al., 2011). Incidencéegfonellosis has consistently and
significantly risen (Hicks et al., 2011) since thiscovery of the disease in 1976 (Fraser
et al., 1977). The majority of cases of legionglaare caused by exposure through the
respiratory route, however, atypical forms of tiwmedse have been reported (Kilborn et
al., 1992, McCabe et al., 1984, Yu 1993). The twashtommon forms of iliness caused
by this pathogen are: Pontiac Fever, resultindgutike symptoms, and Legionnaires’
disease, a potentially deadly pneumonia (Corded-aaser 1980).

Public health risk fronbegionella is often associated with environmental
conditions conducive to the growth of the organ{§torey et al., 2004), such as biofilm
development, protozoan activity, and high tempeeat(Borella et al., 2005). Reported
outbreaks of legionellosis are commonly tracediarees with potential for
aerosolization of high temperature water, suchoadireg towers and spas (Fields et al.,
2002), though unheated water systems such as deedi@ntains and tap water
distribution systems have also been linked to trassion (Hlady et al., 1993). Although
well documented routes of exposure may be resplenfsibthe majority of legionellosis

outbreaks, sources of transmission are not alwdgystified and unusual or poorly
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understood reservoirs for these pathogens do @msand and Hack 2013, Sakamoto et
al., 2009).

Epidemiological studies have suggested automotmleg a possible source of
transmission fotegionella. Research performed in the Netherlands (Den Boal;, et
2006) and Turkey (Polat et al., 2007) has showmeneased risk for Legionnaire’s
disease in professional drivers, while a study cotet in the United Kingdom
(Wallensten et al., 2010) determined a novel ra&kdr for legionellosis to be driving in a
car containing water in place of washer fluid.atidition, studies performed in Japan
(Sakamoto et al, 2009), Greece (Alexandropouoll,2@l13), and the United Kingdom
(Palmer et al., 2012) have detectedionella in car air conditioning systems, car cabin
air filters, and windshield washer fluid reservoarishout added washer fluid,
respectively. In response to mounting evidencelyced by these and similar studies, a
series of survival experiments and a corresponfilehd) study were conducted with the
goal of assessing the potential kagionella exposure from automobile windshield

washer fluid.

4.3: Methods

4.3.1: Media and laboratory strainlcdgionella

All laboratory experiments were performed usirgiak ofLegionella
pneumophila ATCC strain 33152 (American Type Culture CollectiManassas, VA,
USA) cultured in Buffered Yeast Extract (BYE) mewiiu Laboratory and environmental

water samples were assayed for the detectiduegibnella using Buffered Charcoal
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Yeast Extract agar (BCYE) medium (Procedures ferrdtovery ot egionella from the
environment, 2005). BYE medium contained: 10.0gsyextract, 0.25g ferric
pyrophosphate, and 0.4g L-cysteine HCI per litedisfilled water. BCYE medium
consisted of BD BBL Buffered Charcoal Yeast Agaradostic Systems, Sparks, MD,
USA) supplemented with 0.4 g/1000 mL L-cysteine HLB% glycine, 100 units/mL
polymixin B, 5pg/mL vancomycin, and 80 pg/mL cyatelamide. Bacterial stocks were
prepared by culturingegionellain BYE medium in a tabletop shaker incubator atG7
under atmospheric CQor 72 hours before quantification via optical gigyrand
enumeration of colony forming units (CFU) via thesad plate technique. Stock
cultures were washed via centrifugation and requspa in sterile deionized water to

remove medium prior to incoculation.

4.3.2: Environmental sampling and culturing

Environmental water and air samples were colleatedg previously described
methods (Procedures for the recovery.ajionella from the environment, 2005).
Legionella concentrations were determined for all liquid sasplia the spread plate
technique. Plates were incubated at 37 °C undessgiheric C@between 3 and 7 days
and colonies were recorded. Prior to spread plsgays, certain environmental water
samples were subjected to a heat treatment at 5 D minutes to reduce the growth

of nonLegionella organisms (Wullings et al., 2011).
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4.3.3: Survival oLegionella in windshield washer fluid

Laboratory experiments were conducted using thraeds (labeled A, B, or C) of
windshield washer fluid prepared, following the matturers’ suggested procedures,
with sterilized deionized water. The componentsafh fluid according to
manufacturers are listed in Table 1. To deterrttieesurvival ofLegionella in the
windshield washer fluids, a series of 50 ml polyé&the (PE) tubes were initially filled
with fluids A, B, or C at half the manufacturer oeamended concentration, or sterilized
DI water. The windshield washer fluids were ditlite this initial experiment to
maintain washer fluid concentrations feasibly odogrin actively used automobiles.
Each PE tube was spiked with 1.5%0FU/mL ofL. pneumophila and incubated at
37 °C. This temperature was chosen to simulatéitifetemperatures potentially
reached in washer fluid reservoirs. Duplicate dampf each fluid were initially
analyzed after 24 and 48 hours of incubation terenelLegionella concentrations via
culturing. Thereafter, samples were periodicatiffected and analyzed up to 73 days or
until a concentration of < 1 CFU/mL was reached.

A second set of 50 ml PE tubes filled with fluidfAuid B, sterilized DI water,
10% methanol, or 20% methanol was prepared. Edmhwas spiked with 1.5x30
CFU/mL ofL. pneumophila and incubated at 25 °C, a temperature previously
demonstrated to support long-term survivalLegionella in water (Schwake et al., 2012).
Duplicate samples were periodically collected hegionella concentrations in all PE
tubes were periodically measured via culturingujprto 70 days or until a concentration

of <1 CFU/mL was reached.
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4.3.4: Growth oLegionella in windshield washer fluid reservoirs

To measure the growth bégionella in windshield washer fluid reservoirs under
laboratory conditions, two 1 L PE reservoirs (ldigramics, Inc., Tarrytown, NY) were
filled with 750 mL of dechlorinated municipal taater (Tempe, AZ, USA) with no
initial detectabld_egionella colonies in 1 mL.An additional two reservoirs were filled
with tap water from a laboratory model drinking eradlistribution system previously
spiked withL. pneumophila containing approximately 2.5x1GFU/mL of Legionella.
Each reservoir was incubated at 25 °C or 37 °Gnbas were collected in duplicate and
cultured periodically over the course of 75 dayddtermine_egionella growth. Prior to
each sample collection, the water in each resewas mixed by gentle pipetting to
minimize the disruption of potential biofilm formam. The fluid in the reservoirs was
sampled to measure suspended cells potentiallytalie aerosolized during windshield
washer fluid spray. Biofilms were intentionallydisturbed to support potential biofilm

associated growth adfegionella in the reservoirs.

4.3.5: Environmental detection bégionella in school bus windshield washer fluid

reservoirs

A field study was conducted for the detection, difi@ation, and identification of
Legionella in windshield washer fluid from school buses. Ehsets of windshield
washer fluid samples were collected from a fledtwdes considered actively in
operation and belonging to a school district intrArizona, USA. Samples were
collected from the washer fluid reservoirs of busaked in the school district’s

maintenance yard on May 30, July 2, and July 3122fetween 11 am and 4 pm.
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Sample volumes ranging from 50 to 250 mL were ctdié from a total of 12 school
buses. In addition, samples were collected fronstbek solution used to prepare the
windshield washer fluid for the buses, tap watenfra drinking water fountain in the
maintenance yard garage, and a sink faucet in thetemance yard garage. The stock
solution for the bus windshield washer fluid res@ry was reportedly prepared in batches
of approximately 10 L at a time (based on demand)stored in a sealed container in an
air conditioned garage. Prior to collecting tagevaamples, approximately 1 L of water
was flushed from the drinking water fountain anel $imk faucet.

Over the course of the study, additional buse®wampled and additional forms
of relevant data were collected. On the initimhplng event, four buses, the washer
fluid stock solution, and the sink faucet were skdp On the second and third sampling
events, an additional eight buses and the drinfangtain were also sampled. A single
bus was unavailable for sampling on the second kagngvent and the washer fluid
stock solution was unavailable for sampling ontthel sampling event. Air samples
were collected from selected buses on the secaththamd sampling events. Air samples
were taken using a PBI SAS-Super ISO Air Sampl&vR/International PBI S.r.L, Vio
San Giusto, Milano, Italy) directly onto BCYE meniu For each sample, 0.5 f air
was collected by holding the air sampler 1.5 m midile standing 1 m in front of a bus
spraying several bursts of washer fluid in 30 sdaatervals. Archived weather data
were accessed to collect information for the lataly high air temperature during each
sampling event and the temperature of each ligandpde was recorded on the third
sampling eventLegionella concentrations were determined for liquid samplaghe

spread plate technique. Selected liquid sampldssatated colonies cultured from field
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samples were assayed by PCR usiegjonella spp. and.. pneumophila specific primers
followed by sequencing for confirmation.

Windshield washer fluid reservoir volume and eegitacement for each bus was
recorded, along with the operational status of eatficle in the week that the sampling
was performed (data not shown). Windshield wa#ib& reservoirs in the front engine
buses were located in the engine compartment witlinm of the engine block, while
reservoirs in rear engine buses were located davetars away from the engine block.
The bus windshield washer fluid reservoirs samplece reportedly filled with one of
the two following washer fluids (Table 6); fluid &ntained an unknown mix of
proprietary cleaning agents, while fluid E contaii®e67-1% ethanol and 0.33%
tetrasodium ethylenediamine tetraacetate. Botheasfe washer fluids were reportedly

prepared from a concentrate with tap water fromsthk faucet.

4.3.6: DNA extraction and molecular analysis

DNA extraction was performed on washer fluid sars@ed isolated colonies
using a ZYMO Research yeast/bacterial DNA extrackib (Zymo Research Corporation,
Irvine, CA, USA). The primers used in the studg bsted in Table 7. For both primer
sets, PCR amplification mixtures consisted of: }2.3°romega GoTaq Green
MasterMix (Promega Biosciences LLC., San Luis ObjspA, USA), 10 uL DNA
template, and 0.13 puM each primer, with a finattiea volume of 25 pL. Gel
electrophoresis was performed in a 40 mL 1% agagebkeontaining 2uL of 10,000X
Invitrogen SYBR Safe DNA Gel Stain (Life TechnolegiCorporation, Carlsbad, CA,

USA) to detect PCR products. In addition, sequaneias performed to determine the
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species of.egionellain samples. The National Center for Biotechnologgrmation

Basic Local Alignment Search Tool (NCBI BLAST) (Matal Library of Medicine,
Bethesda, MD, USA) was used to compare the amghlfezjuences to the NCBI database.
16S rRNA gene sequence homology greater than 98uesed as the criterion for

speciation.

4.3.7: Data analysis

Excel (Microsoft Corporation, Redmond, WA, USA)suased for all data
analysis and graph generation. Thegdagduction timesTgo) for Legionella in the
different fluids examined were calculated via resgren analysis. A polynomial
regression line was fit to the observed data aeadd§value in days was calculated by
solving for a 90% reduction from the concentra@mlay 0. Student’'s T-tests were
performed, with a p-value cut-off value of 0.05dise determine significance using R

3.0.2 (R Foundation for Statistical Computing, \fianAustria).
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Table 6: Fluids used inLegionella survival and field studies

Fluid Ingredients

Washer Fluid| ~1% methanol and unknown mix of cleaning agents

A

Washer Fluid| 0.03-0.16% 2-butoxy ethanol, methanol, and isopnopaith a
B combined percentage no higher than 0.18% and amowrk mix of

cleaning agents

Washer Fluid| 0.25-1.25% isopropanol, 0.025-0.25% ethylene glyantl an

C unknown mix of 4 proprietary cleaning agents

Washer Fluid] Unknown mix of proprietary cleaning agents, somzandous

D

Washer Fluid| 0.67-1% ethanol and 0.33% tetrasodium ethylenediatatraacetate

E

Methanol 10% methanol and 20% methanol dilutestenilized DI water

DI water Sterilized deionized water

Tap Water | Municipal tap water collected from aodiaiory faucet

Table 7: List of primers used for PCR and sequencin
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Primers Sequences (573" Gene Amplified Approximate | Reference
Amplicon
Length
LEG-226 AAGATTAGCCTGCGTCCGAT Legionella 16s 654 bp 18
LEG-858 GTCAACTTATCGCGTTTGCT rRNA
LpneuF CCGATGCCACATCATTAGC L. pneumophila 150 bP 18
LpneuR CCAATTGAGCGCCACTCATAG mip
4.4: Results

4.4.1: Survival oLegionella in windshield washer fluid

Survival ofLegionella varied noticeably in fluids A, B, and C when pregzhat
half strength and incubated at 37 °C (Fig. 9). iHitéal concentration of 1.5x£0
CFU/mL was maintained in the DI water and fluidgk 23 and 26 days, respectively.
Thereafter, a steady decline in concentrations wererded in the DI water and fluid A
resulting in <1 CFU/mL at day 68 and 3.0R0FU/mL on day 73, respectively. In fluid
B, the initial concentration was maintained foragsl followed by a steeper decline than
that observed for DI water and fluid A, with thegionella population reaching <1
CFU/mL on day 42. In fluid C, theegionella concentration declined to <1 CFU/mL by
1 day. In the DI water and fluid B, 3-log reduatsan CFU/mL were observed by day 49
and 23, respectively. Only a half-log reductio.agionella concentration was recorded
in fluid A after 73 days. At 37 °C, the estimaiked values for the DI water, fluid A, and

fluid B were 33.36, 85.75, and 16.51 days, respelsti
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Fig. 9 - Survival ofL. pneumophila in various fluids at 37 °C. Error bars represent

standard error of duplicate samples.

Survival rates okegionella at 25 °C were again dependent on the fluid the
cultures were incubated in (Fig. 10). In the Dtevaand fluid A, concentration reduction
over-time followed a similar trend for both throwgh the study, in contrast to the trends
observed at 37 °C. In both, a consistent and diesvease was noted after 72 hours of
incubation at 25 °C, with concentrations fallingltéx1G CFU/mL at day 70.

Legionella concentratiorbegan decreasing in fluid B within the first 24 hoand
reached <1 CFU/mL by day 23. The concentratichOi#h methanol decreased
drastically after day 1, resulting in a concentmatof <1 CFU/mL by day 9.Legionella
concentration in 20% methanol reached <1 CFU/mHddoy1. In fluid B and 10%
methanol, a 3-log reduction iregionella was recorded by day 18 and day 7,
respectively; whereas, the DI water and fluid A destrated less than a log reduction

after 70 days. At 25 °C, the estimated Walues for the DI water, fluid A, fluid B, and
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10% methanol were 72.67, 66.35, 8.00, and 4.61, dagpectively. Survival rates of
Legionella at 25 °C were again dependent on the fluid theuced were incubated in (Fig.
10). In the DI water and fluid A, concentratiomluetion over-time followed a similar
trend for both throughout the study, in contragh®trends observed at 37 °C. In both, a
consistent and slow decrease was noted after 73 lobincubation at 25 °C, with
concentrations falling to 1.6x1@FU/mL at day 70.Legionella concentratiorbegan
decreasing in fluid B within the first 24 hours améched <1 CFU/mL by day 23. The
concentration in 10% methanol decreased drastieétily day 1, resulting in a
concentration of <1 CFU/mL by day 9.egionella concentration in 20% methanol
reached <1 CFU/mL by day 1. In fluid B and 10% maiol, a 3-log reduction in
Legionella was recorded by day 18 and day 7, respectivelgreds, the DI water and
fluid A demonstrated less than a log reductionraf@edays. At 25 °C, the estimategh T
values for the DI water, fluid A, fluid B, and 108tethanol were 72.67, 66.35, 8.00, and

4.61 days, respectively.
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Fig. 10- Survival of L. pneumophilain various fluids at 25 °C. Error bars represent

standard error of duplicate samples.

4.4.2: Growth oLegionella in windshield washer fluid reservoirs

The concentration dfegionella in unspiked tap water incubated at 25 °C
remained unchanged throughout the course of therement (Fig. 11), staying below the
limit of detection for the culture based-assay ugetie study. However, at 37 °C, the
concentration started to increase by day 17, peaké®x168 CFU/mL by day 48, then
steadily decreased until day 97. The concentratfdregionellain the spiked tap water
incubated at 25 °C steadily decreased to 5.5& FU/mL by day 38. In the spiked tap
water incubated at 37 °C, the concentration ine@@asd peaked at 9.8 IOFU/mL by
day 23, then decreased to 1.7 X CFU/mL by day 41. On day 97, the concentrations in
the spiked and unspiked tap water at 37 °C, arlcedpiap water at 25 °C were 1.7810
4.7x13, and 3x16CFU/mL, respectively. Additional samples were ecied on day
215 and day 364. On day 215, the concentratimmded were <1 and 5.8>Af0r
unspiked tap water at 25 °C and 37 °C, respectiay the spiked samples the
concentrations were <1 and 3.8R0FU/mL at 25 °C and 37 °C, respectively. By day
364, the samples maintained at 37 °C containe@ased concentrations of 8.4%a0d

4.4x16 CFU/mL for unspiked and spiked tap water, respebtiv

66



12000

10000 T

8000 =

6000

CFU/mL

4000

& =

2000

1 N

I

0

0 20 40 60 80 100
Day
Unspiked 25 °C Spiked 25°C Spiked 37 °C Unspiked 37 °C

Fig. 11 - Growth of Legionella in windshield washer fluid reservoirs containing
spiked and unspiked tap water at 25 and 37 °C. Ear bars represent standard

error of duplicate samples.

4.4.3: Environmental detection bégionella in school bus windshield washer fluid

Ten out of the 12 buses (83%) contained culturbbggonella on at least one
sampling event (Table 8). The drinking water f@umt sink faucet, and stock washer
fluid solution each containdcegionella on at least one sampling event. Twenty out of
27 (74%) washer fluid samples collected containdtlicableLegionella with
concentrations ranging between 4.0 CFU/mL and &1&FU/mL. Ten positive
samples (37%) containggpgionella at concentrations higher than the stock washer
solution (100 CFU/mL). Culturable pneumophila was confirmed by PCR in 8 samples
collected from 6 buses, while jordanis was identified in 4 samples collected from 3

buses. Aerosolizeldegionella was detected in 3 air samples from the windshieldher
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spray of 2 buses, with concentrations ranging betw@& CFU/mand 135 CFU/rh

With the exception of fluid from bus 50, which waaing maintained in an air
conditioned garage at the time of sampling, alllveagluid temperatures recorded on
sampling event 3 were higher than the air tempegaifi38.0 °C, with a range of 38.7 °C
to 41.4 °C.

High nontegionella bacterial growth resulted in indeterminate quadtion of
Legionella in several washer fluid samples. It should beddhat heat treatment and the
Legionella selective antibiotic cocktail used for media prepian substantially reduced
the level and occurrence, but did not completdlyieiate the growth of nohegionella
organisms in cultures from the field samples. wdisher fluid samples negative for
Legionella spp. by PCR also tested negative by the cultlgaya®©ne windshield washer
fluid sample produced a negative PCR result.fgmeumophila, despite DNA extracted
from an isolated colony cultured from this samplentifying it as.. pneumophila. Two
washer fluid samples produced no detectable culiteitaegionella (due to the presence
of nonLegionella bacterial growth) but tested positive for the preseofLegionella
DNA. Results for several PCR assays of washed 8aimples producing no culturable
Legionella were indeterminate, potentially due to assay inioibi Probable DNA
extraction and/or PCR inhibition were observedsieveral samples, resulting in low
PCR product concentration and quality. Spiked rmdmé¢sts were performed in whith
pneumophila cells or DNA were added to certain washer fluid gl and their extracts.
These tests revealed inhibition occurring durirgg@NA extraction, purification, and
amplification processes of the molecular analysgfopmed for specific washer fluid

samples.
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The engine temperature of a front engine bus ngfar 45 minutes was

measured at 97 °C, while the washer fluid from this was 60 °C. Buses #6, 7, 9, and

11 were reportedly operated for 1-3 hours a dalgys a week, throughout the study. On

sampling event 3, all buses sampled had been ifouSehours during the day prior to

sampling. When activated, the bus windshield wesbkmitted fluid in bursts of

approximately 15 mL.

Sampling Event 1

Air Temp 38 °C

Sampling Event 2

Air Temp 42 °C

Sampling Event 3

Air Temp 38 °C

Air Sample Air
Sample CFU/mL PCR CFU/mL PCR  Sppl sample Temp. | CFU/mL | PCR| Spp.| sample
CFU/n? (°C) CFU/n?
Sink
160 + 14 + Lp NA 30.5 10 + Lp NA
Faucet
Drinking
ND ND 100 + ND NA 22.0 0 - ND NA
Fountain
Stock
100 + Ind Ind ND NA ND ND ND ND NA
Solution
Bus #1 ND ND 120 + Lj ND 38.6 14 + Lj ND
Bus #2 ND ND 4 + Lj ND 39.3 28 + Lp ND
Bus #3 0 + 60 + ND ND 41.4 6 + Lj ND
Bus #4 ND ND 0 + ND ND 38.9 81,000 + Lp ND
Bus #5 ND ND 1,840 + Lp ND 40.0 Ind Ind ND ND
Bus #6 ND ND 0 ND ND 39.7 0 ND ND
Bus #7 12,000 + 6,400 + Lp 90 32.2 32,000 + Lp 12(
Bus #8 ND ND 5,200 + Lp ND 39.2 12,400 + Lp 135
Bus #9 ND ND 340 + ND ND 38.8 1,280 + Lp ND
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Bus #10 ND ND 0 Ind ND ND 38.7 Ind Ind ND ND

Bus #11 0 - ND ND ND ND 40.6 0 - ND ND

Bus #12 4 + Ind + ND 0 39.0 Ind Ind ND 0

Table 8: Summary ofLegionella data from windshield washer fluid, drinking water
fountain, sink faucet, and air samples. NA: Not aplicable, ND: No data collected,
Ind: Indeterminate concentrations for plate count @ indeterminate positivity for
PCR assay. Lp:Legionella pneumophila. Lj: Legionellajordanis. PCR results

indicate positive assay usindiegionella genus primers.

4 .5: Discussion

4.5.1: Survival oLegionellain windshield washer fluid

The low reduction in concentration logégionella in fluid A during both
experiments (Fig. 9 and 10) demonstrates the chiydbr the organism to persist in this
particular washer fluid. The survival bf pneumophila cultured at 25° C in fluid A,
T90=66.35 days, was similar to that in DI wategg=72.67 days, (p-value at day 70:
0.415) and significantly higher in half strengthidl A, T9;=85.75 days, than in DI water,
T90=33.36 days, (p value at day 59: 0.018) at 37°wb possible explanations for this
are: 1) fluid A had a neutral or mildly antagorsestifect onLegionella survival yet
contained nutrients to support growth (which wadoddabsent in the DI water), or 2) fluid
A, particularly at half strength, produced an eomment more conducive to the survival
of Legionella than that found in sterilized DI water. Regasdlethe survival of

Legionellain fluid A is highly relevant, not only for settirggprecedent for the
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pathogen’s ability to maintain populations in wasth&d similar to fluid A (containing
low concentrations of anti-freezing and cleaningrdg), but also the potential for long
term persistence in washer fluids.

The results for survival rates bégionellain fluid B at both concentrations and
both temperatures (Fig. 9 and 10), along with thmmsasured with 10% methanol (Fig. 2),
are interesting in that they highlight forms of wesfluid chemical compositions and
concentrations in whichegionella can survive for a short period. By demonstrating
some level of tolerance to a mixture of low concatmtn methanol, ethanol, and
isopropanol (fluid B, §pat 25°C=8.00 days), along with 10% methangb€#.61 days,
found in washer fluids rated for just below fregztemperatures), these data highlight
both the fact thategionella may be capable of surviving to some extent indewiariety
of washer fluids, and that this survival may vargagly between different fluids. This is
demonstrated by the significant difference in stalbbserved for fluid A and B when
incubated at 25°C (p-value at day 20: 0.039). Bmeasoning applied to the results
showing complete reduction of viable cells wherulvetted in 20% methanol (found in
washer fluids rated for temperatures above -150t@luid C (Fig. 9 and 10) leads to the
assumption that certain washer fluids can effelstik#l large concentrations of
Legionella within a day. Testing a variety of washer fluidshawarying anti-freezing
and cleaning agents would be essential for deténgningredients and compositions
capable of efficiently preventing the growthlLadgionella or other pathogens in washer
fluids.

The results from both survival experiments indéddiat in certain washer fluids,

and under the optimal conditiorisegionella could survive for extended periods of time.
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Legionella can tolerate temperatures at 50 °C for extendadgseof time (Dennis et al.,
1984) and have been detected in a wide range afommvents. The growth of this
pathogen requires temperature in the range of 20 48 °C (Kusnetsoz et al., 1996,
Schulze-Ro6bbecke et al., 1987) and a specificfsatitoients (Warren and Miller 1979),
which can be extracted from endoparasitized hasrosms (Moffet and Tompkins
1992) or microbes consumed via necrotrophy (Temrageret al., 2006). While data
from these survival experiments performed providelefinitive evidence for the growth
of Legionella, it would not be unreasonable to assume thatetigeérature and nutrient
conditions necessary for the growth of these osgasicould feasibly occur within
washer fluid reservoirs, particularly those contagrnwindshield washer fluid prepared

with tap water.

4.5.2: Growth oLegionella in windshield washer fluid reservoirs

The results summarized in Fig. 11 illustrate theagionella are capable of
growing, establishing, and maintaining a populatiotap water added to a windshield
washer fluid reservoir when incubated at 37 °C.p@ticular interest is the increase in
Legionella concentration seen in the reservoir containing ikesjptap water incubated at
37 °C. This increase from undetectable level @x20° CFU/mL demonstrate the
potential for drastic increasesliegionella in stagnant tap water. In addition, the long
term survival ofLegionella spiked in tap water at 37 °C highlights the haedsof this
pathogen under the experimental conditions. Iriraghto the survival experiments, the
levels ofLegionella in the reservoirs for both spiked and unspikedwager

(approximately 2500 CFU/mL and <1 CFU/mL, respeddiiy were relatively realistic, as
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it would not be unexpected to find such concerdretiin contaminated tap water. As
25 °C is near the low end of the growth rangeLfagionella (Schulze-Rdbbecke et al.,
1987),the lack of an increase in concentration over tivas not unexpected. The
difference in growth and long term survival at°Zsand 37 °C could signify the
importance of high ambient air temperatures (sscthase recorded during the field

study) for the growth ofegionella in washer fluid reservoirs.

4.3 Environmental Detection akgionella in School Bus Windshield Washer Fluid

The results from the field study clearly demortsttae potential for the presence
of viableLegionella, includingL. pneumophila, in windshield washer fluid within
reservoirs. The high number loégionella positive samples the examined school
buses suggests the contamination of washer flgerveirs could be a common
phenomenonLegionella contaminated tap water used in the preparationasher fluid,
low bactericidal properties of the washer fluidregjents, and the high ambient
temperatures in central Arizona are three potefa@brs encountered in the study are
potential reasons for the high levels of contamamatiocumented. The differences in the
concentrations between the stock solution and @eher fluid in the reservoirs sampled,
along with variation in concentration during diget sampling events within the same
reservoir, suggestegionella growthhad been occurring in the reservoirs. This magpos
serious implications, namely that washer fluid resis could serve as a source of
amplification forLegionella to the point of posing a public health risk. Résédom the

air sampling performed in this study demonstras the aerosolization of high
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concentrations dfegionella via the action of bus windshield washers may pregen
possible route of exposure not only for automodbrigers and passengers, but also for
pedestrians and others in proximity to washer fepcay.

In response to an epidemiological study perforimgtiVallensten et al. (2010),
Palmer et al. (2012) investigated the prevalende pfheumophila in car windshield
washer reservoirs in the United Kingdom and thewigm'’s ability to grow in
windshield washer fluid. In a field study of 30hwee washer fluid reservoirs with or
without added “screenwash”, only a single resertlmat had never contained
“screenwash” sampled positive florpneumophila at a concentration of 6 CFU/mL, over
four orders lower than the highest concentratiomveasured in school bus windshield
washer fluid. In addition, Palmer et al. demortstighe bactericidal capability of
“standard” windshield washer fluid agaihsgionella at concentrations of 10 parts per
million. While our study demonstrated certain wersluids or components of washer
fluids display bactericidal activity agairiségionella, but not all examined washer fluids
had this propertyl.egionella was able to survive in washer fluid A and stenkger to a
similar degree. The discrepancies between thdtsgawduced by Palmer et al. and our
own could largely be due to the differences indlmates between the two areas where
the studies were conducted. Not only are the suntengperatures of 36 to 45 °C in
Central Arizona close to ideal faegionella growth (Kusnetsov et al., 1996), but
potentially more important is the fact that winddtdiwasher fluids designed for use in
warm weather typically contains significantly lowevels of antifreezing agents such as

methanol. Both studies, however, have producedeece suggesting automobile washer

74



fluid reservoirs as a novel source fagionella growth and possible transmission to

humans.

4.6: Conclusions

» Legionella are capable of surviving for extended periodsmoktin certain
automobile windshield washer fluids.

» Windshield washer fluid reservoirs can contain ieats to support large
Legionella populations.

» Legionella contamination in washer fluid reservoirs may be can.

» Aerosolization olegionellain washer fluid spray is possible.

This is the first report of the long term surviwdlLegionella in washer fluid
viableLegionella in vehicle windshield washer fluid within resemgiand the emission
of aerosolized egionella from an automobile windshield washer. Our ressuiiggest that
the route of exposure teegionella from automobile windshield washer fluid spray is a
possibility. Further investigation on the growtidasurvival ofLegionella in windshield
washer fluids and reservoirs would certainly previdlevant insight into the
contamination, transmission, and risk associatéd this pathogen in this potential novel

source of transmission.
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CHAPTER 5

MALDI-TOF-MS CHARACTERIZATION OFLEGIONELLA

5.1: Abstract

As a water-borne environmental pathogen of incregasoncern, techniques for
cost-effective and rapid characterizatiorLefionella are vital, thus demonstrating the
relevancy of research aimed at improving Matrixigtesl Laser Desorption/lonization-
Time Of Flight Mass Spectrometry (MALDI-TOF-MS) dysis methodology for this
microbe. First, optimal sample preparation metHodshe analysis of environmental
Legionella isolates via MALDI-TOF-MS were determined. Thesethods were
implemented to perform strain-level characterizatb environmentalegionella isolates
from Central Arizona. Results demonstrate that/LBI-TOF-MS method involving
agar-based culturing and protein extraction-basetp$e preparation yield high quality
mass spectra. Twenty-eight environmehtgjionella isolates originating from two
separate drinking water distribution systems waiyaed. Multiple species were
detected and strain-level characterization waseaell, with 12 unique strains
characterized. In addition, isolatesLofpneumophila, the most common species
observed in the study, were correctly assignegéaiic sampling sites. These results
demonstrate the potential for this technique tajma@ied for sub-species characterization

of bacteria, with significant benefits over estabéd methodologies.
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5.2: Introduction

Since the discovery of Legionnaires’ disease in61®acteria of the genus
Legionella, particularlyL. pneumophila, have become water-borne pathogens of
significant concern, causing more drinking watdaitexl disease outbreaks than any other
pathogen in the United States (Brunkard et al.,120Continually rising legionellosis
incidence, as well as the variety of sources ofgmaission (Hicks et al., 2011), highlight
the need for tools to aid in the rapid identifioatand characterization of these pathogens
for public health purposes, such as tracking trassion sources during outbreak
investigations. Due to the frequency with whicagé organisms are found in public
water supplies and the low exposure event to désede, advances in high-resolution,
rapid strain typing methodology are particularliev@nt forLegionella.

The work of many studies has highlighted the paéof this technology and
demonstrate that the ability to reliably tylpegionella strains from various
environmental water samples via MALDI-TOF-MS woulave tremendous applicability
to the medical, public health, and water indusRy¢lle et al., 2004). As an
environmental pathogen of increasing concern, tigci®s for cost-effective and rapid
characterization dfegionella are vital, thus demonstrating the relevancy ofaede
aimed at improving MALDI-TOF-MS analysis methodojogr this microbe. This goals
of this study were twofold: 1) to optimize samptegaration methods for the analysis of
environmental egionella isolates via MALDI-TOF-MS, and 2) to implement tbes
methods to perform strain-level typing on enviromtaél egionella isolates from Central
Arizona, USA. Results demonstrate than an optichMALDI-TOF-MS preparation

method allowed rapid profiling of 28 environmeritabionella isolates, in which..
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pneumophila isolates were readily distinguished. In additisamnpling site-level and
strain-level characterization were observed. Bydewting a systematic and quantitative
analysis of methodology optimization for the anelysf Legionella via MALDI-TOF-

MS, followed by the utilization of this methodologytype several strains of this
microbe originating from separate and varied emmental sampling sites, this study
directly demonstrates the potential for the appilbceof this technology in regards to the

rapid characterization of this pathogen.

5.3: Materials and Methods

5.3.1: Environmental sampling

Environmental water samples of 50 to 1000 puL wetkected from water
originating from two drinking water distributionsgms in central Arizona. Sampling
site selection was based on the following critedtiinking water systems in central
Arizona, systems with different water sources, sygtems separated spatially. In
addition, one sampling site contained water withesa unique properties, including:
low/sporadic treatment, high salinity, sporadicalemontamination, high levels of
Legionella contamination. One system, located west of Phoédx consisted of
chlorinated ground water, while the other systeroaled east of Phoenix, AZ, consisted
of conventionally treated chlorinated surface waiitotal of 12l egionella isolates
from the west system were analyzed: 3 from tap nvated 9 from automobile washer
fluid reservoirs filled with washer fluid preparading the system'’s tap water. A total of

11 Legionelaisolates from the east system were analyzed,at tap water. All but
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two samples derived from the east system were titkemtap water previously
inoculated with a laboratory strain lof pneumophila Knoxville-1 ATCC strain 33153
(American Type Culture Collection, Manassas, VAA)SA stock culture of Knoxville-
1 was also analyzed, alongside 4 isolates of Krlex¥isampled from laboratory
experiments in sterile water. A total of 28 iseltvere analyzed in this study, including
one Knoxville-1 stock culture (K), 4 Knoxville-1aktes (L1-4), 11 east environmental

isolates (E1-11), and 12 west environmental iseléfél-12) (Table 9).

Table 9: Isolates ofLegionella used in the study

E1-E5, E7, W2-W4, W10,

Isolate K L1-L4 E5, E6 E9-E11] W1, W5 W12
E8 W6-W9 W11
Water | Stock Laboratory East West West West West
East System| East System
Source| Culture | Experiment System System System | System | System
Water Tap Tap Washer | Washer Tap
N/A Tap Water | Tap Water | Tap Water
Type Water Water Fluid Fluid Water
Non- Non- Non-
Spp. Lp Lp Lp Lp Lp Lp
Lp Lp Lp

Isolate species were determined via PCR. Lp réédrspneumophila and non-Lp

indicates species other thnpneumophila.

5.3.2:Legionella culturing

All water samples were processed, and.adjionella isolates were cultured using
previously described methods (CDC 2005). BD BRlffered Charcoal Yeast Agar
(Diagnostic Systems, Sparks, MD, USA) media wasl tigelegionella culturing, with

glycine, polymixin B, vancomycin, and cycloheximisiepplemented for environmental
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water samples. Water samples with low conceptnatofLegionella were concentrated
via membrane filtration using 0.45 micron celluldsters (Millipore Corp., Bedford,

MA). Environmental Water samples with high levetdackground growth were
subjected to heat treatment at 50° C for 30 minpites to plating (Wullings et al., 2011).
All samples were cultured at 37° C for 72 hourdghwain additional 96 hours if necessary
for full colony formation. Colonies presumed tollegionella based on morphology
were simultaneously cultured onto BCYE and Try@oy Agar (Diagnostic Systems,
Sparks, MD, USA) for confirmation. Culture confieshLegionella isolates were stored
at -80° C in a long-term storage solution compriged5% Charcoal Yeast Extract Broth
(CYE), 15% Glycerol, and 10% Millipore water (Mplore Corp., Bedford, MA). One
liter of CYE media contained the following: actigdtcarbon (2.0 g), yeast extract (10.0

0), ferric pyrophosphate (0.25 g), L-cysteine HOL4(g), and distilled water (1000 mL).

5.3.3: DNA Extraction and Molecular Analysis

To determine if isolates belonged to fimeumophila species, PCR (Wullings et
al., 2011) was performed. DNA extraction was penid on isolated colonies from
environmental samples using a ZYMO Research yeagt&hal DNA extraction kit
(Zymo Research Corporation, Irvine, CA, USR) pneumophila specificmip gene
primers LpneuF (SCCGATGCCACATCATTAGC-3) and LpneuR (5
CCAATTGAGCGCCACTCATAG-3) were used. The PCR amplification mixture used
consisted of: 12.5 uL Promega GoTaqg Green Maste(Rti@amega Biosciences LLC.,
San Luis Obispo, CA, USA), 10 pL DNA template, &3 uM each primer, with a

final reaction volume of 25 pL. Gel electrophosasias performed in a 1% agarose gel
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containing 0.05 pL/mL of 10,000X Invitrogen SYBRI&®NA Gel Stain (Life
Technologies Corporation, Carlsbad, CA, USA) teedePCR products. Identification of

isolates as. pneumophila or nonpneumophila spp. is shown in Table 9.

5.3.4: MALDI-TOF-MS sample preparation

Isolates analyzed via MALDI-TOF-MS were prepareitiei from broth or agar
cultures. For broth cultures, isolates were plétech storage onto BCYE and incubated
for 72-120 hours. Isolated colonies were thenetted into 5 mL of BCYE and
incubated with shaking at 150 RPM for 72-120 houell density was normalized for
all cultures to an optical density at 600 nm of @.2 OD units. The cultures were then
centrifuged at 15,000 X g for 5 minutes, with theulting supernatant decanted. After
resuspending in 1 mL of Millipore water, a secoedtdfugation at 15,000 x g for 5
minutes was performed, followed by resuspensiddillipore water and a third
centrifugation at 15,000 x g for 5 minutes. Thpesmatants was removed and the
resulting pellets were subjected to further prefi@maFor agar cultures, isolates were
plated from storage onto BCYE and incubated fodZ@-hours. Colonies were then
removed from the plates and suspended in 1 mLeofesiMillipore water. Cell density
was normalized to an optical density at 600 nm #f032 OD units. The cultures were
then centrifuged at 15,000 x g for 5 minutes, i@ resulting supernatant decanted.
The resulting supernatants were then removed ancetulting pellets were subjected to
further preparation.

Two sample preparation methods were used for MALDF-MS analysis: intact

cell (IC) and protein extraction (PE) preparatiof®r IC preparations, pellets were
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resuspended in 100 pL of Millipore water by vortexfor 30 seconds. 100 uL of alpha-
Cyano-4-hydrocinnamic acid matrix solution consigtof 50% acetonitrile (Sigma
Chemical Company, Bedford, MA), 2.5% triflouroacedicid (Alfa Aeser, Ward Hill,
MA), and 47.5% Millipore water, with alpha-Cyandagdrocinnamic acid added to
saturation were added to the suspension followeahbgdditional 30 seconds of
vortexing. 2 pL of the supernatant from this pragan were spotted to a 96-well
ground steel target plate (Bruker Daltonics, BdariMA) and allowed to air dry. For PE
preparations, pellets were suspended in 25 pl &f fmic acid (Avantor Performance
Materials, Center Valley, PA), and vortexed forsgé@onds. Acetonitrile (25 puL) was
then added to the suspension, followed by an anhditi30 seconds of vortexing. The
suspensions were then centrifuged at 15,000 x § foinutes. 1 pL of the resulting
supernatants were then spotted to a 96-well paliskexl target plate and allowed to air
dry. 1 pL of an alpha-Cyano-4-hydrocinnamic acatnmx solution was then overlayed
onto each sample and allowed to air dry. Data frmsistudy came from isolates
cultures and prepared on three separate daygréyhbrations analyzed were spotted in
triplicate. Both preparation methods effectiveigativated_egionella cultures, with
complete reduction in culturable cells observedofath, allowing for the safe transport
and handling of this pathogen during the study.

It should be noted that the standard methodologpdéoforming MALDI-TOF-
MS analysis on bacterial cultures calls for the afsa preparation of 1 mL of bacterial
cells at an optical density of 1.0 OD units at @@ Cultures at optical density of 3.0
OD units were used in this study to assure sufficiell densities were achieved. To

confirm the higher than standard number of celedusr the preparations in this study
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did not compromise spectrum quality, a control ves$ performed comparing

preparations from identical cultures prepared whihtwo optical densities.

5.3.5: MALDI-TOF-MS data acquisition and analysis

All samples were analyzed using a Bruker Microfl&F MALDI-TOF Mass
Spectrometer (Bruker Daltonics, Billerica, MA) wighnitrogen laseiiE337 nm)
operating in positive linear mode. Calibration wasformed prior to data collection
using the following mass calibrants (Sigma Aldri€h, Loius, MO): ACTH 1-17 (2094
Da), ACTH 18-36 (2466 Da), insulin oxidized B (34B4), insulin (5734 Da),
Cytochrome C (12360 Da), and Myoglobin (16952 Diepended in matrix solution at a
ratio of 1:1. FlexControl 3.0 software (Bruker [alics, Billerica, MA) was used to
operate the instrument. Automatic data acquisivas performed for the samples using
the following settings: laser power 25-75%, 200Q@D Da range, peak evaluation with
resolution higher than 100, random walk with 10tstad raster spot, 300 satisfactory
shots summed up in 100 shot steps.

Raw spectrum data were converted to text filesguBiexAnalysis 3.0 (Bruker
Daltonics, Billerica, MA) before preprocessing dather analyses, which were
performed in BioNumerics 7.1 (Applied Maths, AusfiiX). Spectra were preprocessed
in BioNumerics 7.1 using the software’s defaultiags for relaxed peak detection.
Baseline subtraction was performed using a rolliisg method, smoothing via a Kaiser
Window filter, and peak detection via a continuawselet transform ridge algorithm

with a signal to noise ratio of 5.
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5.3.6: MALDI-TOF-MS optimization

To determine the optimum sample preparation arlccailiring methods for the
environmental isolates used in the study, MALDI- TS data obtained from IC and PE
sample preparations (with agar culturing) were carag@ for spectra quality, followed by
samples prepared from agar and broth cultures @Elsample preparation). For the
agar/broth culture comparison, four environmerdalates were analyzed: two from the
east system and two from the west system were cati@dongside two stock cultures of
Knoxville-1. For the IC/PE comparison, 13 envirental isolates were analyzed, 7
from the east system, and 6 from the west systiEmgside two stock cultures of
Knoxville-1. Identical data acquisition and an@dysethods were applied to both sets of
comparisons. The following parameters for pealkityynaere then determined for
samples from the comparisons: base peak signalise natio, base peak resolution, and
peak range. Average values, along with their steshdeviations, were calculated for
triplicate samples of each culture condition or genpreparation method. Similarity
matrices derived from cluster analysis were usetktermine technical replicate

reproducibility.

5.3.7: MALDI-TOF-MS cluster analysis

Cluster analysis was performed on spectra acqroad 34 cultures of the 26
isolates. All sample preparations used in thisteluanalysis were prepared via
agar/PEMS methods, determined to be optimum camditior spectra quality. After
preprocessing of raw spectra in Bionumerics 7ifilicate technical replicates of each

isolate were summarized using the software’s sumsiaectra function to generate one
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composite mass spectrum (with a high level of gamncy) for that isolate. Note that a
single replicate from isolate L1 produced a spectwith fewer than 5 peaks, which was
suggested as low quality and, thus, was removed fhe cluster analysis. For L1, only
two technical replicates were summarized to geadhast composite spectrum. Cluster
analysis was performed using a complete linkagstetianalysis algorithm based on the
Pearson correlation similarity coefficient. Toe®ine the species level similarity
percentage cut-off value in the cluster analysifopeed, similarities between known
pneumophila isolates (previously determined via PCR) were caeghavith 32%
similarity being chosen based on this rationalesirilar approach was taken to
determine the strain level cut-off value of 90% itanity by comparing similarities of
biological replicates of four isolates (KnoxvilleA/2, W5, and W10). A methodology
for strain characterization similar to this hasrbperformed previously (Pereira et al.,
2013), in which strains of the fungtisichophyton rubrum were distributed into sub-
groups based on similarity values of 85% derivedohuster analysis of MALDI-TOF-

MS spectra.

5.3.8: Statistical analysis

To determine whether the effects of the variowparation methods tested had a
significant effect on the spectrum quality metesamined, Student’s T-tests were
performed, with a p-value cut-off value of 0.05dise determine significance using R
3.0.2 (R Foundation for Statistical Computing, \fianAustria). Jackknife analysis
using average similarity was performed in Bionurweid.1 to quantify the ability of

cluster analysis performed to correctly group issa
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5.4: Results and discussion

5.4.1: MALDI-TOF-MS optimization

To evaluate sample culturing and preparation nuthdeal for examining
environmental isolates afegionella via MALDI-TOF-MS, Agar/IC and Agar/PE
preparation, as well as Agar/PE and Broth PE wenepared. . Analyses of spectra
quality for IC and PE preparations for three isedak, W5, and W11, were chosen for
display due to their representation of the rangeesiilts observed in the study (Table 10).
WS5 had the most similar spectra quality using ¥ methods, while W11 had the most
differing. Preliminary experiments comparing spaduality parameters which were
from agar and broth culturing methods have alsm lseaducted. However some isolates
did not produce quality spectra with broth/PE médtfaata not shown). Thus only quality
of spectra obtained from agar culturing with diéier sample preparation methods has
been compared in this study. Identical isolatgarations prepared from OD 1.0 and 3.0
cultures produced similar spectra and spectratyyadirameters, particularly
reproducibility, for both optical densities (Tadlg and Fig. 15).

Base peak signal to noise ratios were higher ipfefgaration for all isolates with
the exception of IC preparation for W5. Base peglolution was higher in PE
preparation for all isolates, although not sigrifidly so for W5. Peak numbers were
greater in IC preparations (substantially highdorioth culture) for all isolates.
Reproducibility was higher for PE preparation fbisolates, although not significantly

so for W5 (Table 2). It should be noted that derisolates regularly produced spectra of
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unacceptably low quality using broth culturing d@dpreparation, occasionally to the
point where data acquisition was impossible. Kangple, when prepared via broth
culturing and PE preparation, only one of thredicate platings of W11 was able to be
analyzed in FlexAnalysis.

Overall data of metrics for MALDI-TOF-MS spectraality of Legionella
comparing the two preparation and culturing methsadgyest that agar culturing and PE
preparation are the ideal. The universally higleeroducibility produced from this
combination of methods reflects this. This diffage is indicative of the superiority of
these two methods for thegionella isolates tested, for the purpose of high resolution
MALDI-TOF-MS analysis. The reason for the higheproducibility values seen from
these methods may be attributed to the higher sk signal to noise ratios, lower base
peak mass variations, and greater base peak resslutbserved between triplicate
samples of most isolates tested. These metrispeaftrum quality reflect the ability to
distinguish background from sample, precisely mempeak mass, and distinguish
unique peaks (Schumaker et al., 2012), all of wiaiehof great importance for MALDI-
TOF-MS analysis in general, but become increasiaglgs the level of taxonomic
resolution needed increases (Sedo et al., 2014{iniRg MALDI-TOF-MS preparation
and analysis methods to increase these metricsnwsk likely play a key role in the
advancement of bacterial strain-level charactaonatia this technology.

Surprisingly, peak number, commonly used to deitegrapectra quality, appeared
to be negatively correlated to reproducibility foost isolates analyzed. This may be
attributed to the lower signal to noise ratios obsd: analysis of samples prepared via IC

preparation and broth culturing was less efficegndistinguishing background from
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significant peaks, resulting in larger amounts edis. The relationship between
reproducibility of this metric may indicate that iisefulness in measuring MALDI-TOF-
MS spectra quality does not apply to all organismgreparation methods, and could
warrant further study. Interestingly, while agattaring produced significantly higher
guality spectra for all isolates tested than brathuring, the disparities in quality metrics
observed between IC and PE preparations varieddeetvgolates. This is clearly seen in
the reproducibility values (Table 10): the diffecenn reproducibility values between
replicates of Knoville-1 for PE and IC preparatiwas 11.9%, for W5 it was 41.9%, and
for W11, 3.7%. The variety of these isolates (W#alL. pneumophila strain unrelated to
K, and W11 belongs to a separate species) mo$y hleel an effect on the relative
effectiveness of the two preparations to propestyate and/or concentrate cellular
components for analysis. It was noted during Riparations that pelleted cells from
certain environmental isolates showed more resistamdissolving after application of
formic acid and acetonitrile than others, includig and W11. This could be indicative
of phenotypic variation, such as membrane commosiamongstegionella
environmental strains having an effect on sampé@aration quality depending on the
preparation method used and, thus, any MALDI-TOF-&n8lysis based on data from
these samples. In addition to this, environmestaates ol_egionella can have wildly
different growth kinetics from well-established Isibains represented in varying
nutritional requirements, increased incubation tiarel reduced culturability (Buse et al.,
2013). This variation on growth rates was obselamdngst several environmental
isolates used in this study, e.g., W11 producedireatolonies within 48 hr of culturing,

whereas W12 took up to 120 hr. While the imporgaoicorganism-dependent MALDI-
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TOF-MS methods selection has been established (&teah, 2013), results from this
study further highlights this significance of medisamptimization for the characterization
of not only species, but also straindefionella and, potentially, other microbes.

To date, the majority of studies begionella analysis via MALDI-TOF-MS
utilized simple smear preparations (Gaia, t alLZMWoliner et al., 2010, Svarrer et al.,
2011, Pennenac et al., 2012), a method which gasifample quality for lower
preparation time and cost. In a study to deterroptemal protein extraction preparation
methods for inactivating pathogenic bacteria, Drekiet al, (2012) determined that the
use of ethanol and formic acid versus other sodsestulted in a greater number of
higher intensity peaks fdregionella samples. In their study focused on typing
environmentalegionella, Fujinami et al. (2010) employed two protein exti@n
methods: 1) a vortex method involving the use oA BRAd a 0.2 um filter to isolate
proteins, and 2) a method involving the use ofaddgeater on cell suspensions frozen in
liquid nitrogen, with the former proving superiarfuse in MALDI-TOF-MS analysis.
The improved quality of spectra generated by tleeai®ptimized methodsegionella
isolates, particularly protein extraction prepamafifrom our own and others’ studies
demonstrates the importance of utilizing ideal mdtiogy for high-resolution

characterization of this organism via MALDI-TOF-MS.

Table 10: Comparisons of spectra quality parameters IC vs PE preparation for

three isolates ofLegionella.

Base Peak S:N Base Peak
Sample Peak Number | Reproducibility (%)
Ratio Resolution
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KIC 364.4+£275.2 627.0+£30.2 94.7+156.2 80.9+6.5

K PE 480.9+219.0 647.6+£35.0 23+2.6 92.8+4.7
W5 IC 616.9+657.7 650.2.1+31.1 120.0£79.2 83.5+9.6
W5 PE 327.1+188.9 655.3+27.5 33.3+0.6 87.2+8.8
W11 IC 103.0+44.4 T742.1+47.7 444 .3+275.2 50.0+23.7
W11 PE 275.4+24.9 782.8+68.8 104.0+£32.9 91.9+1.2
Avg IC 361.4+256.9 673.1+60.9 219.7£194.9 71.5+18.6
Avg PE 361.1+106.9 695.2+75.9 53.4+44.1 90.7+2.9

Data shown represent averages of triplicate sanfigesa single preparation followed

by their standard deviations. Results for all pgters show a significant difference

between IC and PE with the exception of W5 basé& pesolution and reproducibility.

5.4.2: MALDI-TOF-MS cluster analysis

Cluster analysis was performed on sampldsegionella isolates prepared via

methods previously determined to be optimum (Plpamation from agar cultures), with

the goal of achieving strain-level characterizatiéing. 12 displays the dendrogram

constructed via cluster analysis of the 28 analyzeldtes, along with each culture’s

respective summary spectra, represented in a pggideew. Branches for each culture

are color-coded based on presumptive strains geetlicsing a 90% similarity cut-off.

After the species/strain code is the name of thiaie and date of data acquisition MDS

was performed to better visualize the relationsbgtsveen the analyzed isolates. Fig. 13

displays the results of the cluster analysis inféinen of an MDS scatterplot, carrying

over the color-coding assigned in the dendrografigf12.
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Using the species and strain cut-off limit of 321&0% similarity, respectively,
the cluster analysis revealed 4 nmreumophila species and 14 strainslodgionella
amongst the 28 isolates examined. All 8 Knoxvilleultures and 5 isolates (including
the stock culture) clustered closely and distinatlith an average similarity of
approximately 93%. Replicate cultures of thie. fneumophila East isolates formed
three strains, while thel9 pneumophila West isolates formed 4 strains. The 5 East and
3 West norpneumophila isolates formed 4 separate species, two of whichtiwa
distinct strains amongst their isolatds.pneumophila environmental isolates (with the
exception of W9, which grouped close to Knoxvillefdrmed distinct clusters based on
sampling site. Five West pneumophila isolates formed a single strain, with an average
similarity of 94.6%. No replicate isolates' cuttarclustered apart and hopneumophila,
and nonpneumophila isolates clustered together. Fig. 13 depicts defe) near
equidistant, separation of isolates by speciesggahath clustering of strains and species
in accordance assigned via cluster analysis sityljavith the possible exception of
isolates belonging to LpS1 and LpS2 (isolates E),-&Hich appear to be evenly spaced
amongst themselves. Jackknife analysis result&é@®36 rates of correct classification
for all presumptive strains, with the exceptiorLp61 and LpS2, which incorrectly
classified as each other at a rate of 50%.

The clearly defined clustering of isolates depiatetigures 12 and 13, including
those ofL. pneumophila by sampling site, suggest that the cluster anapeiformed on
MALDI-TOF-MS spectra of environmentékgionella isolates was able to characterize
these isolates to the strain level. These reautvalidated by several factors. The high

similarity values amongst multiple Knoxville-1 autes and isolates, as well as replicate
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cultures of environmentdlegionella, demonstrate an appropriate level of accuracy and
precision in sample preparation, data acquisitmal data analysis methods performed in
the study. The lack of incorrect clustering betwkrownpneumophila and non-
pneumophila isolates suggests a high level of accuracy fontbthod in differentiation
of these organisms at the species level. The agmeein clustering between Fig. 12 and
Fig. 13, as well results from the jackknife anadysvith the notable exception of strains
LpS1 and LpS2), show a reasonable level of contiden the predicted strains. This is
demonstrated particularly well for isolates of stsaknoxville-1 and LpS5, both of
which clustered tightly and distinctly amongst tisetves, despite the presence of other
relatively similar strains (W9 and W8, respectiyely

This study has yielded the following novel resustisain level profiling of
Legionella isolated from tap water and belonging to multigde@es, typing of the
greatest number dfegionella strains in a single study, and sampling site-depend
typing of several strains afegionella. Differentiation of the %.egionella species was
reliably achieved, regardless of clustering appneaddata not shown) or preparation and
culturing methods, which were optimized for theastityping results generated. This
helps to explain why species level characterizatias been well documented for
Legionella, including environmental isolate$aia et al., 2011, Moliner et al., 2010), but
strain-level profiling of these bacteria has onéeb reported once (Fujinami et al., 2011).
The level of similarity and tight clustering betweisolates W3-7 not only suggests a
high level of resolution for the analysis used, &lsb demonstrates the potential for
applied typing of environmentakgionella. Isolates W3, W4, W6, and W7 were

cultured from automobile washer fluid in four seggarvehicles prepared using tap water
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originating from the same faucet that produceddlpewvater isolate W5 was cultured
from. Even more significant is the fact that thaglelitional isolates from separate
vehicles, W1, W8, and W9, along with W2, a secaudkite from the same tap water as
WS5, all belonged to strains distinct from W3-W7helfact that multiple strains af
pneumophila originating from the same source were able to bermdjuished suggests that
MALDI-TOF-MS could be used in a variety of applicats, such as tracking the source
of contamination of &egionella strain responsible for an outbreak of Legionnaires’
disease.

The fact that isolate W9 clustered so closely tdaigs of Knoxville-1 is
interesting. In addition to spectra appearing itatalely different between the isolates
(Fig. 14), in depth analysis of spectra from W9as® (data not shown) revealed it to be
definitively distinct from Knoxville-1, possessipgaks not seen in Knoxville-1 (i.e. at
9546 Da), while lacking peaks found in all Knoxeill isolates (i.e. at 10386 Da). These
results would seem to indicate that W9 is incidéyntn environmental strain af.
pneumophila more closely related to the type strain Knoxvilléadn to the other
environmental strains isolated from the same sourtas study. Several strain and
species designations were assigned in this study mat as clearly definitive as others,
including the strain separations of LpS1/LpS2, LihS56, and Spp2S1/Spp2S1, as well
as the species separation of Spp2/Spp3. White dllese separations were assigned due
to their respective isolates falling below the tdusanalysis similarity cut-off values
determined from known strains and species, thateslin question were all within 5% of
the requisite similarity for same species/straisigigation (1.2% for LpS1/LpS2). The

three dimensional view of the relationships betwsefates in Fig. 2 suggest that distinct
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clustering and, thus, potential strain/speciesraisbn, did occur for these isolates, with
the possible exception of LpS1/LpS2. The fourased belonging to these assigned
strains appear to be relatively evenly spaced astdhgmselves, suggesting they may
form a single distinct strain, albeit with isolatetatively less related when compared to
those of the other presumptive strains of the stuldyis idea is further supported by the
50% rate of correct classification between LpSF¥dwrined via jackknife analysis. The
potential single strain status of these four igdandicates that they may be an example
of a group olegionella near the limit of detection for strain level profg using the
methods performed, although higher resolution spetdta generated through improved
methodology may result in these distinct strairasafpon amongst them.

In addition to continuing the optimization of mettabogy for analysis of
Legionella via MALDI-TOF MS, two main goals will be addresseduture works. First,
analysis of more environmental isolates from adddi and previously sampled sites will
be performed. By examining isolates from additl@marces, sample types (e.g. soil,
wastewater, etc.), and across greater geogra@peak, the true extent of the practicality
of methodology developed will be validated. Repdaampling from similar sites could
generate compelling results on the temporal effect®gionella contamination in
regards to the strain distribution dynamics ofrtlierobe. In addition to characterization
of additional isolates, comparison of the use ofINDATOF MS to conventional typing
methods typing fot.egionella, namely PCR, will be performed to validate theusacy

of the developed methodology.
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Fig. 12 — Dendrogram created via cluster analysis§ gummarized mass spectra from
three technical replicates of 34 cultures of 2Begionella isolates, along with
respective mass spectra band data. Similarity cdefients were calculated using
peak-based Pearson correlation and clustering wasepgformed via complete linkage
clustering. Cultures K and L1-L4 are isolates ofhe lab strain Knoxville-1. Samples
E1-11 and W1-W12 are environmental isolates from e& and west central AZ,

respectively. Environmental isolates are labeledsamembers ofL. pneumophila (Lp)
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or other Legionélla species (Spp) followed by presumptive strain groupumbers (e.g.
S1) based on the analysis. Terminal branches arelor-coded based on presumptive

strain groups.

Fig. 13 — MDS scatterplot, with optimized positiomg, based on cluster analysis
described in Fig 12. Data points are color-codeddsed on presumptive strain

groups.
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Fig. 15 — Example spectra generated from samples stirain Knoxville-1 prepared

from cultures of optical density of 3.0 (top) and D (bottom) OD units at 600 nm.

Table 11 — Spectra quality data from samples of sin Knoxville-1 prepared via

cultures of optical density of 3.0 (top) and 1.0 @ttom) OD units at 600 nm.

98




Base Peak S:N Base Peak Reproducibility
Sample Peak Number
Ratio Resolution (%)
OD 3.0 1173.2+403.5 645.8+42.6 29.346.5 96.6+1.7
OD 1.0 1477.6+£358.3 646.314.6 34.7+13.3 96.4+1.1

Data shown represent averages of triplicate sanfigesa single preparation followed

by their standard deviations.

5.5: Conclusions

A universally ideal methodology for bacterial chaeaization via MALDI-TOF-

MS may not be possible.

* Optimization of sample preparation can vastly invesoresults for MALDI-TOF-
MS bacterial analysis.

» Strain level typing of.egionella via MALDI-TOF-MS is possible.

» Benefits of the MALDI-TOF-MS based typing make ibmising for certain

applications.

Through the systematic optimization of sample arafpon methodology, strain
level profiling of bothL. pneumophila and nonpneumophila Legionella species was
achieved. Results from this study have implicaitor a number of fields, including
public health, environmental engineering, and nb@becology, not only fokegionella,
but other environmental microbes as well: the gbib reliably type microbes isolated
from various environmental sources in a cost-edficiand timely manner would be

greatly beneficial to those interested in trackiiigpase progression, monitoring drinking
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water, or studying microbial population dynamiss resolution of MALDI-TOF-MS
profiling of microbes continues to improve, the v$¢his technology will undoubtedly
be investigated for further commercial and acadeapmications, warranting further
research into improving its use in typing beyonel species level. Fdawegionellain
particular, further improvement of methodology, lgais of an increased number of
environment and type-strain isolates, and comparis@stablished typing methods, will

help to further research in this area.
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