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FOREWORD
The main purpose of my PhD is the assessment @rthieonmental prevalence bégionella
spp. in artificial aquatic environments, consideeetabitat at major risk of proliferation, in
order to elaborate a risk map. The water distrdyusystem for its characteristics: material of
pipelines, aging of network, and absence of adequaintenance procedures, become an
habitat where the microorganism can survive prdbgdbiofilm. During the course of 3 years
| had the opportunity to study and evaluate théedbht habitats correlated tcegionella
growth and dissemination; in particular, | havedstd the ability ofLegionellato colonize
these aquatic environments in which, as reportethbyWHO, there are suitable conditions
for their survival and multiplication, creatingiak to public health. The focus of my research
is the hot water network of a hospital, and atsae time | could assess the presence of the
microorganism in other conditions as the waterdiogcuit of the dental unit and a cooling
towers, recently correlated to single case andeepicl events.
The techniques used for detection and enumeratioegionella are recognized and
approved by the national and international scientwommunity: they are the traditional
culture method (considered tigeld standaryl and molecular techniques (in particular PCR
and sequencingnultilocug, a main topic of my PhD activity. As suggested lalian
Guidelines for the Control and Prevention of Legitwsis published in May 2015, molecular
techniques have been applied alongside the cutaatenique, according to the official or

experimental protocols.

Plan of the thesis

This Thesis has a general introduction (Chapteant) 5 chapters where | represent the main

arguments of my researches performed during PhiBseou



Within of a research project followed by our groa supporting my PhD activity, | have
elaborated data related to the colonizationLefjionellaspp. in a hospital located in the
Emilia Romagna region and subjected to a stricirenmnental monitoring program for the
Legionellarisk. The Hospital adopted a new hot water disitbe system, based on a
hydrogen peroxide and silver salts (WTP828) requityy Regulation (EU) 528/2012
(regarding the use and trade of biocide products) approved by the World Health
Organization (WHO). The results collected during thvo years of this project submitted for
publication are included in Chapter 2 in the forhsdentific paper — in the same form sent to
selected journal.

The subsequent results of the above mentioned paper developed as aim of my PhD
project - providing interesting data, showed in ka3, that will be submitted to the journal
for publishing.

The work is based on application of tBequence Based Typi(@BT) technique - developed
by members of (European Legionnaires’ Disease 3$lawee Network (ELDSnet) for
genotyping ofL. pneumophila- also to strains ofLegionella speciegeg L. anisaand L.
rubriluceng, in order to identify and study the pathogeni@fysome strains, less known but
strictly correlated to clinical cases. The secomd af this research, in addition to the SBT
approach foL. speciesother tharl. pneumophilais the study of phylogenetic correlation to
design a map of environmental risk in order to paritegionellacontamination and support
epidemiological investigations.

In Chapter 4, | show the work performed to testeav rgeneration of disinfection system,
based on monochloramine and its impactLegionellaspp. colonization in the plumbing
system of a hospital in Emilia Romagna region,rafte removal of the previous disinfection

system, which was based on a ¢liloreactor. The data collection was carried outafgyear



and the results were published in 2015 in the jauEmvironmental Science and Technology
(DOI: 10.1021/es506118e Environ. Sci. Technol. 2@85 4551-4558).

In Chapter 5, | present another paper, waitingfdslication, in a field of waste management.
It is not related close to the main topic of mysike but | could take part to this project
acquiring a new knowledges over these three y&drs. results concern the study of the
Efficiency of a wetland pilot plant based on the o§ earthworms and plants.

Chapter 6s composed by Appendices.



CHAPTER 1

INTRODUCTION

1.1 History

In July 1976, when America was celebrating the ritieenial of its separation from Great
Britain, in Philadelphia, about 4000 members of Bemnsylvania State American Legion, an
organization of World War Il military veterans wegathered to participate in the Legion’s
58th annual convention at the Bellevue-StratfordeHolrhe day after the convention began,
some of the Legionnaires started to become ill witkumonia-like symptoms — high fever,
cough, chest pains, and difficulty breathing. By time the epidemic was over in mid-
August, 221 individuals had contracted the stikmmwn disease and 34 of them had died.
Because epidemiological studies led by 20 mediedédlives from the US Centers for
Disease Control (CDC), as well as scores of Pexasid state health workers, were unable
to quickly determine the cause of the outbreakcslagion ran wild. Some thought that the
epidemic was caused by domestic terrorists throtiggmical or microbiological means;
others, that it was a CIA experiment which had gamey; still others suggested that the
whole thing was a hoax, designed to further exteatinations to limit swine flu.

The final theory was that the cause of the outbreas the air of the Bellevue-Stratford Hotel
cooling units and air conditioning because theaedeers identified victims among the people
who had stayed at the hotel. Because of the tinagpsetl between the outbreak and
investigation, this has never been fully provene Tihvestigation of the source took a
tremendous amount of time and after six monthsDeocember 1976 Dr. Joseph McDade, a
CDC laboratory scientist, using the technique ahega pig inoculation, was able to isolate
the bacterium which caused the disease and ideittiBs Legionella pneumophilahe

Legionellabacteria was discovered. In April 1977, the teregibnnaires’ Disease (LD) was



first published by the CDC as the official nametloé epidemic disease that had caused 34
died.

The event would actually go down as one of the tvoedical tragedies of the 2@entury.

Many more outbreaks of Legionnaires’ disease caertinto occur in the U.S. amather
outbreaks were confirmed in foreign countradter 1976: in all cases, the illness emanatewh fro

some kind of contaminated water systéri.

1.2 Taxonomy

Legionellais the only genus of the familyegionellaeae belonging to the order of taxonomic
Legionelldes. Currently 59 species belong to the gdregionelladivided in more than 70
serogroups and about half of these results to tieganic opportunist.

There are 16 serogroups lof pneumophilatwo each inL. bozemanii, L. longbeachak,
feeleii L. hackeliae, L. sainthelensi, L. spritensis, Lytlera, andL. quinlivanii, and a single
serogroup in each of remaining species. The magglicated species in the pathology human
it is L. pneumophilavhich is responsible for more than 90% of cased,ia particular sg 1 of
more than 84%, followed bly. longbeachad3.9%) and.. bozemanii(2.4%), whereas other
species involved, although less frequently, &remicdadei L. dumoffij L. feeleij L.

wadsworthiiandL. anisa(2.2% in total)® *



Association

Sero- with clinical

Legionella species groups | cases Reference

L. adelaidensis Unknown Benson et al., 1996a; Benson & Fields, 1998

L. anisa Yes Bornstein et al., 1989a; Fenstersheib et al_,
1990; Thacker et al., 1990

L. beliardensis Unknown Lo Presti et al., 2001

L. birminghamensis Yes Wilkinson et al., 1987,

L. bozemanii 2 Yes Boldur et al., 1985, Bormstein et al., 1987
Bazovska & Spalekova, 1994

L. brunensis Unknown Wilkinson et al., 1988

L. busanensis Unknown Park et al., 2003

L. cherrii Unknown Brenner et al., 1985, Edelstain & Edelsten, 1939

L. cincinnatiensis Yes Thacker et al., 1988a; Jarnigan et al., 1994;
Spieker et al., 1998

L. drozanskii Unknown Adelake et al., 2001

L. dumoffii Yes Edelstein & Pryor, 1985; Fang, Yu & Vickers, 1989

L. drancourtii Unknown La Scola et al., 2004

L. erythra 2 Yes Brenner et al, 1985, Saunders, Doshi &
Harmison, 1992, Fields, Benson & Besser, 2002

L. fairfieldensis Unknown Thacker et al.,, 1991

L. fallonii Unknown Adeleke et al., 2001

L. feeleii Yes Herwaldt et al., 1984

L. geestiana Lnknown Dennis et al_, 1993

L. genomospecies 1 Unknown Benson et al,, 1996b

L. gormanii Yes Lode et al , 1987, Griffith et al,, 1988

L. gratiana Unknown Bomnstein et al., 1989b

L. gresilensis Unknown Lo Presti et al., 2001

L. hackeliae 2 Yes Wilkinson et al., 1985; Brenner et al., 1985

L. israelensis Unknown Bercovier et al., 1986; Sonesson et al., 1994

L. jamestowniensis Unknown Wilkinson et al., 1990, Brenner et al., 1985

L. jordanis Yes Cherry et al., 1982; Thacker et al., 1988b

L. lansingensis Yes Thacker et al., 1992

L. londiniensis Unknown Dennis et al., 1993

L. longbeachae 2 Yes MeKinney et al., 1981, Boldur et al., 1285,
Chereshsky & Bettelheim, 1986; Eitrem,
Forsgren & Nilsson, 1987; Lode et al_ 1987

L. lytica (comb. nov.) Unknown Birtles et al., 1996

L. maceachernii Yes Brenner et al., 1985, Merrell et al., 1991

L. micdadei Yes Hebert et al., 1980

L. moravica Unknown Wilkinson et al., 1988

L. nautarum Unknowin Dennis et al., 1993

L. oakridgensis Yes Orrison et al., 1983; Tang, Toma &
MacMillan, 1985

L. parisiensis Yes Lo Presti et al., 1997

. pneumophila 16 Yes Brenner et al., 1985; Yu, 2000

L. guateirensis Unknown Dennis et al., 1993

L. guinlivanii 2 Unknown Benson et al., 1989; Birtles et al_, 1991;
Wilkinson et al., 1990

L.rowbothamii Unknown Adeleke et al., 2001

L. rubrilucens Unknown Brenner et al., 1985; Saunders, Doshi
& Harrison, 1992

L. sainthelensi 2 Yes Benson et al., 1990

L. santicrucis Unknown Brenner et al., 1985, Lee et al., 1993

L. shakespearei Unknown Verma et al., 1992

L. spiritensis 2 Unknown Brenner et al., 1985; Harrison et al.,, 1988

L. steigerwaltii Unknown Brenner et al., 1985; Edeistein & Edelstein, 1989

L. taurinensis Unknown Lo Presti et al., 1999

L. tusconensis Yes Thacker et al., 1989

L. wadsworthii Yes Edelstein, 1982a

L. waltersii Unknown Benson et al_, 1996b

L. worsleiensis Unknown Dennis et al., 1993

Figure 1. Legionellaspecies and serogroups associated with disease¢se/HO, 2017)




1.3 General description

It is Gram-negative bacteria, aerobes, non -spam@ifig, mobile for the presence of one or
more flagella, rod shaped and vary in size fromt6.8.9 micrometers (um) in width, and 1.5
than 5 m of length (while in culture are frequetarmentous forms long up to 20n). The
cell wall is characterized by presence of brancatiemin fatty acids not present in gram-
negative.

They are to be considered facultative intracellpknasites as they are able to multiply within
free amoebas, ciliated protozoa in the water araygdomes of monocytes and macrophages
human alveolar®

From a biochemical point of view, thieegionellais relatively inert, do not present any
fermentative activity of sugars and most shows akmexidase and catalase activities; in
addiction,Legionellais urease and nitrates negative, but positiveelatipase tests, thg
lactamase and hippurate hydrolysis. Furthermoggionellais difficult cultivable and require
L-cysteine for growth and primary isolatidregionellause different aminoacids as an energy
source, including cysteine, arginine, isoleucing arethionine and its growth is stimulated by
iron compounds.

Some species ofegionella are fluorescent when illuminated with light UV &uas L.

bozemaniiL.anisaor L. gormaniiwhile L. pneumophilaandL. micdadeiare not fluorescent.



Figure 2. Colonies ofL. pneumophilandL. speciegrown on selective medium

1.4 Sour ce and occurrence

Legionella spp. are omnipresent in both natural and anthmpogaquatic environments.
Natural environments (like surface waters of lakasrs, hot springs and even in moist soil
near water sources) are rarely related to legiosisllbecause habitat conditions do not
support extensiveLegionella spp. growth but anthropogenic systems can proniste
proliferation to high concentrations®

The bacterium prefers hot aquatic habitats, whepeoduces at a temperature between 25 ° C
and 45 ° C, but it is also able to survive in a mlazger range of temperature, between 5 ° C
and 60 ° C; also it has a good survival in acidwi®nments and alkaline, enduring pH
values between 5.5 and 8.1.

More ideal conditions for multiplication, in envitments artificial water are represented by
presence of dead branches in the pipes causingpigra like stagnation or obstruction as
well as by the presence of incrustations and seusnand biofilm. Biofilm is defined as

complex microbial communities characterized bysc#lat are attached to a substratum or




phase boundary and to each other by means of axnwtrself-produced extracellular

polymeric substances.
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Figure 3. The formation mechanism of biofilm (source TRENDMicrobiology, 1997)

Biofilms are highly efficient and stable ecosystewisere resident microorganisms are well
adapted to survive prolonged periods of environalettBecause of their dynamic character,
biofilm communities can continuously change in tirmaed space, allowing transport of
nutrients, oxygen, genes and even antimicrobiah@sgé

The presence of biofilm in water distribution sysgeincreases the persistence and associated
risks of pathogens? because it provides a favorable environment fqutura, growth,
propagation, and release of pathogens, suth pgeumophildby supplying nutrients and by
protecting from disinfectior> Biofilm prevention is an important control measagainst the
proliferation ofLegionellasince, once established, it is difficult to eliie.

When an infected source can disseminate spraysoptetis of water containingegionellae,
most or all of the water in the droplet evaporajegkly, leaving airborne particulate matter
(particles of less than pm in diameter) that can be deeply inhaled and deres the

respiratory airways causing legionellosts. The acquisition of nosocomial Legionnaires



disease has been linked to inhalation of aerosmitaming the bacteria. It is not possible to
predict whether a source will cause infection basekly on thelLegionella count. The
likelihood that a source will cause an infectionpeleds on the load of bacteria, the

effectiveness of dissemination, the way in whichitltiplies, and its ability to form aerosdls.

1.5 Epidemiology

Legionnaires Disease surveillance in the EuropeaiorJ(EU) Member States is carried out
by the European Legionnaires’ Disease Surveillaridetwork (ELDSNet), which
continuously updates the reported LD status.

In Europe, in 2014, 30 countries reported 6943 6412 (92.4%) of which were classified
as confirmed. The remaining 531 (7.6%) cases weperted as probable. The number of
notifications per 100.000 inhabitants was 1.4 id£0which was the highest ever observed.
Of 5505 cases with known outcome, 456 were repdddthve died, giving a case fatality of
8%.

L. pneumophilaserogroup 1 was the most commonly identified pgeing accounting for 81%
of culture-confirmed cases.

France, Germany, ltaly, Portugal and Spain haven lmedified 74% of cases. Notification
rates ranged from less than 0.1 per 100.000 irdnatisiin Bulgaria, Poland and Romania to
5.6 per 100000 in Portugal. The high rate in Patugas mainly driven by the large
community outbreak that occurred in Vila Franca Xiea near Lisbon in October and

November 2014%°
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Figure 4. Rate of confirmed Legionnaires’ disease caseslpér000 populations by country, EU/EEA, 2014
(source ECDC. Annual Epidemiological Report 2015%egionnaires' Disease)

In Italy, LD is a class Il statutorily notifiableistase, as defined by the Infectious Disease
Regulations!’ From 1983, it has also been subject to a reposyistem that gathers detailed
information on contamination cases in the appro@metional register, based at the Istituto
Superiore di Sanita (ISS), Italy. However, accogdio the Italian National Centre for
Epidemiology and the Department of Infectious, Biéia and Immune-Mediated Diseases of
ISS which produces annual reports on the incideficke disease in Italy, the number of LD
cases is under-diagnosed and under-reported, paalia significant underestimation of the
real incidence of LD. In 2014, the ISS was notifefd1497 new LD cases, of which 1451
were confirmed and 41 were probable. The LD incigerate in 2014 was equal to 25.1 cases

per million. From the 1497 cases reported, 62 (4.A8ents had been admitted to a hospital,
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151 (10.1%) cases were travel-related, 38 (2.5%¢ms were living in day care centers, and
five (0.3%) cases were associated with other askofs.

The causative agent in all cases Wwagionella pneumophild®

1.6 Virulence and pathogenicity

Legionellais a nonconventional waterborne pathogen, asibtigransmitted orally.
Transmission is through mechanical means by mastesys that generate aerosols including
cooling towers, hot tubs, industrial equipment, dstit plumbing systems, thermal spas,
water outlets, respiratory devices and nebulisersjasogastric tubes in hospital8.Once
inhaled in aerosols, the bacteria are internalirethe lungs by alveolar macrophages and
epithelial cells, replicate within the phagosomeas aventually lyse the host macrophages.
This process is similar but not identical to thgamism being parasitized by protoZ8athere
are differences in the mechanisms used to enteeamdrom the respective host cell types,
but they using common genes and gene productsn@pphiagocytosid,egionellaspp initiate

a complex cascade of processes, including inhibitad the oxidative burst, reduced
phagosome acidification, blocking of phagosome maditon, and modifications to organelle
trafficking.

Not all of the species dfegionellathat have been studied are able to infect macgegsha
However,L. pneumophilahat possess the relevant virulence factors cattrgnd replicate
within various protozoa found in soil and in waférand by replicating in this way is the
most virulent_egionellaspecies and the most common cause of dis&ase.

The virulence mechanisms &f pneumophilaare complex and not fully understood: the
pathogenesis of. pneumophilahas been made clearer by the identification of gehat

allow the organism to bypass the endocytic pathwéymst cells.
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Figure 5. Mechanism of pathogenicity degionellain host cells (source TRENDS in Microbiology, 2007

The type IV secretion system, a bacterial conjugatsystem used for transporting and
injecting DNA or toxins into target cells, has ai@al role in the spread of pathogenicity. The
type IV secretion systemddt/icm) encoded by 2@ot/icmgenes essential for infection of the
host cell and, needed farpneumophilao enter host cells, for intracellular multiplicati of
the pathogen, to modulate anti-apoptotic hostsighaling pathways, to disrupt and degrade
the phagosome membrane, and to disrupt host celloranes so that the bacteria egress into
the extracellular environment. So far, more thab pétential secreted effectors have been
identified. *?

The infection cycle starts with bacterial adhedsiorhost cells followed by cell entry as the
most essential steps involving the flagellum, pand bacterial surface proteins. These
proteins include: MOMP (the major outer membrareein), Hsp60 (the heat shock protein)

and macrophage infectivity potentiator (Mip) prateioded for by thenip gene 23
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MOMP binds the complement component C3, and meslihte uptake of. pneumophilavia
macrophage receptors for the complement compo@Ritsand CR3**

The mip gene was the firdt. pneumophilavirulence-associated gene detected. It is required
for efficient host cell infection and conserved thromgtthe genus® 2° The mip protein is
thought to be conserved throughout the gefiisis required for efficient infection of both
mammalian phagocytic cells and protozoa, but itstragism of action is unknown.

The 60-kDa chaperonins (also known as Hsp60 ptare a family of highly conserved
proteins, present in all cellular forms of life, @ge main function is to help other proteins
fold properly. By exploring potential virulence fttions of the surface- exposed
(extracellular), it was determined that Hsp60 miedighe intracellular establishment laf
penumophilain HeLa cells. The ability of this protein to sgecalter eukaryotic signaling
pathways, cytoskeletal organization, and organelteaffic are indeed functional
characteristics that fit well into its role aslarpneumophilavirulence effector?® 2°

The ability to infect host cells is also influendeglthe expression of flagelli§, although the
flagellar protein itself is not a virulence factr moreover, genes such@itE (coding for the
pilin protein) and pilD (coding for prepilin peptidase) are important fonrestricted
intracellular growth.

Additional virulence factors include several cytates, phospholipases, lipopolysaccharides,

compounds associated with iron uptake, metallopsate, an@l-lactamases.
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1.7 Clinical manifestations and diagnosis

The generic term “legionellosis” is used to deseribelLegionellds infections, which can
range in severity from a mild, febrile illness (Fian fever) to a rapid and potentially fatal
pneumonia (Legionnaires’ disease).

Legionnaires’ disease is usually causedLbyneumophilabut in some cases one or more
additional organisms may also be involved, resgltima mixed (polymicrobial) infectiot.
Legionnaires’ disease is an atypical pneumoniartight clinically resemble pneumococcal
or other bacterial pneumonias for some similariciihand radiographic findings. Symptoms
range from mild disease to severe pneumonia reguibspital admission. The incubation
period is roughly 2—14 day®* General risk factors for the illness include gengeales are
roughly three times more likely than females totcact LD), age (50 or older), chronic lung
disease, cigarette smoking and excess consumgtedaahol.

The bacteria can also cause a less serious infiectibed Pontiac fever that has symptoms
similar to a mild case of the flu. Pontiac feverasfebrile and generally benign, non-
pneumonic disease associated with exposutegionellabacteria. Its pathogenesis remains
obscure and there is no agreed-on definition, mgrspecific clinical findings or laboratory
tests for its diagnosis and antimicrobial treatngntsually not needed’

The Legionellaurinary antigen test and culture of lower respinatsecretions on selective
media are the preferred diagnostic tests for Lawors disease. Isolation loeégionellafrom
lower respiratory secretions or pleural fluid isnfionatory and an important method for
diagnosis. In addition, if urinary antigen testisgnegative but Legionnaires disease is still
suspected, a respiratory culture is required foea®mn of other species and serogroups that
the urinary antigen test does not cover. The wyiaatigen test is designed to detect the most

common cause of legionellosik, pneumophilaserogroup 1. However, all species and

15



serogroups ol egionellae are potentially pathogenic so a patient with gatige urinary
antigen result may have legionellosis caused byesattmer member of genuggionella
Legionnaires disease outbreak investigations relpath clinical and environmental isolates.
Becausd_egionellais commonly found in the environment, clinicalleges are necessary to
interpret the findings of an environmental investign. Clinical and environmental isolates
can be compared using serological and moleculantgues®

There is no evidence of person-to-person transamsef either Legionnaires’ disease or
Pontiac fever? In general, people do not spread Legionnaires sisead Pontiac fever to

other people. However, this may be possible in cases®*

1.8 Prevention and risk assessment plan

There is no established dose-response relationfmipLegionella infections, and the
concentration of_egionella necessary to cause an outbreak is unknown. Tregiem may
occur through inhalation or aspiration or directhpm contaminated water from a wide
variety of sources.

There are no vaccines that can prevent legionslldsstead, the key to prevent legionellosis
is making sure that the water systems in buildemgsmaintained in order to reduce the risk of
growing and spreadingegionella Examples of water systems that might spreegionella
include hot tubs, hot water tanks and heaterselatgmbing systems, cooling towers (air-
conditioning systems for large buildings), mediaivice (e.g. dental unit waterline),
decorative fountain.

Minimizing Legionella growth in water systems and devices is key to grewnfection.
Timely identification and reporting of legionellsstases is also important because this allows
public health officials to quickly identify and gtgotential clusters and outbreaks by linking

new cases to previously reported ones.
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The first step in the management of environmental/gntion is timely detection of target
organisms in the potential sources of infectfn.

Following the publication of the new Italian Guishels for the Control and Prevention of
Legionellosis in May 2015, the importance of a siltance program encompassing all
facilities at risk of LD (hospitals, healthcare ifaies, dental units, hotels, tourist facilities,
and spas) has been acknowledged and the progratrebasmplemented® The guidelines
support the development of a risk assessment @aedoon the evaluation of “risk,” i.e., risk
management and risk communication. They recommbatithe factors that influence the
growth and environmental diffusion akgionellaspp. should be taken into account during
the design and maintenance of water systems iry @gagential sources. The document also
emphasizes the need for an adequate environmemtadillance plan that would include an
appropriate number of sitesand the investigatiomfa variety of locations. These locations
should roughly represent the entire distributiowaek of the cold/hot water system in
hospital, healthcare facility, thermal spa, guesbanmodation, and dental unit waterlin&s.

In particular, the number of samples must be prtoaate to the planimetric area size and for
each hot water plant, the points of hot tap watgput, hot water return line, and storage tank
must be considered, with at least three represeatsites (i.e., distal sites located in different
areas of a hospital; and one additional site fargw00 beds). Regarding the frequency of
sampling aimed at primary prevention, in the absewnt LD cases (presumptive or
confirmed), the water system should be monitorezye® months with an annual revision of
the risk assessment plafi.The risk assessment plan should be prepared joruion with,
and made available to, all concerned parties [eglth authorities, water suppliers, building
managers and water treatment providers). The glanlg be reviewed on a regular basis to
reflect changes and ongoing improvements in theesysthe available evidence base and the

surrounding environment.
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Health-based targets (see Section 3.2) < Pyblic health context
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Water safety plans (see Section 3.3)
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Surveillance (see Section 3.4)

Figure 6. A framework for safe drinking-watésource: WHO Guidelines for Drinking-water Quality)

The best approaches to preventiregionellaspp. proliferation include, also, the following:
increasing the temperature of hot water and maimgibiocide levels outside the optimal
bacterial growth range; implementing controls taluge stasis and aerosolization; and
flushing, cleaning, and maintenance of potentiarses >

The supply of safe drinking water and adequateta@m are the basis of preventing diseases
which are transmitted through contaminated watee; physical, chemical, and biological
indicators of water quality are all interconnect&d®° To maintain water characteristics and
its potability, it is essential that all parts dfet drinking water distribution systems are
properly designed and monitored. This particulapplies to the materials used for their
construction and to the maintenance of the wateteays working conditions, especially

when disinfection treatment is employed.

1.9 Disinfection tr eatment

In order to control and remove pathogenic microoigias from engineered water systems
(e.g. tap water installations, distribution systearsl cooling towers), a wide variety of

sanitation practices such as chemical or physisahféction has been employed worldwide.
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Regarding the use of chemical disinfectants, intemidto the disinfection of drinking water,
chlorination is the most frequently used approaxtttie disinfection of swimming pool water
! In fact, the main problem associated with watsindiéction is the formation of secondary
products, disinfection byproducts (DBPs), whichgaschronic and long-term risk to public
health. ** ** Therefore, an optimal disinfection treatment sHomaximize the protection
against microbes while minimizing DBP levéfs*>and should maintain the microbiological
and chemical characteristics of the water sourégca€y of disinfection depends on water
guality parameters such as pH and turbidity whiey mompromise the disinfection process.
One of the most popular chemical measures useckt@ipt colonization of water distribution
systems focuses supplemental chlorination of dnipkivater.“® Chlorine is the primary
disinfectant of choice for the majority of wateedtment plants and its ability to oxidize or
rupture the bacterial cell wall and to diffuse ite cell is the primary factor that determines
disinfection efficiency?’

Disinfection methods other than chlorination sustaone treatment, copper and silver)Ag
ionization, chlorine dioxide (Cl&) have been tested over the last 30 years andfactive in
controlling the growth of egionellaspp. in drinking water systerfiand in hot water system
networks in hospitals. Recent studies conducteBima et al*’and Mancini et al** focused
on the effectiveness of monochloramine as an atsmnto other disinfectants for the control
of Legionellaspp. contamination.

Different studies have focused on the role of @) agents, notably, hydrogen peroxide
(H20,), in disinfection treatments. The use of(4 as a biocide is now widespread, and it is
increasingly used in medical applications, as atms@ptic (particularly in wounds), and in
food and industrial applications, as a generalasa@disinfectant, as well as in environmental

applications, such as water treatment, and in cariaiedental disinfectant formulation®

51
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2.0 Environmental artificial sources

* Hospital and health care facilities

Infections acquired in a healthcare setting arerredl to as “nosocomial”.
Within hospitals such as healthcare facilities andsing homes the potable water supply is
the most common source of exposufeThese institutions are settings in which peopléwi
predisposing risk factors faregionellainfections are more likely to be present, and inciwh
medical devices that can disseminaggionellainto the lower respiratory tract are used (such
as medical humidifiers, inhalation devices and iraggry therapy equipment).In these
environments the maintenance of temperatures @utbigl 2050 °C range in the network is
the best way to prevent colonization ladgionellain distribution systems. Proliferation of
Legionella, in these networks, is promoted by stagnation¢hwbccurs, for example, in the
dead-ends of distribution system pipework, andtanage tanks. Growth has also facilitated
their large size, their complexity and the diffdrevater use within the various units. The
materials used to construct piped water distribusgstems should be compatible with the
chemical quality of water (after a corrective treant) and should minimize bacterial growth.
In the past, water supply systems were generaligtcocted of metallic materials such as cast
iron, galvanized iron, brass or copper: recentlgseéhmaterials are replaced with synthetic
materials such as polyvinyl chloride (PVC) and boitylene, that support microbial growth
and biofilms.
In these environments the risk assessment plaricshssess the type of health care provided
and the immune and health status of the individusitsg the facilities>

* Cooling towers
Cooling towers and evaporative condensers havertually been implicated in numerous
outbreaks of Legionnaires disease. Cooling towerd @vaporative condensers are heat-

transfer devices in which warm water is cooled \gp®ration in atmospheric air.
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Air movement through the tower or condenser is peced by fans or, occasionally, by natural
convection. Aerosols generated by the operationcobling towers and evaporative
condensers can transnhiégionella to susceptible host¥ >3 Water is heated and droplets
which have been generated within the device igezhin the airflow. The water droplets will
contain any dissolved salts or suspended partioghediding organisms that were in the
original water. It is these droplets that can @eah infectious aerosol when the water
evaporates in the open air outside the tower.
A significant proportion of outbreaks of Legionrest disease in these systems have been
attributable to the presence of stagnant systertisouti adequate chemical treatment. The
major risk factor forLegionella proliferation in this environment is, in the mosdses,
insufficient maintenance.

* Dental units waterline
Dental unit waterlines (DUWLSs) consist of compleatworks of thin tubes that facilitate the
formation of microbial biofilms>>* The microbial contamination of water circulating i
DUWLs is the result of colonization by both envine@ntal microorganisms from tap water
and microorganisms from the oral cavity of patiefidowing fluid suck-back through the
hand-pieces. The quality of water is of considerabiportance because both patients and
dental team are regularly exposed to water andsalrgyenerated by dental equipment.
Studies have demonstrated that DUWLs provide arédle environment for microbial
proliferation and biofilm formation, and that waisrconsequently often contaminated with
high densities of various microorganisms (bactdtagi, protozoa, viruses). The presence of
high levels of microbial contamination may be alte@roblem for dentists and patients,
especially those who are immune-compromiséd.egionellg together withPseudomonas
and non-tuberculous mycobacteria are the most @&ty found genera of bacteria in

DUWLs. %%’
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2.1 Analytical methods

In 1998, an international standard (Internationgjaization for Standardization ISO 11731)
was developed to incorporate the different strategised by a number of institutions for
efficient recovery and detection bégionellz. °®

Official methods forLegionelladetection are based on the growth of the microasgarn
selective media. This method represents the galadsird technique for the detection and
quantification ofLegionellain environmental samples but it is labour inteasisiow (up to
14 days) and can have poor reproducibility and psensitivity for Legionella non-
pneumophilastrains.>® The sample must be concentrated in order to erhirecquantitation
limit. This is usually done by filtering 2 litereriough a sterile membrane filter (0,22 um pore
size). The filter is vortexed in 10 mL of the sam&ter and heated. Aliquots are then taken of

this distilled water for plating onto 6 differemriulations of GVPC or BCYE agar.

Untreated sample Sample
— —
> 200 ul identification by biochemical and
L ) + serological characteristics
-— 1L 1
GVPC selective medium T
B —————
Enumeration and isolation of suspected colonies
on filter T
membrane

~ b. 35°C h d 2,5% CO2
Concentrated sample M- e fmesiS

=
100 ul .
‘. ¢ ; Decontaminated
. . i i Hoat sample
GVPC selective medium treatment
t bath
50°C/30 min .. 100 pl

GVPC selective medium

|

Figure 7. A schematic representation of the culture techmifpr detection of.egionellaspp., in accordance
with international standard method (I9Q731)

Legionellaspp. are Gram-negative bacteria with strict groveyuirements. They grow on

various solid selective and non-selective metlegionellacolonies are usually detectable
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after days 3-5 of incubation. Young colonies afe-0,mm in diameter, self-contained, flat,
smooth, with a typical ground-glass appearancesariddescent hué?

When a colony is suspected tolbegionellg it should be Gram stained to check for small to
filamentous Gram-negative rods and plated onto diferent media in the presence and
absence of L-cysteine to confirm its dependencémamino acid. Commercially available
latex agglutination kits may be used for identifica and confirmation ofegionellaspecies.
Suspect colonies are simply emulsified as direcwd] mixed with each latex reagent
separately on a disposable reaction card. Eaclemé@gsensitized with antibodies specific to
Legionella In the presence of homologous antigens, the lpégticles agglutinate to give a
clearly visible positive reaction for some minuté$.The limit of culture method ishe
inability to detect viable but non-culturable cells (VBNE).

In recent years to overcome the limitation of ti@ndard technique have been developed

alternative methodsto identify and differentiatelegionella species®* 3

phenotypic
characteristics, growth requirements, biochemibalracteristics, fatty acid and carbohydrate
analysis, serology, monoclonal antibodies reactisagous molecular techniques (including,
recently, the use of sequencing techniques). Widelepted alternative to rapidly detect
Legionellain environmental samples is polymerase chain i@adPCR). Several authors
have described the use of PCR methods for the tdeteand enumeration dfegionellain
water samples. It is possible to render the PCRnigoe quantitative by incorporation of
standards with known amount of bacteria (genomed) quantitative real-time variants of
PCR (q(PCR) are often used today. Several comniekds are available and several
laboratories offer this analysis. Although qPCR dan useful in investigating potential
sources of infection and in monitoring remedial@d, there is still no consensus on how and

when qPCR should be used and how the results sheulaterpreted: the results of gPCR are

expressed as genome units (GU)/mL or L and theelation with the results of culture
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(cfu/L) is very difficult. The discrepant resulteeaespecially pronounced faegionellanon-
pneumophila Studies are ongoing to establish the most ap@tepmterpretation of gPCR
results. Starting from May 2015, the new lItalianid&lines introduce the possibility of using
the technique for detecting genomic DNA in envir@mtal samples, referring to the reference
standard ISO/TS 12869:2012 “Water quality - Detactnd quantification dfegionellaspp.
and/orL. pneumophilaby concentration and genic amplification by quiatitre polymerase
chain reaction (QPCR)”, specifying that where sasphere positive we must also analyze
the culture method.

Nevertheless, unlike culture analysis where intet iatra-laboratory variability is high, PCR
results are reproducible, accurate, precise, andsansitive.

Recently sequence-based typing (SBT) has beenilbedas a simple, rapid, discriminatory
and portable method for typirlg pneumophilastrains.®* The SBT is a multilocus sequence
developed by members of the European Legionnaiissease Surveillance Network
(ELDSNet). It allows amplification of seven targgnesflaA, pilE, asd, mip, mompsS, proA,
neuAinvolved in different pathways afegionellainfection and evaluated for implementation
in the investigation of outbreaks of legionellos#ised by.. pneumophila

The choice of the seven target genes for tyfhingneumophilaoccurred as a result of three
major studies. A first study showed that the coratham of three genes expressed under
selective pressurdldA, proA, mompoffered greater discrimination, sufficient tocall the
typing epidemiology oL. pneumophilasg 1.°°> A second study led to the addition of three
other genes (asd, mip, pilE) and the establishroan online database for the 6 gefies
final study, published in 2007, proposed the additfneuAgene ®’

Portion of each gene is amplified by PCR and secpebrio identify all possible allelic
polymorphisms present in it. At each allelic polypiism. It is given a number,

corresponding to polymorphisms already found armbdiéed in SBT online database. In the
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case of anew polymorphism database assigns a nelweanuBased on the numbers assigned
to the polymorphism of each gene, it is an allebebination of the profile that corresponds
to a Sequence Type (ST).

Genotyping was performed according to the 7-geot¢opol from the EWGLI SBT scheme

(http://www.hpabioinformatics. org.ukégionelldLegionella sbt/ php/sbt_ homepage. php).

Annealing | Fragment

Gene Primer name Position Primer sequence (5'-3') -
temperature | size (bp)
flaA-587F 568-587 GCG TAT TGC TCAAAA TAC TG
flaA 55°C 414
flaA-960R 981-960 | CCATTAATC GTT AAGTTG TAG G
pilE-35F 12-35 CAC AAT CGG ATG GAA CAC AAACTA
PilE 55°C 460
pilE-453R 471-453 | GCT GGC GCA CTC GGT ATC T
asd-511F 487-511 CCCTAATTG CTC TAC CAT TCA GAT G
asd 55°C 576
asd-1039R 1062-1039 | CGAATG TTATCT GCG ACT ATC CAC
mip-74F 58-74 GCT GCA ACC GAT GCC AC
mip ) 55°C 559
mip-595R 616-595 | CAT ATG CAA GAC CTG AGG GAAC

mompS-450F 430-450 | TTG ACC ATG AGT GGG ATT GG
momps 55°C 711
mompS-1116R | 1140-1116 | TGG ATA AAT TAT CCAGCC GGACTTC

proA-1107F 1090-1107 | GAT CGC CAATGC AAT TAG
proA 55°C 481
proA-1553R 1570-1553 | ACC ATA ACA TCA AAA GCC

neuA-196F 176-196 | CCG TTC AAT ATG GGG CTT CAG
neuA 55°C 459
neuA-634R 634-611 CGATGT CGATGG ATT CAC TAATAC

Figure 8. The figure shows the positions of the primers facteof the 7 genes with respect to the access numbe
of the GenBank reference sequence

Sequences were analyzed with the use of the omlualable Legionella SBT Quality
Assessment database

(http://www.hpa-bioinformatics.org.uk/cqgi-birégionelldsbt/seq_assembleegionelld.cgi).
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The assignment of the sequence type (ST) was davtiewith the use of the SBT database
checker

(http://www.hpa-bioinformatics.org.uk/egionelldLegionella sbt/php/sbt_homepage.php).
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CTOTGACCCCHTTRATCGTTARGTTGTAGRTATCHCCTRCEETTCCACCTATTGCGCCANCTECTTGTGTGCCECTRETAGATGCTRTANCTGATAGT
8BT-24-313RV-H0Z.abl CTGCCOCTEETAGATOCTOTARCTGATAGT
SBI-2A-MI3FW-CO2.abL4 CTATOACCCCATTARTCOTTAAGTTOTAGOTATCACCTGLGOTTCCACCTATTECOCCARCTOLTTOTETOCCOCTORTAGATOETETARCTGATAGT
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Figure 10. Result of ST assignment provided by database eictisA alignment of gene sequences; in section
B results of quality tool

For each isolate, the profile of 7 alleles at eafcthe loci was defined in the following order:
flaA, pilE, asd mip, mompS$proA andneuA.ST was represented by a number.
With rare exceptions, all these methods have beed to compare clinical and environmental

isolates ol pneumophila® ©®
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Abstract

Hydrogen peroxide and silver salts,(4/Ag*) are widely advocated to contrbegionella
spp., but further investigations are needed intaterm efficiency, to evaluate its correct

dosage and impact on water quality.
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The performance of WTP 828, a new disinfectant dase HO./Ag", was evaluated in the
hot water circuit of Maria Cecilia Hospital (MCHjaly.

Hot water was analyzed for physical, chemical, biotbgical parameterd.egionellaisolates
were typed using agglutination test, Sequence-Ba$gping (SBT), andmip gene
sequencing.

Continuous treatment with WTP 828 (5-10 mg/L) anatew demand-dictated dosage in
individual buildings enabled the control bégionellaspp. colonization, with a reduction of
positive sample numbers and bacterial mean coratenir levels. Comparison with a
previous, chlorine dioxide (CIOy) mixture, disinfection revealed a significantlygher
efficiency of WTP 828 in containingegionellap = 0.00001. Typing results indicated the
contamination by different species bégionella L. pneumophilaserogroup 1 (ST1 and
ST104),L. anisg andL. rubrilucens

WTP 828 can be used to control microbial contanomatf hot water systems while
preserving the water quality. The multidisciplinagpproach used herein represents a
promising strategy for identifying the real risksgublic health and ensures the appropriate

preventative measures.

INTRODUCTION

Hot and cold water systems (e.g., tap water iratafis, distribution systems, and cooling
towers) are important sources of nosocomial andneonity acquired infections caused by
pathogenic microorganisms. One of the diseases #nat transmitted through water
distribution systems is Legionnaires’ disease (LL2gionellaspp. are water-based organisms
that cause infection when inhaled in an aerosohfor

Several national standards have been establisheabdertain high water quality,

including disinfection techniques to control aneéyentLegionellacolonizatior’
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A wide variety of sanitation practices, such as ngical disinfection, UV light, and
temperature, have been employed worldwide reduce the risk of legionellosis.

In ltaly, LD is a class Il statutorily notifiableéstase’ and from 1983 it has also been
subject to a reporting system that gathers detaiiedimation on contamination cases in the
appropriate national register, based at the Istifuperiore di Sanita (ISS), Italy. However,
according to ISS annual reports, the number of la3es is under-diagnosed and under-
reported, leading to a significant underestimatbthe real incidence of LD, that in 2014 was
equal to 25.1 cases per millién.

Following the publication of the new lItalian Guinhas for the Control and Prevention
of Legionellosis in May 2015, the importance ofuavweillance program encompassing all
facilities at risk of LD (hospitals, healthcare ifaies, dental units, hotels, tourist facilities,
and spas) has been acknowledged and the prograrnelasimplemented. The guidelines
support the development of a risk assessment @aedoon the evaluation of “risk,” i.e., risk
management and risk communication. The documerd ataphasizeshe need for an
adequate environmental surveillance plan that woudthide an appropriate number of sites
that are potential sources bégionellafor patients/guests, and that should be invesithat
from a variety of locationg.

The best approaches to preventirggionellaspp. proliferation include the following:
increasing the temperature of hot water and maimigibiocide levels outside the optimal
bacterial growth range; implementing controls tauee stasis and aerosolization; and
flushing, cleaning, and maintenance of potentiatses®®

Regarding the use of chemical disinfectants, intemdto the disinfection of drinking
water, chlorination is the most frequently usedrapph for the disinfection of watef>**
However, increasing evidence suggests that thelualsibyproducts of water chlorination,

such as trihalomethanes, can adversely affectthéaif

38



Disinfection methods other than chlorinatibave been suggested for the control of
Legionella spp. in water, such as ozone treatment, copper silmdr (Ag) ionization,
monochloramine, point-of-use filters or ultraviolght. These measures have all been tested
over the last 30 years and are effective in colimigothe growth olegionellaspp. in drinking
water system&® and in hot water system networks in hospitals.

Different studies have focused on the role of @iidj agents, notably, hydrogen
peroxide (HO,), in disinfection treatments. The use af04 as a biocide is now widespread,
and it is increasingly used in medical , food, istthal applications, as a general surface
disinfectant, as well as in environmental applwasi such as water treatmént-®

H,0, is very stable in water because it is completeljlde; however, it must be
stabilized in solution. A disadvantage of usingOblis that its potency is influenced by
several factors: pH, temperature, or the preseficeilistances that hamper its reactivity.
Because kD, is a renowned disinfectant, the legislati8mllows its use for the disinfection
of water, as well as in food; also, this compousdyénerally considered to have low eco-
toxicity, as well as no odor or coldf:?

To potentiate its activity, $¥D, is sometimes used in combination with other agents,
such as ozone, Agor UV, to enhance and accelerate the disinfeqpimtesses. Silver, a
biologically non-essential metal, has been invastid and used as a biocide for many years
2L and multiple strategies have been proposed $otréatment of drinking watef>?* The
World Health Organization allows its use in geniegtrinking water. It is considered that up
to 100 pg/L (ppb) of silver can be present in digkwater without posing health risks.

The literature contains several accounts of thpgntees, germicidal effectiveness, and
potential uses for stabilized ,8, in healthcare facilities®*?° In 2015, Martin et al.
demonstrated that HSP, a new generation peroxatdized with ionic silver and suitable for

continuous disinfection of potable water, prefeiadht interacts with the bacterial cell surface
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in a mechanism likely mediated by silvé?.Furthermore, treatment of hospital hot water
systems with various formulations of,®b/Ag” compounds prevents contamination by
Legionellaand other microorganisms because of its bactafigioperties>!*? Different
commercial formulations based on,®¥/Ag" are available to controLegionella spp.
contamination, but many studies lack data about hbepital settings and long-term
application.

This study evaluated the effectiveness of a nemfeistant, WTP 828 (Water Team S.
r. 1., Forli, ltaly), based on 4@, and Ad salts, in controllind_egionellaspp. contamination in

hot water distribution networks of Maria Cecilia $pital (MCH), Cotignola (RA), Italy.

MATERIAL AND METHODS

MCH Facilitiesand the Hospital Water System
This study was conducted at MCH, an Italian hospaianded in 1973, called “Villa Maria,”
and located in Cotignola (RA, Emilia Romagna).

The structure of MCH is complex and it consistshoée separate buildings (Buildings

1,2 and 3), covering an area of 27989.64Figure 1).

<Figure 1 — Site map of MCH, Cotignola (RA), Italy.

The structural characteristics of each buildingsdescribed in Figure 2.

<Figure 2 — MCH structure and water outlet characsécs>
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The MCH plumbing system is very complex, partiahtiquated, and predominantly made of
galvanized iron and multi-layer or plastic matesjalepending on age. A plan of the water

distribution network is shown in Figure 3.

<Figure 3 — Plan of MCH water distribution network

All buildings are supplied by the same municipatevaaqueduct bringing water from
Ridracoli dam. The water is first collected outstde buildings in two 30 fwater reserves
and, after filtration through a 150 pm pore sideefj fed into two pipelines: one to the
cooling towers and refrigerant circuit (closed loaydraulic system), and the other to the
water treatment station (open loop hydraulic sy¥tem

A heat exchanger maintains the temperature of egdder below 18 °C in the
treatment station; the cold water is treated witfeaeral softener to reduce its hardness to 15
°f, in line with European Council directiv>* Some of this water supplies the water to the
sterilizers after a reverse osmosis treatment;ha&ngportion is used as cold water by the
hospital. The cold water is sent to the substatairsach building through a single tap water
output. At each substation, three different heathargers produce the hot water. The cold
and hot water circuits are independent of one amptnd each building has its own hot water

return line.

WTP 828
WTP 828 is a multi-component oxidizing biocide falated using a stabilized combination
of H,0, (34%, wt/wt) and AJ salts (0.003%, wt/wt) in demineralized water, fohighly

effective disinfection solution. It is licensed the European and Italian legislatiofis® for
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its application in drinking water. The synergistiction of HO, and Ad salts renders the
biocide more powerful than48- alone.*®3’

The WTP 828 is injected into mixed water (hot/colaifer hot water output
downstream from the heat exchangers and dosed impily to the water supply.

The use of WTP 828 was introduced for the firstetim October 2013 in MCH
Building 2, following the removal of a previous iifection system that was based on a £IO
mixture and was not effective in controllirigegionella colonization (see below). Three
months later (January 2014), the use of WTP 828 alss implemented in Building 1 and
also in Building 3. The WTP 828 concentrations dgrihe study were modulated according
to the microbiological results for each buildingheTinitial injection dosage was ~30 mg/L,
which resulted in a residual concentration of WD &t distal outlets of 5-10 mg/L. During

shock treatment, the injection dosage was increasé& mg/L, which resulted in a 25-30

mg/L concentration at distal outlets.

Study Design
This study was conducted in three phases: two @rpatal phases dedicated to sample and
data collection, and one for data analysis, as\idl
* Phase A(WTP 1): Disinfection treatment with WTP 828 in Rling 2 (October 2013
to August 2014) and in some locations at Buildifigsand 3 that were under
construction or undergoing expansion at the timee Bampling was performed
according to a risk assessment plan, approved é&yWiGH Health Director and the
Local Authority, every 4 months and at 29 samplpwnts on a rotational basis.
During this phase, 53 samples were analyzed.
* Phase 2(WTP 2): Once Buildings 1 and 3 were completed (&eper 2014 to

October 2015), the risk assessment plan was reviBeel adopted risk assessment
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plan, starting from this phase (September 2014) sildin use for the control of
Legionellacontamination in all MCH buildings, comprised diglampling points in
the technical rooms [one in the aqueduct; two ie ttold water reserve; one
downstream from the general softener treatment;tapevater output; and three on
the hot water return lines (1a for Building 1, Hv Building 2, 1c for Building 3)],
and another 55 sampling points in the offices, atimg and diagnostic rooms, wards,
communal areas, and in-patient rooms, for a tdtéBgoints.

The sampling was performed monthly: each monthgtation, only one building and
sites at technical rooms were sampled. During fimase, according to the Italian
Guidelines for the Control and Prevention of Legitwsis,’ different sampling points
were chosen at the following three locations: ia thcinity, mid-way to, and away
from the technical room. This took account of thepital setting: the size, numbers of
in-patient roomshealth services providedsk of patient and worker exposure, and
epidemiological data. Despite the substantial nunobén-patient rooms at MCH, the
alternating sampling method enabled the samplirajrabst all in-patient rooms in the
three buildings over the 2 year period of the studyotal, 296 samples were analyzed
during this phase.

Phase 3(WTP 3): The data from the preceding phases were compargdg u
statistical analysis, with the data collected frSeptember 2009 until September 2013
during the disinfection treatment based on Ohdxture (i.e., WTP 1 phase vs. GIO
mixture, and WTP 2 phase vs. Gl@ixture). The data related to Gldisinfection
treatment were kindly provided by the MCH Healthrdator. The data collected
during the two phases were also analyzed to eathatdifferences in efficacy of the

WTP 828 treatment implemented in the MCH buildifgsTP 1 vs. WTP 2 phases).
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Physical and Chemical Parametersof Water
Cold water (1 L from the aqueduct, water resergefiener and tap water outputs) and hot
water (1 L from the 3 hot water return lines anstali outlets) were collected every month
from October 2013 to October 2015. The physical ahdmical parameters of water,
including temperature (°C), pH, hardness (°f), aaovity (uS/cm), turbidity (NTU), total
iron content (mg/L), total phosphorus content (mgfLP.Os), peroxide levels (mg/L), and
Ag’ content (ug/L), were also performed. The resuktseapressed as mean + SD.

During sampling, the residual WTP 828 level was snead on-site using an
MQuant” Peroxide Test (Merck KGaA, Darmstadt, Germany)ofeing manufacturing

practices.

Sample Collection and Microbiological Analysis
Hot water (2 L) was collected in post-flushing miaga(running water for 1 m) in sterile
polytetrafluoroethylene (PTFE) bottles containiogism thiosulphate solution (10%, v/v).
Microbiological analyses were performed in accoogawith 1SO11731-1998 method
for the detection and enumerationlafgionella *® The plates were examined after 4, 8, and
14 days, and the presumptive colonies were enugteeatd sub-cultured on BCYE agar, with
and without cysteine. The isolates that grew on Bt failed to grow on the cysteine-free
medium were verified serologically by an agglutioat test [egionella latex test Kit;
ThermoFisher Scientific, Oxoid Ltd.). The data asgressed as mean concentration + SD,
logiocolony forming units (cfu) per liter of water (lggefu/l).
Other microorganisms can affect the growth of gahlieLegionellg and the samples
were simultaneously analyzed for the presencePséudomonas aerugingsa known

competitor ofLegionellathat inhibits its growth on medid® The analysis was performed
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according to UNI EN ISO 16266:2006, using a seleddseudomonaagar (Biolife, Milan,
ltaly). *°

As an indication of the actual bacterial contamoratat the sampling point,
heterotrophic plate count (HPC) analysis was altopmed, at 36 °C, using a standard plate
method on tryptic glucose yeast agar (Biolife),cxding to UNI EN 1SO 6222:1994" The

results are expressed as mean concentration 208{9 cfu/mL.

Legionella Typing
Colonies identified by the agglutination test asobging to the genud.egionella were
subsequently analyzed by DNA sequencing. In pdaicuall strains identified ad.
pneumophilawere analyzed by Sequence-Based Typing (SBT) termée the Sequence
Type (ST); strains identified akegionella speciesvere analyzed bymip sequencing.
Genomic DNA was extracted from cultures using tietdGene Purification Matrix (Bio-Rad,
Hercules, CA). SBT was performed according to an D&Net protocol
(http://bioinforatics.phe.org.uk/legionella/legidiae sbt/php/sbt_homepage.php). The
protocol was based on sequencing of seven gdlads pIlE, asd mip, momp$ proA, and
neuA and on the assignment of a ST allelic profile BLDSNet database
(http://www.hpabioinformatics.org.uk/cgibin/legidiasbt/seq_assemble_legionellal.cgi).
The strains serotyped by agglutinationLaspeciesvere then genotyped logip gene
amplification by polymerase chain reaction (PCRhgslegenerate primers, as described IN
1998 by Ratcliff et al.” and modified by M13 tailing to avoid noise in th&IA sequence®®
Gene amplification was carried out in a gD reaction containing DreamTaq Green PCR
Master Mix 2 (ThermoFisher Scientific) and 40 pmol of each iml00 ng of DNA
extracted from the presumptive coloniedefjionellaspp was added as template. The same

amounts of DNA fromL. pneumophilatype strainEULO0137 provided by the European
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Working Group for Legionella Infections (EWGL{f and fetal bovine serum were used as
positive and negative controls, respectively.

Following purification, DNA was sequenced using Byg Chemistry and analyzed
on an ABI PRISM 3100 Genetic Analyzer (Applied Bistems, Foster City, CA).
Specifically, mip amplicons were sequenced using M13 forward andrsevprimers (M13
FW, 5-TGTAAAACGACGGCCAGT-3’; M13 RW, 3'-CAGGAAACAGCTATGACC-5') to
obtain a complete coverage of the sequenced regiamerest. Raw sequencing data were
assembled using CLC Main Workbench 7.6.4 software

(https://www.giagenbioinformatics.cojn/ The sequences were compared with sequences

deposited in theLegionella mip gene sequence database using a similarity anatiysis

(http://bioinformatics.phe.org.uk/cqi-bin/legionétaip/mip id.cg). The identification on

species level was done on the basiz3#% similarity to a sequence in the datab&se.

Data Analyses

The bacteriological data were converted into,dder + 1) values to normalize non-normal
distributions. Normality of continuous variablessnassessed by the Shapiro-Wilk normality
test. Variables following normal distribution areepented as means + SD. Continuous
variables were evaluated using one-way ANOVA angoat-hoc test (Bonferroni), and
categorical variables were compared usingythend Mann Whitney test. One-way ANOVA
and the post-hoc test (Bonferroni) were conductedassess the differences between
disinfectant treatments and between the buildin@slds Ratio (OR) was calculated
retrospectively for WTP 1 vs. ClOnixture and WTP 2 vs. CKmixture, and Relative Risk
(RR) was calculated for the prospective treatm@éii$ 2 vs. WTP 1. The statistical analyses
were performed using STATA version 10.0 (Stata Go@wllege Station, TX). Ap-value

below 0.05 was accepted as significant.
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Hospital LD Surveillance

Throughout the entire period of monitoring, actiegionellosis surveillance was conducted at
MCH. In the presence of symptoms of an acute irdaabdf the lower airways with clinical
and/or radiological signs of focal pneumonia, theliminary diagnosis was routinely
confirmed by a urine antigen testegionellaUrine Antigen EIA, Biotest, Milan, Italy) and a
serological immunofluorescence tedt (neumophilalFA, Meridian Diagnostic Europe,

London, UK).

RESULTS

Physical and Chemical Parametersof Water

The physical and chemical parameters linked toqtiedity of water after disinfection with
WTP 828 were measured throughout the tested period.

The measured parameters in the hot water retuenalivd at randomly selected points
in the three buildings were all in line with theeommendations of Italian legislatioff. The
hardness, turbidity, and conductivity of water, esthise associated with the release of iron
and total phosphorus, in the hot water system wetaffected by the WTP 828 treatment. In
particular, the mean Agconcentrations were always under 3 pg/L, as plestrby the

World Health Organizatiorf> The data for each building are reported in Table 1.

<Table 1 — Physical and chemical parameters of wetdCH representative samples in
technical room.>

Legionella Contamination Results

The following results were obtained for the thréages of the study.
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WTP 1 phase (October 2013 to August 2014)

The data were obtained from the analysis of 53wetter samples collected in 1 year. We
observed different.egionellacontamination trends in the three buildings (Tabje 16/25
positive samples (64.0%) in Building 1, 13/23 pesitsamples (56.5%) in Building 2, and

3/5 positive samples (60.0%) in Building 3.

<Table 2 — Legionella concentration in 3 buildingsSMCH, numbers and percentage of
positive samples for each study phases>
WTP 1 phase data were also compared Wwebionellacontamination data for the previous
disinfection treatment involving CKOmixture. We observed a change in the percentage of
Legionellapositive samples in three MCH buildings, from 9%.60 60.0%, when WTP 828
was introduced. Statistical analysis dfegionella contamination following different
disinfection treatment in each building revealedignificant change only in the case of

Building 2 ( = 0.046) (Table 3).

<Table 3 — Statistical analysis between WTP 828F\V¥'and WTP 2) and CIO
mixture during study phases in MCH buildings>

WTP 2 phase (September 2014 to October 2015)

In the second phase of the study, we observed actied in the number oEegionella
positive samples in all buildings (Table 2). We etved a drastic reduction in the number of
Legionellacontaminated sites in Building 2 (from 56.5% t6%) and in Building 3 (from
60.0% to 34.0%); by contrast, the percentage oitipessamples was only slightly decreased
in Building 1 (from 64.0% to 58.1%). The analysik roean Legionellalevels showed a
decreasing trend in all of the buildings vs. WTPpHase (Table 2). Statistical analysis

revealed significant differences in WTP 1 WTP 2 comparisons, for Building p € 0.001)
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and Building 3 jp = 0.037) (Table 3). No statistical differences evebserved for these
comparisons for Building 1.

We also compared the results from WTP 2 phase kgtjionellacontamination data
after disinfection with CI@ mixture. The comparison revealed significant dédfeces for
Buildings 2 = 0.0001) and 3p(= 0.045), and no significant correlation in Buildi1 (Table
3).

WTP 3 phase (September 2009 to October 2015)
Finally, we compared the summative results from thkerent study phases with the

outcomes of the ClOmixture treatment (Table 4).

<Table 4 -Odds Ratio and Relative Risk during study phases

The WTP 1 vs. CI® mixture comparison indicated that WTP 828 treatmeas not
particularly effective in all MCH buildingsp(= 0.15), while the comparison of WTP 2 vs.
ClO, mixture revealed a significant improvementLiegionellacontrol = 0.0001). In fact,
the use of Cl@mixture significantly increased the risk loégionellacontamination vs. WTP
1 (OR, 3.5) and WTP 2 (OR, 13.25) (Table 4). A pextive study evaluation indicated that
the WTP 1 regimen increased the risk of contanonmats. WTP 2 (RR, 1.4 = 0.02).

We want to emphasize that, throughout the duratiothe study, the reserve tanks,
softener, and tap water output sites of all buddimerelegionellafree (below the detection

limit of the techniques used, i.e., 0.54pgfu/L).

Legionella Typing Results
The isolates from WTP 1 and WTP 2 were serotyped genotyped using standard

techniques. The agglutination test permitted usdamtify two species otegionellg L.
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pneumophilaserogroup 1 (SG1) and speciesin 138/349 positive samples (39.0%) (Table

5).

<Table 5 — MCH Legionella spp. contamination: nunsbe&frpositive samples, serotyping and
genotyping results.>

The SBT method assigned ST1 and ST104. eneumophileéSG1 isolates in 74/138 (53.6%)

of the samples, whilemip gene sequencing identified innkr species L. anisa and L.

rubrilucens in 35/138 (25.3%) oLegionellapositive samples; the remaining 29/138 (21.0%)

samples contained a mixture of the previously deedrstrains (Table 5).

The results revealed that every MCH building wakmiaed by a different mix of
Legionellaspp. Accordingly, Building 1 isolates were the mdisterse, withL. pneumophila
SG1 (ST1 and ST104) and specieqL. anisaand L. rubrilucen$. All Building 2 isolates
belonged toL. pneumophilaSG1 (ST1 and ST104), and Building 3 samples showed
presence ok. pneumophile&§G1 (ST1), with some samples with a singlespeciestrain(L.
anisaor L. rubrilucens.

The serotyping and genotyping data, and mean hactamcentration ranges (lag

cfu/L), are given in Table 6.

<Table 6 — Serotyping and genotyping of Legiongija ssolates in MCH buildings

During the study period, no significant associatisas found betweehegionella

colonization in the buildings and specific serogr®or strains.

P. aeruginosa and HPC Results
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All samples were also analyzed for the presencB.deruginosaand HPC.P. aeruginosa
was not detected (as defined in D. Lgs 31/2001heénhot water system sampled at the distal
outlets, water reserves, softener and tap wat@uaudf MCH.

HPC bacterial count (at 36 °C) was analyzed atitds. The mean concentration £ SD
values (logo cfu/mL) for each building were as follows: 0.820.25 for Building 1; 0.77 +
0.65 for Building 2; and 0.94 + 0.35 for Building At all sites, the contamination range was

below the D. Lgs 31/2001 limit of 20 cfu/mL (1.3yle cfu/mL).

LD Survelllance at the MCH
During the study, 32 patients underwent urine @migesting and other diagnostic tests
because of suspect pulmonary signs of pneumonia. Hbspital Infections Committee

considered the negative test results as evidemabddack of nosocomial legionellosis.

DISCUSSION

This study focused on MCH for its peculiarity orgaation in three building. The water
distribution system is characterized by a single teater output, and each building is
equipped with its own hot water return line, andtevadisinfection treatment. Before the
introduction of WTP 828 (September 2009 to Septen@l3), MCH implemented a
disinfection approach of an occasional hyper-chktion shock with a continuous treatment
with a CIG, mixture. This type of treatment led to corrosidrsome parts of the plant and a
visible decrement of the efficiency @Eegionellacolonization containment, as demonstrated
by the high number otegionellapositive samples in the three buildings (114/126.,
95.0%). In October 2013, the MCH Health Directocided to introduce a new disinfectant,

WTP 828, in Building 2, as well as at the availagdenpling points in Buildings 3 and 1.
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In the WTP 1 phase of the study, the reductior_efionellapositive samples to
60.0% following the introduction of WTP 828 allowad to hypothesize that WTP 828 might
constitute an appropriate treatment for MCH. Theults indicated that the introduction of
WTP 828 disinfection was successful in reducingléwels ofLegionellain Building 2, but
no significant change was observed in the levateuwered from Buildings 1 and 3. These
results were associated with the fact that Buildngas the first building to undergo WTP
828 treatment. Also, this building has never beduarbished or otherwise altered since it was
built.

The conclusion of accommodation work and the cotigleof the final structures of
Buildings 1 and 3 allowed us to increase the nunobsampling sites, with a revised plan of
monitoring Legionellacontamination at 63 sampling points, representativeach building.
To improve the efficiency of WTP 828 treatment, @eenpared the data obtained during WTP
1 with the data obtained in WTP 2 phase. We obseavgeduction in the percentage of
positive samples and meadregionella levels in all buildings. A significant decrease of
Legionellacontamination was observed in Buildings 2 and$ene we observed maintenance
of Legionellacontrol for the entire test period.

The observed differences ipbegionella colonization between the buildings could
probably be ascribed to the different uses and m@sasumption in these buildings. Risk
factors not to be overlooked are, in fact, the esadl extension, the connection of existing
pipes within the newly constructed branched netaotke presence of dead branches, pipe
characteristics (e.g., materials, age), the treatrobthe water system (e.g., water softening
and disinfection), the intended utility, and mam@rce procedures. In light of these
considerations, we also investigated annual wateswumption in each building, with respect

to the building size and number of water outlets.
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Building 1 covers an area of 18539.93 wwver six levels. It mainly comprises offices,
surgeries, operating rooms, and a diagnostic ramme of which only require the use of
sterile water, with limited water consumption. st building, a whole floor (third floor)
hosts a technical room for air treatment and watétets are absent, and therefore some
closed pipes are present. The evaluation of waiasumption (1913 fyear) indicated a
much lower use than in Building 2 (3017/gear), suggesting lower water flushing from the
outlets. It is evident that low use and stagnawwdnwvater may affect the activity of the

disinfectant*®*’

and reduce the contact time between the micromgenand the WTP 828
disinfectant. Our data revealed that, despite #tiation in the percentage bégionella
positive sites and the meaegionellalevels, WTP 828 was not fully active in this burdi
Our results confirmed that, in the three buildirggsstituting MCH,Legionella control is
most critical in Building 1, with continuous fluctions inLegionellaspp. colonization. The
corrective measures that have since been put @e glamprise two chemical shock treatments
by raising the disinfectant dosage from 30 to 50 ng addition to increased flushing during
the weekends. The long-term effects of our intetie@s resulted in the maintenance of
Legionellacontamination levels under the alert thresholdqibed by the Italian guidelines
(101 and 1000 cfu/L, respectively) that limited tiek of exposure and preserved the health
of patients and workers.

Building 2 water consumption, the presence of mldtioutlets (336), and some
facilities with high water consumption (e.g., cafestaurant, market) suggested that water
flushing facilitated the circulation of the disietant in the plumbing system, reducing the
number of bacterium-positive samples andlibgionellaconcentration, in accordance with a
study by Douterelo et al. (20135

Building 3 is the smallest structure of MCH, cowgrian area of 1271.06°nThe total

annual water consumption in this building is 589 per 129 outlets. The services and in-
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patient rooms allow daily circulation of the diguofant in the plumbing system, contributing
to the effectiveness of WTP 828 in controllihggionellaspp. contamination levels in that
building.

The serotyping and genotyping data revealed diffecelonization patterns in MCH
buildings. We did not find an association betwe®a gresence of sonkegionellastrains in
MCH buildings and building size, water compositianmber of outlets, and their user.

The data suggested that, sometimes, changing shdetition treatment (e.g., type of
disinfectant) and dosage (e.g., shock treatmeffgrently affected the prevalehegionella
strains. During the study period, the increase diPV828 dosage (50 mg/L) during the shock
treatment resulted in a decreaselLofpneumophilaand increase oL. species(data not
shown).

The absence d?. aeruginosan the water samples was a good indicator of tfexe
of WTP 828 on the containment of these bacteria. Sthps taken by the cleaning staff during
weekly cleaning procedures (e.g., disinfecting thps and showers) were important in
preventing biofilm formation. Our organization oestings with the stakeholders and hospital
staff to inform them of the infection risk was alsseful.

The presence dfegionellaspp. was also associated with HPC, as an indimditator
of water quality. often used to assess the efficoyater treatment. Our results indicated a
good performance of WTP 828 with respect to HPCtaioment during the entire study
period, to below the limits admissible by legisbati®*

The physical and chemical parameters were not taffelby the WTP 828 treatment
throughout the tested period. By controlling theseameters, it is possible to monitor the
effect of the disinfectant on water pipes and tak@asures to preserve the water network

damage. These results underline the role of theiphlyand chemical parameter monitoring
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to assess changes in the water quality duringfdision. The “drinking water” requirement
is an important feature to be taken into accourgmisinfection treatment is suggested.

It is often difficult to guarantee the absencelefjionellafrom water distribution systems,
even if a disinfection system is in place. Our dataealed that differences in three buildings
belonging to the same structure were linked tobthi&ing size, water consumption, number
of outlets, and intended use. WTP 828 performed weVICH in terms of the positive sites
reduction andLegionella contamination level, but only a change in the gtagproach
(adequate risk assessment plan, increase of watglss, and alteration of WTP 828 dosage
in relation to thd_egionellalevels) facilitated the discovery of the differesdnLegionella
colonization and understanding of the disinfectativity dynamics.

Further investigations are needed to elucidate thendosage affects the presence of specific
strains in each building and to generate a risk midlp phylogenetic correlations between the
strains. Evaluation of changes in colonization dayita will be useful to control the level of

the disinfectant.
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Fignre 1. Site map of MCH, Cotignola (RA), Italy. A representative
view of MCH and map of its three buildings: MCH picture (A) and
MCH plamimetry (B).
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MCH characteristics
Humber of
- Humber of Water
Number of total Water  total in- . Number of -
Area [m?) Outles pati sm;fnlug samples consumption (m*)/
Tooms P year
1798964 768 122 63 469 5519
Eailding 1 Bullding
Water  Inopatient | Sasplin Water Wt
Area(m’]  Floar/ bubding Outtens P - Pdf‘ug canaumptan Area[w) ooy buliding Dwuj:h; """"'"“:"" sm‘:‘ consEmpton
[’} year ') ywar
i <1 4 1
Floar 0 50 4 Floar @ &5 5
Floar 1 25 4 Floor 1 92 5 5
1853993 Floar 2 119 27 5 1913 BITAGE Floar 2 104 6 5 3007
Flar 3 Floar 3 &6 18 3
Floor 4 73 4 Flsar 4 5 1 2
Floor 5 S 4
Total Water Dutlits 303 Total Water Qutlecs 338
Total h-mll‘. rodnE s Toital |II-|1¥'J¢|I.‘. TOimE T
Total sampling posts 7 Tuotal sampling poines z
Building 3
W In<patl Samplln, Wt
. § wter  In-patiest  Sampdng
Area [m'} Floar building Outlets  reoms punt | ConepEon
[m )/ pear
Floce <1 7 z
Fioae @ 3 z
Fina 1 & 2
127106 Finor 2 4 1 589
Finor 3 55 14 3
Fioar 4 50 11 3
Tustal Witer Dutkes 129
Tital fsepatint Fooms 25
Total sampling peints 13

Figure 2. MCH structure and water outlet characteristics. The MCH buildings (Building 1,2 and 3) have different numbers of water outlets
and different water consumption, which affects Legionella spp. colonization.
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Figure 3. Plan of MCH water distnbution network. A scheme of MCH water network with main sampling ponts in technical rooms (*).
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Sampling points
Parameters Methods UM Hot water Hot water Hot water
return line return line return line
Acqueduct
. Building 1 Building 2 Building 3
{1a) {1b) {1c)
Temperature EPA;W 1 d C 15.20=3.40 4903 £242 50.20 = 0.61 53.87=413
APAT [RSA
pH CHE 2060 T.82=0.23 TEE =024 T87x=0.27 To5£0.19
Wan 29 2003
APAT [RSA
Hardmess CNE 2040 °F 1210+ 428 1213 +£314 12.63 £3.50 1215+2.44
Man 29 2003
APATIRSA
Conductivity CNER 2030 s cm 40771 £3520 | 41653 £41.80 | 420004070 | 423442075
Man 29 2003
APAT[ESA
Turbidity CNE. 2110 Man NTU 0.40+0.00 039 =012 052025 0,88 £0.97
29 2003
APAT [RSA
Total iron  |CNE 31604 Man| mzl =104 004 =) .04 003
20 2003
Total APAT [RSA
horms CNER 4060 | mg/L RO =032 310131 340140 162 +0.85
phosp Man 29 2003
Peroxide M 'I:ft mzl not detected T42+271 B46£315 583384
Silver EPAEWE d uzL =3 =3 =3 =3

Table 1. Physical and chemical parameters of water in MCH hospital representative samples in technical
Toom.
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Mean I spp . levels

Buildines Treatment - Study Nsm'l:l:f Nu:i-:::. .T:; (logg cfal)
I : P o + Standard Deviation
C10, mixture 120 114 (95.0) 2.00 = 0.86
WTP 828
212:106
MCH (WTP 1 phase) 53 12 (60.0)
WTP 828
(WTP 2 phase) 296 106 (35.8) L17=077
Cl0; muxture 47 46 (98.0) 2.06 =082
Buildine 1 WTP 828
£ (WTP 1 phasa) 25 16 (64.0) 259:096
WTP 828
(WTP 2 phase) 141 82 (58.1) L72 =074
CI0, mixture s8 53 (91.3) 178 £0.55
. WTP 828
Building 2 139 =083
(WTP 1 phase) 73 13 (56.5)
WTP 828
(WTP 2 phase) 108 & (7.0) 062 +0.28
C10, mixture 15 15 (100.0) 2502149
WTP 828
Building 3 mrrp | phace) 5 3 (60.0) 239 =115
WTP 828
(WTP 2 phase) 47 16 (34.0) 116 =0.76

Table 2. Legionells concentration in 3 buildings of MCH  (mean value £ 5I)), mmmbers and
percentage of positive samples [n(*a)] for each study phases.
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Dismfectant WIF 1 Cl0, mrxture

p value p value
C10, mrxture 0.783
Building 1
WTP 2 0.07 0.76
10, mixture 0.046%
Building 2
WTP 2 0.001* 0.0001=
C10, muxture 1
Building 3
WTP 2 0.037* 0.045%

Table 3. Statistical analy=is between WTP 828 (WTP 1 and WTP 2) and C102
muxture during study phases in MCH buildings; values are significant for p=20.05%.
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Study 0Odd: Ratio Intervals P value

phaszes (OR) confidence 95%
CIO, mirchare
vs is5 044 -41.04 015
WTF 1
ClIOy muxhare
¥5 13.25 2B5-12145 0.0001%=
WTP 2
Study Relative Risk Intervals P valu
phases (RR) confidence 95% value
WTF 1
¥s 146 1.10-1.95 0.02#
WTP 2

Table 4. Odds Ratio and Relative Risk during study phases; values
are significant for p<0.05%_
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MNumber af L. spp.

MNumber of samplas L_I:mbsﬁve L spp. serotyping L spp.
(WTP 1+ WTP 1) f“"’“ i s genotyping *§  isolates typing
. 5T1
L ;"::' "’"j';{" and/or 74 (53.6)
B £T 104
L anisa
L species and'or 35253
Maria Cecilia 149 138 (39.0) - rubriucens
Hospital sT1
and/or
L pnewmophila 5T 104
Serogroupl = L + 292100
species L anisa
and/or

L. rubrilucens

Table 5. MCH Lsgionella spp. contammation: numbers of positive samples [n (*)], serotypng® and

genotyping™ results.

70



Eange of mean

. Isolates/ )
Buildi Positive Serotyping® Cenotyping*§ positive concentration
ilding Samples samples log cfa/L
L pneumophila S5G1 ST1 and ST104 36/98 1.40- 580
L species L. rubrilucens 11/98 140 - 480
L species L anisa 20v98 140-3.77
Building 1 98 -
L species L.lubnhms + 2798 283.3
L anisa
5T1 and 5T104 +
L. pneumaphila SG1 + L rabrilucens 20/08 o129 1-369
L i '
pecres ST1 and ST104+ 2029 | 170-353
L antsa
Building 2 21 L pneumgphila 5G1 ET1 and ST104 21/ 1.40-4.50
L pneumophila 5G1 §T1 1719 1.70-4.18
Building 3 19 L rubrilucens 1719 210
L species 219
L. anisa 1719 1.40

Table 6. Serotyping (agghitination test”) ang genotyping ( SBT* and mip gene sequencing®) of Legionella
spp. 1solates in MCH bldings.
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CHAPTER 3

Application of Sequence Based Typing (SBT) technique to typing strains of Legionella

spp.: development of an environmental risk map

INTRODUCTION

Legionnaires’ disease (LD) is caused lbggionella spp., which are environmental Gram-
negative bacteria that colonize and persist in tmeisvironments, particularly water
distribution systems' Examples of water systems that might spreagionellainclude hot
tubs, hot water tanks and heaters, large plumbystesis, cooling towers (air-conditioning
systems for large buildings), medical device (dental unit waterline), decorative fountain.
The infection is acquired through inhalation ofaseis from these sources contaminated with
Legionellee.

In recent years, the increasing incidence of bobtisonomial and community-acquired
Legionellainfections has been a major public health concerr2014, in ltaly 1.497 cases
were notified to the National Surveillance Systend%6 confirmed and 41 probable). Out of
1,497 cases reported, 62 (4.1%) had been admattiedspital, 151 cases (10.1%) were travel-
associated, 38 cases (2.5%) were living in day can¢éers and 5 cases (0.3%) had other risk
factors.®> Among the 59 egionellaspecies so far described.., pneumophilaserogroup 1
alone is responsible for ca. 90% of culture condidni.D cases’ Nevertheless, the real risk
still remains partially underestimated: for thissen it is essential to make a correct risk
assessment in water systems, such as suggestée byitlelines,in order to minimize the
risk of colonization or its containment since the eradication by the water networks is

impossible, especially in the long terfn.
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Many factors can enhance the riskL&gionellainfection, such as the design, construction
and maintenance of the water distribution systdra;gresence of individuals who may be
exposed and their vulnerability to infection; thegcee of water system colonization (number
of Legionellaspp. cfu/L; the percentage bégionellaspp. positive samples) and properties of
Legionellastrains.” Each water system should be assessed individuaking into account
the proximity and susceptibility of the populatiand the modality of transmission from the
water sources. This step can be realize understgride characteristics of the water system,
the risks and the maintenance procedures whichtaffater quality®

Many studies have demonstrated the utility to perféhe typing ofLegionella strains in
order to undertake the epidemiological investiggtioseful to establish a link between the
source of infection and cases to implement the @pjpate risk control measureldowever,
for epidemiological investigations, two propertie$ the Legionella strains are usually
determined: the serological groups (especiallpneumophil&8G 1) and the genotype?
Molecular techniques allow to obtain precise amdanformations in terms of identification
and genotyping of the various species and serogrofihegionella Currently there is no
ideal genotyping method universally valid, sincermvorganism appears better differentiated
by a method rather than anothBrfferent methods have been developed for moledyfang

of L. pneumpohilasuch a pulsed-field gel electrophoresis (PFGEpldied fragment length
polymorphism (AFLP) analysis and sequence basethgy(SBT). These are useful tools
during investigations of legionnaires’ disease saskisters, or outbreak.

Scaturro et al, in 2005, compared PFGE, AFLP and 8Bmolecular typing of isolates af
pneumophila the results showed as SBT was the most rapidtlamdeasiest technique to
perform providing unambiguous resulfts.

Sequence-based typing (SBT) is a variant of thesaanultiiocussequence typing (MLST)

schemes used to identify bacterial lineages astl diescribed foStreptococcus pneumoniae
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by Enright and Spratf:* who used seven housekeeping genes. The SBT isl loasether
schemes not using the same targ&tut a combination of seven housekeeping and vicgle
genesflaA, pilE, asd, mip, mompS, proA and nguPhe SBT is nhow considered as the ‘gold
standard’ of genotyping and may be useful in idgmy the source of infection,
demonstrating the link between clinical and envinental isolates™*

SBT technique was developed by members of the EaropLegionnaires’ Disease
Surveillance Network (ELDSNet) and it has been deed as a simple, rapid, discriminatory

and portable method for typing pneumophilastrains

OBJECTIVE

The purpose of this study is the application of S®€hnique to strains dfegionella
pneumophilapreviously isolated by standard culture method igedtified by agglutination
test, isolated from hot water samples collectednduenvironmental monitoring in an lItalian
hospital, comparing them with the sequences stordtie database EWGLI; to assess the
possibility to extend the same technique to thatifleation of Legionellanon-pneumophila
isolates (whose real risk comes not adequately iderexi, although the literature and
international legislation suggest the researchlLegionella spp. and not the only.
pneumophil to study the phylogenetic relationship betwdsnitlentified strains to create a
map of environmental risk of the hospital that cowupport the management and

maintenance assessment.
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MATERIAL AND METHODS

Hospital characteristics

This study was conducted in an Italian hospital riMM&ecilia Hospital (MCH), founded in
1973, which is located in Cotignola (RA) - EmiliadRagna Region.

The structure of MCH is very complex and it corsist three separate building8ujlding 1,

2 and3) each with a different extension and locationhaf ¢lifferent services, covering a total
area of 27989.64 m

In October 2013 for controllingegionella spp. contamination in hot water distribution
networks of MCH, it was introduced a new disinfettathe WTP 828, that is a multi-
component oxidizing biocide formulated using a sizdxd combination of HO, (34%, wt/wt)
and Ad salts (0.003%, wt/wt) in demineralized water totgmbiate the power of
disinfectior”.

The risk assessment plan to contregionellacontamination in all buildings consisted of 8
sampling points in the technical rooms (agqueductoRl water reserve, 1 after general
softener, 3 hot water return lines) and 55 sampliomts among common areas, diagnostic
and operating room, offices, services or in-patieobms (located variously in three
buildings). All sampling points have been identifim three locations: near, intermedia and
far from technical room?

In Building 1 were identified 21 sampling points and one hotewatturn line point. In
Building 2are located the main part of in-patients room, tarehty-two sampling points were
identified (21 plus 1 hot water return line poiguilding 3has been recently expanded to the
complete renovation in February 2015. It is the IBsaof the buildings of MCH, indeed
there were identified only 14 sampling points.

The hospital was subjected to a monthly monitofimmg35 months, during which the three

buildings was alternatively sampled, as showedgunré 1.
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The figure 1 shows the layout of the sampling oidentified in the three buildings, the

location in the floors and the respective locatieiative to the technical room.

Technical Room
Id. sample Sample point Location
1a Hot Water Return Line Building 1 Technical Room
1b Hot Water Return Line Building 2 Technical Room
ic Hot Water Return Line Building 3 Technical Room
56 Aqueduct Technical Room
57 General Softner Technical Room
59 Water Reserve n.1 Technical Room
60 Water Reserve n.2 Technical Room
64 Tap Water Output Technical Room
Building 1 Building 2 Building 3
Id. sample | SamplePoint |Floor| Location Id. sample| Sample Point |Floor| Location Id. sample | Sample Point |Floor | Location
22 Service -1 43 Service -1 near
1 Service 0 near 23 Common Area 0 near 44 Service -1 far
2 Common Area 0 lintermedial 24 Service 0 intermedia 45 Common Area 0 near
i (C;ommon :rea g :ar 25 Common Area 0 | intermedia 46 SErvice 0 far
ommon Area ar 26 Service 9 far 47 Service 1 near
g Common Area | 1 _near_ 27 Operating Room 0 P 18 Service p =
s C°"éfz:vri‘::rea : 'nte:;":dﬂl 28 In-patient Rooms | 1 o 49 Soimdn Area 5 e
I S - ; - 29 Service 1 intermedia 50 In-patient Rooms | 3 near
ommon Area ar -pati : ; -
9 In-patient Rooms | 2 near = D pat!ent Roos 1 ntermedia 51 In-pidtiett RoGims 3 L
5 - - 3 In-patient Rooms | 1 far 52 In-patient Rooms | 3 £
10 Service 2 |intermedia| 22 Common Area ElE
11 In-patient Rooms | 2 far 23 1 far 53 In-patient Rooms | 4 i
12 Operating Room | 2 far = In-pal!ent Rooms | 2 : near _ 54 In-patient Rooms | 4 | intermedia
13 Operating Room 5 far In-panent.Rooms 2 !ntermed!a 55 In-patient Rooms 4 far
5 35 Service 2 | intermedia
14 Intensive Care | 4 near 36 >
15 Intensive Care 4 |intermedia| 37 In-pal!ent Rooms} 2 far
16 Intensive Care | 4 far Inpatist Rocmis| 2 far
17 Common Area 4 far 38 In—pat!ent Rooms | 3 near
18 Operating Room | 5 near 39 In»pat!ent Rooms | 3 | intermedia
19 Common Area 5 |intermedia 40 In-patient Rooms | 3 far
20 Operating Room | 5 far M In-patient Rooms | 4 near
21 Operating Room | 5 far 42 Service 4 far

Figure 1. Map of distribution in each building of 55 sanmglipoints and 8 in technical room.

Disinfection treatment by H,O,/Ag" (WTP 828)

WTP 828 is a multi-component oxidizing biocide fafated using a stabilized combination
of HyO, (34%, wt/wt) and A§ salts (0.003%, wt/wt) in demineralized water, fohighly
effective disinfection solution. It is licensed the European and ltalian legislatiofigor its
application in drinking water. The synergistic aatiof HO, and Ad salts makes the biocide
more powerful than pD,alone.*”

The WTP 828 is injected into mixed water (hot/colaffer hot water output

downstream from the heat exchangers and dosed nticpaily to the water supply.
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WTP 828 was introduced for the first time in Octol2913 in MCH Building 2,
following the removal of a previous disinfectiorstgm that was based on a gi@ixture and
was not effective in controllingegionellacolonization. In subsequent years, the use of WTP
828 was also implemented in Building 1 and Buildthxg'he WTP 828 concentrations during
the study were modulated according to the microgickl results for each building. The
initial injection dosage was ~30 mg/L, which reedlin a residual concentration of WTP 828
at distal outlets of 5-10 mg/L. During shock treamt) the injection dosage was increased to

50 mg/L, which resulted in a 25-30 mg/L concentratt distal outlets.

Microbiological analysis

Hot water (2 L) was collected in post-flushing miatga(running water for 1 min) in sterile 1

L polytetrafluoroethylene (PTFE) bottles containsagium thiosulphate solution (10%, v/v).
The samples were stored in coolers (at 0—4 °Q)sparted to the laboratory and processed on
the day of sampling. All sampling phases, physieald chemical parameters (e.qg.,
temperature and WTP 828 measure at distal outletsg)intenance procedures [e.g.,
disinfection procedure, thermostatic radiator valf#ERV) or faucet replacement and
emergency servicing (shock treatment) of the hakpitater system were performed by
technical staff of the hospital, under the supémmif the authors. All adopted procedures
were also recorded in a special register, as pbestrby the Italian Health Ministry
guidelines™

Microbiological analyses were performed in accoogawith 1ISO11731-1998 method for the
detection and enumeration loégionella.'® For each hot water sample (2 L), the sample was
concentrated using 0.38n polycarbonate pre-sterilized filter membranegt(®as Stedim
Biotech, Goéttingen, Germany). The filter membraresvaseptically put in small bottles and

shaken for 15 min with 10 mL of the original watample to resuspend bacteria. The
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concentrated samples (filtered, F) were heatedn{B0at 50 °C) to inhibit the interfering
microbiota (heated, H). A portion of the originahsple (0.2 mL; untreated, UN) and 0.1 mL
of each, F and H, sample were spread in duplicatie GVPC agar plates égionellaGVPC
selective medium, ThermoFisher Scientific, Oxoid.L.Basingstoke, UK), and incubated at
35.5 °C in a humid (2.5% CGPenvironment. The plates were examined after 4n8,14 d,
and the presumptive colonies were enumerated angtidtured on BCYE agar, with and
without cysteine. The data are expressed as measegtation + SD, log colony forming

units (cfu) per liter of water (lag cfu/L).

Serological identification

The identities of the isolates that grew on BCYH failed to grow on the cysteine-free
medium were verified by serological agglutinatiosstt with Legionella latex test kit
(ThermoFisher Scientific, Oxoid Ltd) based on magatdrer instructions. The identification
of species and serogroup is carried out on thes lmdisintigenic with serological tests that use
monoclonal antibodies. This test allows separaémtitication of Legionella pneumophila
serogroup 1 and serogroups 2-14 and detectionvehsather_egionellaspecies which have
been implicated in human diseage lpngbeachad & 2, L. bozemaniil & 2, L. dumoffii, L.

gormanii, L. jordani, L. micdadei, L. anisa

SBT typing and sequencing

Colonies identified by the agglutination test asobging to the genus.egionella were

subsequently analyzed by DNA sequencing. Genomié R8s extracted from cultures using
the InstaGene Purification Matrix (Bio-Rad, Herayl€€A) and DNA concentrations was
determined using the Qubit fluorometer (Thermo &islscientific, Paisley, UK). DNA

extracts were kept at or below —20°C until use.
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In particular, all strains identified &s pneumophilaandLegionella speciewere analyzed by
Sequence-Based Typing (SBT) to determine the Seguéwpe (ST); SBT using lodiaA,
pilE, asd mip, momp$ proA and neuAwas performed according to the ELDSNet protocol
(Appendix 1)
(http://bioinforatics.phe.org.ukégionelldLegionella sbt/php/sbt_homepage.php). Genotype
analysis was based on the on sequencing of sevees.gBCR products were visualized by
electrophoresis on 2% agarose gel and stainingetitidium bromide.

The amplicons obtained for each of the seven gexesnined, after purification, were
subjected to sequencing reaction cyclic (cycle sequg at the Laboratory of Lab Gen-
Genomic sequencing of the Department of BiomedBménces University of Modena and
Reggio Emilia). Each of purified PCR fragment washjected to two reactions linear
polymerization of cyclic (one for sequencing thiarfient Fw and one for the filament Rv)
using as primers the primers Fw M13 and M13. Falhgwpurification, product of cycle
sequencing was subjected to capillary electropl®nesin automated system to Fluorescence
(ABI PRISM 3100 Genetic Analyzer - Applied Biosysig, Foster City, CA) provided with a
laser beam capable of exciting the 4different fyodrores.

The nucleotide sequences obtained were confirmeth®ySBT database available on the
EWGLI website fittp:// www.ewgli.org), and the sequences were compavet those in the
ELDSNet database from the website to assign the @lelic profile

(http://www.hpabioinformatics.org.uk/cgibirégionelldsbt/seq_assembleegionelldl.cgi).

Mip gene sequencing

The strains serotyped by agglutinationLaspeciesvere then identified by analysis ofip
gene sequence using bacterial DNA purified fromlaigal colony. The ofmip gene
amplification was performed by polymerase chairctiea (PCR) using degenerate primers,

as described by Ratcliff et al. (1998), and modifiyy M13 tailing to avoid noise in the DNA
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sequence®® ' Gene amplification was carried out in aj#0reaction containing DreamTaq
Green PCR Master Mix®2(ThermoFisher Scientific) and 40 pmol of each @ini00 ng of
DNA extracted from the presumptive colonied_efjionellaspp was added as template. The
protocol used for this purpose has been developddi@ndardized by the European Working
Group (ESGLI) and the sequences obtained are calgato those available in the database
dedicated to this (http://www.hpa.org.uk/cfi/bianmatics/ dbases.htm # EWGLI) and back
to Legionella speciesolates Appendix 2 -Ratcliff protocol). PCR products were visualized
by electrophoresis on 2% agarose gel and stainiit ethidium bromide. Following
purification, they were sequenced using BigDye Gkeamand analyzed on an ABI PRISM
3100 Genetic Analyzer (Applied Biosystems, Fostay,(CA). Specifically,mip amplicons
were sequenced using M13 forward and reverse @imefM13 FW,
5TGTAAAACGACGGCCAGT3’; M13 RW 3'CAGGAAACAGCTATGACCH to obtain a
complete coverage of the sequenced region of sttere

Raw sequencing data were assembled using CLC Maorkb¥nch 7.6.4 software
(https://www.giagenbioinformatics.com/). The seqesn were compared with sequences
deposited in theLegionella mip gene sequence database using a similarity anatiysis

(http://bioinformatics.phe.org.uk/cgi-birégionelldmip/mip_id.cgi).

Phylogenetic and allelic diversity analysis

Phylogenetic analyses were performed on the Phylofyeplatform. Sequences were aligned
with MUSCLE (v3.8.31) configured for highest acatyaAfter alignment, ambiguous
regions (i.e. containing gaps and/or poorly alignedre removed with Gblocks (v0.91b)

using the following parameters:

- minimum length of a block after gap cleaning: 10
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- no gap positions were allowed in the final aligamn
- all segments with contiguous non conserved wstbigger than 8 were rejected
- minimum number of sequences for a flank positRB%o.

The phylogenetic tree was reconstructed using twemum likelihood method implemented
in the PhyML program (v3.1/3.0 aLRT). The HKY85 stitution model was selected
assuming an estimated proportion of invariant qit¢<.538) and 4 gamma-distributed rate
categories to account for rate heterogeneity acsdes. The gamma shape parameter was
estimated directly from the data (gamma=91.589)iaBity for internal branch was assessed
using the aLRT test (SH-Like). Graphical represeoaand edition of the phylogenetic tree

were performed with TreeDyn (v198.83. %

RESULTS

Microbiological results

From October 2013 to July 2016, 547 hot water samplere analyzed for detection and
enumeration oEegionellaspp.. All samples were subjected to analysis iyi@method that
has identified 205 positive samples (37%), varipwdiktributed in three buildings: 142 in
Building 1 (58%), 36 in Building 2 (18%) and 27 Building 3 (26%) for the entire period of
study. In Table 1 we show the results obtainednduthree periodsperiod 1, period 2and
period 3,each of them characterized by a different approadlerm of disinfectant dosage,
implementation of buildings (e.g. area, changesitended use,) and introduction of specific
control measures (shock treatment).

In particular Table 1 shows a gradual decline ettlend of contamination in three periods in
the buildings 1 and 3: in Building 1 the percentag@ositive samples has a reduction from
64% to 56%; in Building 3 the percentage of positsamples has a reduction from 60% to

16%. Building 2 is an exception because after fisitally significant reduction between
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period 1 and period 2 (data show in previous papier)s observed an increase of

contamination in period 3, also from microorganistnat never have been found (elg.

anisg.
PER110D lzgflllt];;,: PERIOD 2 l;g:gr: PERSIOD l;gfrlltl;;,: Total I;Eitt?;l’:
(%) (%) (%) (%)
Building | 55 ( hos ) 141 (532%) 78 (5‘&,) 244 (51;?/0)
Building | g (53/0) 108 (7*3 ) 69 (ZEE e | 200 (1?;;;/0 )
Bui13ding 5 ” g%) 47 (31‘3/0) 51 @ 68% y | 103 (Zii/o )
Total 53 ( o ) 296 (31 ;’;)) 198 (361%/0) 547 (3270(;))

Table 1. Number of samples analyzed during study periodsiliged in each building.

Legionella serotyping and genotyping results

According to the standard method (ISO 11731: 12@3¢ast three representative colonies of
each colonial type of subculture were confirmed dgglutination test and identifiet.
pneumophilaserogroup 1 (SG1) in 123 samples (60%) langbeciesn 82 samples (40%).

SBT analysis performed on 205 positive samplesgaedi at 123 environmental isolates,

identified asL. pneumophila&SG1 by serotyping, two different STs: ST 1 and18% (Table
2).
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Number of

Number of
Number of L. spp. L. spp. L. spp. L :
e . g . Spp. isolates
samples positive serotyping  genotyping ,
typing
samples
L. ST1
pneumophila and/or 123 (60%)
Serogroupl ST 104
MCH 547 205 (37%)
L. anisa
L. species and/or 82 (40)

L. rubrilucens

Table 2. Serotyping and genotyping results ofLegionellastrains.

The SBT protocol was not applicable bnspeciessolates. The experiments performed on
these isolates showed as only some of the spegefies of SBT panel have been amplified.
The figure 2 show, in section A, two isolateslofrubrilucensandL. anisafrom the same
sample (S13) with an non-specific bands that didpeomit to perform sequencing and alleles
assignment.

In section B of figure 2, two isolates belongingLtanisg from different samples (S17 and
S4), showed a good amplification only fimip gene with non-specificity bands for other 6

genes.
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a a
Ladder Ladder Ladder

50 bp 50 bp 5&
- S13 L. rubrilucens - S13 L. anisa

Ea Ladder
Ladder 50 bp
50 bp

S17 L. anisa S4 L. anisa

Figure 2. Application of SBTprotocol ori.speciesstrains: section A.. rubrilucens — L.anisa section BL.
anisa

Mip amplification of L.species

As described in literature and in EWGLI guidelitfeshe identification of.. speciedas been
performed bymip gene sequencing.

The mip gene sequencing identified innler speciesL. anisaandL. rubrilucens in 82/205
(40%) of Legionellapositive samples, differentiating 7 (9%) rubrilucensand 75 (91%]..
anisa,both variously distributed in three buildings witte exception of the Building 2 where
was isolated only.. anisa Only 2 samples (S13 and S16, located in Buildinghowed the
simultaneous presence of both species.

Table 3 shows the results loégionellagenotyping of the isolates. In particular, it mspible
to observe the distribution of strains in threeldiogs with the percentages of positive

samples in three periods of study.
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PERIOD 1 PERIOD 2 PERIOD 3 TOTAL
Positive Positive Positive Positive
SEROPTYPE sample SEROPTYPE sample SEROPTYPE sample SEROPTYPE sample
(%) (%) (%) (%)
L. L. L. L.
6/16 41/82 25/44 72/142
pneumophila pneumophila pneumophila pneumophila
(38%) (50%) (58%) (51%)
SG1 SG1 SG1 SG1
Building
9/16 40/82 16/44 65/142
1 L. anisa L. anisa L. anisa L. anisa
(56%) (48%) (36%) (45%)
1/16 1/82 3/44 5/142
L. rubrilucens L. rubrilucens L. rubrilucens L. rubrilucens
(6%) (2%) (6%) (3%)
L. L. L. L.
10/13 8/8 14/15 32/36
pneumophila pneumophila pneumophila pneumophila
(77%) (100%) (93%) (89%)
Building SG1 SG1 SG1 SG1
2 3/13 1/15 4/36
L. anisa L. anisa / L. anisa L. anisa
(23%) (7%) (11%)
L. rubrilucens / L. rubrilucens / L. rubrilucens /| L. rubrilucens /
L. L. L. L.
3/3 14/16 2/8 19/27
pneumophila pneumophila pneumophila pneumophila
(100%) (87%) (25%) (70%)
SG1 SG1 SG1 SG1
Building
6/8 6/27
3 L. anisa / L. anisa / L. anisa L. anisa
(75%) (23%)
2/16 2/27
L. rubrilucens / L. rubrilucens L. rubrilucens / L. rubrilucens
(13%) (7%)

Table 3. Results of phenotypic identification and the petaga of positive samples in each building, in the
three study period.

As concerning the geographic distributionL@gionellastrains into each building, these data

were presented in Figure 3.
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Building 1 ] Period 1
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Percentage of strains /positive samples

Figure 3. Legionellaspp. distribution in three buildings during studgripds

The data displayed as throughout all the studyodeki. pneumophile&SG1 (ST1-ST104) was
the mostly found species in the hospital netwothke @nalysis of strains distributions in each
buildings vs periods displayed a cross contaminatian pneumophila, L. anisand L.
rubriluceng in Building 1, that is constant for all periodgith a change only about level of
concentrations.

The Building 2 shows a contamination by a mixturd.opneumophilA.. anisain period 1
and period 3, by contrast in period 2 the contatironabyL. anisadisappear.

The Building 3 was the building with more changeserms of dynamic of colonization, with
the presence df. pneumophilan period 1 and its gradual decrease in plade. ofibrilucens
andL. anisarespectively in period 2 and 3.

In Table 4 to 10 we show the distribution of isetafor each sampling point in three study

periods.
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PERIOD 1

Floor -1

Hot water return line Building 3

Hot water return line Building 2

Building 3 + 2

PERIOD 2

Floor -1

'u]u}

B e I
1y
(

Building 3 =+ 2

PERIOD 3

Floor -1

f

S——
u
(
1

Building 3 + 2

Table 4. Distribution of isolates in floor -1
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PERIOD 1

Floor 0

Building 3 + 2

PERIOD 2

Floor O

PERIOD 3

Floor O

L pocumopnilc SG1 [ST1)

e e e e

Building 1

Bulldlng 3+2

Table 5. Distribution of isolates in floor 0
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PERIOD 1

Floor 1

Building 3 + 2

PERIOD 2

Floor 1

Building 3 + 2

PERIOD 3

Floor 1

Building 3 = 2

Table 6. Distribution of isolates in floor 1
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PERIOD 1

Floor 2
Building]& %
Building 3 + 2
PERIOD 2
Floor 2
PERIOD 3
Floor 2

Table 7. Distribution of isolates in floor 2
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PERIOD 1

Floor 3

PERIOD 2

Floor 3

Building 3 « 2

PERIOD 3

Floor 3

ERasitctivngs B - 2>

Table 8. Distribution of isolates in floor 3
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PERIOD 1

Floor 4

Building 3 + 2

PERIOD 2
Floor 4
=
B S o
-3
iasd Dmd )\ Lpncumopnilc SG1 [ST10%)
Tt omin
. -,
FI o TR G
“'“"""'L?ﬁ“ﬂﬂ‘é’l.t:ﬂ > T —
Building 1& %
: R Building 3 + 2
PERIOD 3
Floor 4

: .ri* T /j>.' ;'.- . 7 e
g LLiupjes 2 T
[F—L Lingyery o Building 1& %

Building 3 = 2

Table 9. Distribution of isolates in floor 4
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Table 10. Distribution of isolates in floor 5
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Relationship between isolates - Phylogenetic analysis

Phylogenetic analysis was performed only on straphsL. speciesidentified by the
amplification ofmip gene. (. rubrilucensandL. anisg. The results obtained determined the
creation of a tree in which the two groups formuster for each species, as shown in Figure

4.

0 S13_L._rubriluce_b
0 _I S13_L. rubriluce_a
0 S16_L._rubrilucens
S8 L.rubrilucens
1 S13_L.rubrilucens
S15_L.rubrilucens
S12 L. anisa
1 S11_L. anisa
S51_L._anisa
0 S54 L. _anisa
g S40 L. anisa
0 S41 L. anisa
0 S4 L._ani_a
0 S17_L._anisa
g S13 L. anisa
0 S16_L. anisa
9 S16_L.anisa
0 S17_L.anisa
S4 L. ani b
0 SO _L._anisa
S31 L. anisa

Figure 4. Phylogenetic tree df. species

The strains subjected to SBT. (pneumophila resulting with ST identical have the same
profile allelic for each of the 7 genes, with the0% homology percentages. Therefore,

phylogenetic analysis would not provide useful imiation regarding their correlation.
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DISCUSSION

Our previous study (concerning the effectiveness afew hot water disinfection method
based on hydrogen peroxide + silver salts (WTP8R&3, suggested the possibility to study
the contamination of hospital network through aajgpical approach. We tried to associate
the culture standard method with genotyping tealsg obtaining innovative and interesting
results especially as regards the analysis of enwiental risk.

The culture analysis is still considered the gaéhdard for the enumeration of environmental
Legionellg although only a presumptive method and it hagrsgwdrawbacks including long
incubation and poor sensitivity, causing delays re@sponse times to outbreaks of
Legionnaires’ disease. Furthermore, it is unabledétect viable but nonculturable cells
(VBNC) # and the discrepant results between culture methddPCR are most pronounced
for Legionellanon-pneumophila®

The ability of public health organisms to respoagidly to an outbreak of LD is thus delayed
due to the time required for culture. The microbgital aspect of an epidemiological
investigation is to seek evidence linking the sewtthe outbreak to the cases, by comparing
Legionella isolates from environmental samples with those fraatients. Accurate
discrimination among_egionella isolates is important in order to identify caseshwa
common source of infection and the transmissioriewof the microorganism. Then, faster
guantification methods are required for both pubkalth and routine sampling.

This study is focused on a new approach on enviemah monitoring in a hospital of our
region, for its peculiarity organization in thregildings.

The areas, the intended use and different watersuwoption, influenced the water

characteristics in term of physical-chemical parrse (data show in previous paper) and
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microbiological contaminations. The introductionaohew disinfectant (WTP 828) permitted
to control the level and type of contaminationefation to disinfectant dosage.

Our data shown as the numbers of positive samplesg study period changed in each
building with differences irLegionellacolonization. These results are linked to the gean
performed during the whole study period as an mmeeof samples collected: from 53
samples analyzed in period 1 to 296 in period 218&lin period 3.

The different numbers of samples can be explaingd the different time of WTP828
introduction in three buildings; in period 2 it wasalyzed the highest number of samples
(296) as a result of the conclusion of accommodatiorks and the completion of the final
structures of Buildings 1 and 3 and the elaboratbma new risk assessment plan and the
extension of monitoring activity.

At the same time, we observed a gradual declitleartirend of contamination in three periods
in the Buildings 1 and 3, with exception of Buildig.

These results could be explained with the failufeimplementation and maintenance
procedures other than structural changes (for eleaamnorks of accommodation and
reorganization) carried out without adequate inseeaf the building disinfectant level that
about our experience are essential to contain migemism growth.

Regarding thd_egionellatyping, our results confirmed the trend found mejous paper
focused on the evaluation of WTP828 effectivensisggesting that the Building 1 is the most
contaminated respect to others, showing a crosmtamination byL. pneumophilaandL.
speciedlistributed heterogeneously in the building.

Our results showed that all strairls. pneumophilaSG1 ST1 and ST104, anisaandL.
rubriluceng are conserved and casually distributed in threklings, with a prevalence &f

pneumophiléSGL1 in all positive samples.
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The main reason for typing. pneumophilas to help identify environmental sources giving
rise to cases of legionellosis. This allows contr@asures to be implemented and further
cases to be prevented in a timely manner. Furthermiyping methods, in particular
sequence-based typing allow to infer the populastrncture ofL. pneumophilato study
genetic diversity and clonal expansion and to uiadterlong-term epidemiological analyses
of microbial populations®*

We conducted sequence-based typing (SBT) analysislarge set df. pneumophilasolates

(n = 205) to investigate the sequence types (Sisgjllition in order to identify dominant ST
and to design a map of ris&BT protocol permit to identify inside. pneumophilaSG1
isolates two STs — ST 1 e ST 104 — casually caiémtan the hospital. The 100% of
homology in 7 genes allelic profile did not pernit elaborate phylogenetic correlation
between strains; it would be interesting the ajppilon of new DNA sequencing technique, as
NGS approach, to evaluate differences in straih@ngeng to the same ST but it can present a
different pathogenic patterns.

SBT protocol fails orl. speciesdentification, suggesting the importance to depeh new
protocol for them and the role that a similar apgtocould have when agglutination test for
somespeciegyive false negative results.

The 16S rDNA ananip gene sequencing remain a valid alternative toectlyr identify theL.
speciessolates and different protocols were developititp Wwigh discriminatory power:' 32
The 16S rDNA gene is the most widely used molecoiarkers for phylogenetic studies of
bacteria in generaf, although its use ihegionellafields has been widely discussed for its
low heterogeneity and its presence in multiple esf ribosomal operons. Different study
showed as the sequencing of the 16S rDNA gavefaetsy results for identification of
Legionellg ** with a power of discrimination excellent at thexgs level, but not high enough

at the species level. Phylogenetic studies of otfesres (includingnip)®*> were gradually
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introduced for their greater capacity than the tBSA of discriminatingLegionellaat the
species level*® Themip gene sequence has been extensively studied in nuslerspecies
and it is extremely useful in typing study for geesence in a single copy and its difference
from one species to another, that give a uniquatifiigation. Due to the above mentioned
considerations in this study we usai gene sequencing.

The amplification ofmip gene revealed a simultaneous presence of tworelffespecies of
environmentalegionellae: L. anisaandL. rubrilucens both of them presents in Buildings 1
and 3, by contrast only. anisawas found in Building 2.

The amplified region omfmip is not as polymorphic to allow to say that theubrilucensor L.
anisaare different from each other because the cutoofistablish the diversity is determined
by EWGLI and the % of homology is 97%. The sequengkL. specieshave undergone
phylogenetic analysis, confirming the presencewvof clusters , one formed lhy rubrilucens
and one consisting @f. anisa These results confirm the diversity of the tywedes as far as
themip gene and may be partially related to the degrgmtifogenicity of two strains, indeed
L. anisa is often connected to human disead® while the scientific literature and
epidemiological investigation did not report dab@at cases associatedLtorubrilucens

Our data did not reveal a significant associati@tween Legionella colonization in all
buildings and specific STs but we observed a cingnigi dynamic of contamination not only
in terms of positive samples and levell&gionellaconcentration, but also about the switch
between strains.

In particular in relation to study period, when 8teck treatment was performed — especially
during period 2 - we observed a decreasé.gbneumophilastrains and an increase lof
species.These observations might suggest as in environmetér network there is a
competition between the strain, and one, é.g.pneumophilaprevails onL. species

suggesting a likely mechanism of resistance deeeldyyL. speciedo disinfectants.
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The approach used in this study is innovative fritra point of view of environmental
monitoring inasmuch the legislation requires to lenpent the corrective measure based on
levels of contamination and type of risk. The reswhow as a disinfection treatment can
select some species in a water distribution systesn;clearly observed that whdn
pneumophilathe species most abundant in water environméngsking down after shock
treatment, thé&. speciesan found the absence of competition to growth.

During culture period, when the samples presenigh bh. pneumophilacontaminations in
term of cfu/L, often was not possible to estimatel @numeratd.. speciespresence that
usually growth at 7-10 day of culture. This isswelld be underestimated the real risk of
Legionellainfection.

We want underline as the reference laboratoriesopeed serological identification as
routinely approach and genotyping approach was rtedceEn only in presence of one case or
during epidemic events. The serological definitafn_egionellahas a limit of differentiate
only betweerL. pneumophilaserogroups ok. speciesinformation that did not give support
to study a dynamic of colonization and microbialvealsity especially in presence of
disinfection treatment. The knowledge of strains balp the Health authority, the engineers
and technical staff to undertake the correct messto perform the preventive control of

Legionellacontamination.

CONCLUSION

The study of environmental samples is essentiaéxplore the population structure and
genetic diversity of the species that could hegedhidemiological investigations.
Our study confirms the role of SBT technique todgttihe distribution ofL.. pneumophila

strains also in environmental monitoring in order dstablish the epidemic sources of
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infection to plan a long term prevention strate@lie develop of similar strategies for the
standardized identification and typing of speciéd @gionellanonpneumophilawhich are
less known and associated with human diseases fithire goal.

The gap between clinical samples and environmertdatrols often determine a delay in
diagnosis and confirmation of cases and this reptea failure of the quickly adoption of
intervention strategies. The opportunity to havgeaotypic map of environmental isolates
could help to early undertake epidemiological irtigggion and correlate strains mutations in
response to the disinfection treatment.

The increase of the disinfectant dosage is notwtegreventive approach because the water
distribution systems do not tolerate long-term ghiweatments and this type of intervention,
in the long term, might compromise the quality loé twater supplied, damage the network
and the human health. Effective long-term contrfoLegionellacontamination depends on
the rigorous adherence to the control measureshiegeith engineering modifications to the
existing water systems as well as improvements amitaring controls, knowledge of the
distribution of microbiological genetic correlatiobetween the isolates, a correct risk
assessment plan and a continuous staff training.

The strategy to be followed for public health, émsts containment and energy saving is to
identify the correct disinfection treatment and ayes in relation to the strains presence, its

resistance to the treatment and their pathogeriacteristics.
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CHAPTER 4
Effect of Monochloramine Treatment on Colonization of a Hospital Water Distribution

System by Legionella spp.: A 1 Year Experience Study
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ABSTRACT: Contamination of hot water distribution systems
by Legionella represents a great challenge due to difficulties
associated with inactivating microorganisms, preserving the water
characteristics. The aim of this study was to examine over the
course of 1 year in 11 fixed sites, the impact of monochloramine
disinfection on Legionella, heterotrophic bacteria (36 °C), Monechirammine (NH,C) devce and instlaton

Pseudomonas aeruginosa contamination, and chemical parameters P

of a plumbing system in an Italian hospital. Three days after o p
installation (T0), in the presence of monochloramine concen- - I I . [

~ &
tration between 1.5 and 2 mg/L, 10/11 sites (91%) were - .
contaminated by L. pneumophila serogroups 3 and 10. After these Samplingpoints: TO-TLT2TITA e
results, the disinfectant dosage was increased to between 6 and 10 ol
2 months postinstallation (T2) until 6 months later (T3). One
year later (T4), there was a significant reduction (p = 0.0002) at
heterotrophic bacteria (36 °C) in 6/11 (55%) sites at T4 (p = 0.0004), by contrast the contamination of P. aeruginosa found at
TO in two sites persisted up until T4. The results of the present study show that monochloramine is a promising disinfectant that

mg/L, reducing the level of Legionella by three logarithmic unit by . H C d
[ <

8/11 (73%) sites. Our data showed also a significant reduction of

can prevent Legionella contamination of hospital water supplies.

logeta/t

. contamination reduction

B INTRODUCTION

(LD), a severe form of pneumonia, or Pontiac fever, a self-
limiting flu-like illness.”

Legionella spp. are ubiquitous Gram-negative bacteria found in
natural and artificial aquatic environments."”> When Legionella
colonize the water distribution systems of hospitals and health
care facilities it increases the risk of legionellosis, particularly for
immunocompromised individuals.® Legionella grow optimally at
35 °C (range 25—42 °C). They grow particularly well in the
biofilm covering the inside of water pipes and tanks."* Several
factors affect the survival of the microorganism in man-made
systems, including temperature, pipe material, nutrient levels,
and hydraulic conditions.’ Legionella can then spread via
aerosols created by artificial environments such as cooling
towers, water boilers, whirlpools and spas, drinking water
distribution networks, showerheads, instruments used for
respiratory and dental treatments, and humidifiers.””®

When a susceptible host inhales aerosolized Legionella-
containing water particles (less than 5 ym in size),” they may
suffer one of two clinical syndromes: Legionnaires’ disease

<7 ACS Publications  ©2015 American Chemical Society 4551
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Fortunately, LD does not appear to be transmitted from
person to person. To date, 58 species of Legionella have been
described (http://www.bacterio.net/legionellahtml), with Le-
gionella pneumophila (Lp) serogroup 1 (SG1) being the species
most frequently isolated from infected humans.'’

The National Institute of Health (ISS) in Italy began
epidemiological surveillance for legionellosis in 1983 and
registered an increase in the number of LD cases between
1990 and 2012 due to better data collection procedures and
improved detection rates.""

In 2012, the ISS was notified of 1350 new LD cases, of which
72 (5.3%) were hospital-acquired infections, 137 (10.1%) were
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Table 1. Structural and Functional Characteristics of the Study Hospital

water

presence temperature at residual Source

number  building of water- the sampling  monochl at  hardness frequency  for hot

year of year of  number of area plumbing softening points the sampling points  of water  of use of water

construction renovation of floors  patients (m?) materials system (range, °C) (range, mg/L) atinput  distal sites  heater
1950 1985 2 100 85 zing, polypropy- yes 20.1-514 0.15-3.34 15 °F  daily/ 2 electric
1995 lene, multilayer weekly tanks in

polyethylene parallel
travel-associated, 42 (3.1%) occurred at daycare centers, and 22 particular characteristics of the water glumbing system and both

1

(1.6%) were associated with other risk factors. In all cases, the
causative agent was L. pneumophila.'" Unlike for other bacterial
diseases of the respiratory system, there are currently no
community-based measures (such as vaccination) that can
protect against infection by Legionella spp. Therefore,
maintaining control of aquatic environments is vitally
important.

Contamination of hot water distribution systems is the most
important risk factor for legionellosis. In addition, the risk of
colonization is related to the age of the building, the complexity
of the water system, and the type of hot water heater used."
Therefore, the best way to prevent infection is to design
appropriate water networks and reduce the risk of Legionella
contamination by applying appropriate control measures.

Several studies show that Legionella colonize the water
systems of 60—80% of hospitals and that, once the bacteria
have colonized a water system, they are almost impossible to
eradicate."*'* Therefore, it is important to implement strict
controls and prevent microbial regrowth'> through appropriate
water disinfection protocols, while at the same time maintaining
the microbiological and chemical characteristics of the source
water.

One of the most popular measures used to prevent
colonization of water distribution systems focuses on increasing
the temperature of the hot water supply alor}sg with the
supplemental chlorination of drinking water.'® The first
documented method of water disinfection, the “superheat-
and-flush” method, dates back to 1983 and involves raising the
water temperature to 77 °C for 72 h.'” Chlorine is the most
common disinfectant added to drinking water, and it is the
primary disinfectant of choice for the majority of water
treatment plants.'® The ability of a disinfectant to oxidize or
rupture the bacterial cell wall and to diffuse into the cell
(thereby interfering with cellular metabolism) is the primary
factor that determines disinfection efficiency.

During the 30 years since the introduction of superheat
treatment, other methods such as hyper chlorination, ultraviolet
light, ozone, copper—silver ionization, chlorine dioxide, point-
of-use filters, and monochloramine have all been tested.”
Although these measures may be effective at controlling the
growth of Legionella spp. in drinking water systems, high water
temperatures are associated with a risk of scalding, and
supplemental chlorination may hasten corrosion and cause
leaks in plumbing systems.'® Moreover, disinfection byproducts
(DBPs) pose a chronic and long-term risk to public health.
Therefore, the optimal disinfection treatment should maximize
protection against microbes while minimizing the levels of
DBPs.

To date, no study has examined the long-term efficiency of
“alternative” methods of controlling and eradicating Legionella
spp. from hospital water systems. *° Additionally, no stand-
ardized strategy has been proven to prevent community-
acquired LD. Any such strategy should take into account the
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the type and level of contamination.

A recent and novel approach to water treatment is based on
the use of chloramines, which appear to be more stable than
free chlorine and are more effective at controlling bacterial
regrowth because they have a long residence time on the water
distribution system.**”*°

The reaction between ammonia and hypochlorous acid (NH;
+ HOCI) produces monochloramine (NH,Cl) and H,O. Even
though little is known about the mechanism by which
monochloramine kills bacterial cells, some studies suggest
that disinfection of water systems with monochloramine may
protect against outbreaks of hospital-acquired LD.>

Laboratory studies show that monochloramine inactivates
bacterial cells by interacting with the cell envelope and creating
DNA damage.” Indeed, monochloramine appears to inhibit
bacterial transport, respiration, and substrate dehydrogen-
ation.”” The biofilm normally present in plumbing systems
may protect Legionella and other bacteria from the action of
disinfectants; however, some studies”*® show that monochlor-
amine can penetrate biofilms,** > thereby affecting the
biological niche occupied by Legionella spp. (e.g., sessile
Legicmella).33

Berry et al. suggest that microbial diversity could influence
both the effectiveness of disinfection and pathogen survival in
drinking water distribution systems.>* Their conclusions were
based on the results of various studies, which show that
microbial diversity is affected by the disinfection strategy;‘xs'36
however, the impact of biocides on the diversity and dynamics
of a particular species is not well documented.

Therefore, the aim of the present study was to examine the
impact of monochloramine on Legionella spp., heterotrophic
bacteria, and P. aeruginosa in the plumbing system of a hospital
in Emilia Romagna Region, Italy, after the removal of the
previous disinfection system, which was based on a CIO,
bioreactor.

B MATERIALS AND METHODS

Hospital Characteristics and Monochloramine Treat-
ment. The hospital in Emilia Romagna Region was built in the
1950s and subsequently restructured in 1985 and 1995. The
structure spans two floors, with a total area of 8500 m”. Two
electric heaters run in parallel to generate hot water, and cold
water flows through a water softening system. The building
characteristics are listed in Table 1. The monochloramine
disinfectant device was installed in July 2012 by Itaca s.rl. and
continuously produces and dispenses monochloramine. Batches
of monochloramine (0.1% w/v) are produced and injected into
the hot water return line (at about 1.5—2 mg/L) to maintain
the residual concentration at distal outlets within 0.15—0.50
mg/L. The dose is proportional and based on the volume of the
cold water supply compared with that of the hot water system.
The residual monochloramine levels and water temperatures
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Table 2. Temperature Values and Residual Disinfectant Levels at Critical Sampling Points

sampling mean temperature °C
points site (TO-T1-T2-T3-T4/site)
1 hot tap water output 52
2 hot water return line 452
3 medical office 45.8
(washbasin)
4 room, diagnostics 48.7
(washbasin)
S public we 444
(washbasin)
6 changing room 43.3
(washbasin)
7 hospital room 48.5
(shower)
8 hospital room 474
(washbasin)
9 hospital room 49.7
(washbasin)
10 room, nurses 357
(washbasin)
11 hospital room 379
(shower)
45.3

mean temperature
o

mean NH,CI
residue (mg/L)

residual NH,Cl levels during monitoring

mean NH,Cl

TO T1 T2 T3 T4  residue level/site (mg/L)
0.43 043 248 321 213 1.74
0.44 042 2.96 334 243 1.92
0.44 044 222 215 205 146
0.45 045 231 225 1.92 1.48
0.47 047 2.36 240 275 1.69
0.50 0.50 2.94 281 3.14 1.98
0.40 033 3.01 2.56 283 1.83
0.34 039 2.40 239 2.50 1.60
0.45 041 2.76 241 271 1.75
0.15 0.18 232 231 242 1.48
0.15 020 2.70 273 2.53 1.66
0.38 0.38 2.59 2.60 249

Table 3. Physicochemical Parametres (Mean Values) at All Critical Sampling Points Mesured during the Test Period

paremeter UM mean value sampling points/test period uncertainty method

hydrazine mg/L <0.1 MIL24.4.12 LEBSC

trihalomethanes mg/L <0.1 MI1.24.4.12 LEBSC

ketones mg/L <0.1 ML24.4.12 LEBSC

pH 733 APAT CNR IRSA 2060 A Man 29 2003
conductivity US/cm 970 +0.01 APAT CNR IRSA 2030 A Man 29 2003
ammonia nitrogen (NH_,') mg N/L 0.35 +0.1 APAT CNR IRSA 4030 Man 29 2003
nitrous nitrogen (NO,") mg N/L 1.8 +0.1 APAT CNR IRSA 4050 Man 29 2003
nitrate nitrogen (NO;") mg N/L <0.01 APAT CNR IRSA 4040 Man 29 2003
chloride mg CI"/L 8.8 +0.1 APAT CNR IRSA 4020 Man 29 2003

measured at each site during the study period are shown in
Table 2.

Water Sample Collection. Hot water was run for 2 min
and samples collected in accordance with a risk assessment plan
set up by the Local Health Authority. A total of 55 samples
were collected at five different time points from July 2012 to
July 2013: TO (3 days after monochloramine device
installation), T1 (1S days after installation), T2 (2 months
after installation), T3 (6 months after installation), and T4 (1
year after installation).

“Sentinel sites” were defined as proximal or distal sites
located in different areas of the hospital in which washbasins
and showerheads were used daily (or at least once per week).
Such sites included offices, consulting and diagnostic rooms,
locker rooms, and patients’ rooms. In particular, hot water
samples were collected from hot tap water output and hot
water return line points, while other samples were taken from
points at different distances from the heater room (two
showerheads and seven washbasin faucets) (Table 2).

To detect Legionella contamination, 2 L of water were
collected in two sterile 1 L glass bottles containing 10% sodium
thiosulfate (1 mL/1) (to neutralize any residual disinfectant). At
the same time, another 1 L sample was taken to monitor the
physicochemical properties of the water. Microbiological
samples were refrigerated, protected from heat and sunlight
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during transport to the laboratory, and analyzed within 3 h of
collection.

Physical and Chemical Analyses. During the test period,
the following parameters were recorded at each sampling point:
temperature, pH, and residual monochloramine levels (meas-
ured with a Hach photometer; Hach method 10172).
Hydrazine, trihalomethanes, aldehydes, ketones, electrical
conductivity, and secondary products of monochloramine
reduction. DBP were measured by ion-exchange chromatog-
raphy (APAT CNR IRSA 2060/2030/4030/4020/4040/4050
Man 29 2003)* (Table 3).

Microbiological Analysis. All water samples were
examined for total heterotrophic bacteria (36 °C), P. aeruginosa
and Legionella spp. Total heterotrophic bacteria were isolated
using the standard plate method (culture on Tryptic glucose
yeast agar; Biolife, Milan, Italy) according to UNI EN ISO
6222:2001,%” and the results expressed as log;, colony forming
units (cfu) per milliliter of water (log;o cfu/mL).

P. aeruginosa, which is a strong competitor of Legionella spp.
in drinking water,*® was isolated using the standard Membrane
Filter Technique (filters cultured on Pseudomonas selective
agar; Biolife, Milan, Italy) according to UNI EN ISO
16266:2008,* and the results expressed as log,o cfu/100 mL.
Colonies growing on selective agar were subcultured and
identified using a Crystal Enteric/Non-Fermenter ID kit
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(Crystal E/NF; Becton Dickinson, Cockeysville, MD) accord-
ing to the manufacturer’s instructions.*

Legionella was isolated by culture according to ISO 11731-
1998*" as previously described.**** Isolates were identified on
the basis of culture (lack of growth on CYE agar and blood
agar), biochemical (fluorescence, oxidase activity, catalase
activity, the ability to hydrolyze hippurate, and f-lactamase
activity), and serological characteristics (Legionella latex test kit;
Oxoid, Basingstoke, UK). Serogroups were also identified by
agglutination tests using commercial antisera (Polyclonal latex
reagents; Biolife, Milan Italy). The results were expressed as
log;o cfu/L.

Hospital Legionnaires Disease Surveillance. Through-
out the whole period of monitoring, the hospital object of our
study performed actively a Legionellosis surveillance. In
presence of symptoms of acute infection of the lower airways
with clinical and/or radiological signs of focal pneumonia the
preliminary diagnosis is routinely confirmed by an urine antigen
test (Legionella Urine Antigen EIA, Biotest, Italy) and the
serological immunofluorescence test (L. pneumophila IFA,
Meridian Diagnostic, Europe).

Statistical Analysis. Bacteriological data were converted
into log;o(x + 1) values to normalize non-normal distributions.
The results were then analyzed using Student’s ¢ test (Stata 10
Data Analysis and Statistical Software; StataCorp LP, Texas,
USA). Any p values <0.05 were considered significant.

M RESULTS

Physical and Chemical Analyses. The results of the
physical and chemical analyses are shown in Table 3. The data
are expressed as mean concentrations at each sampling point at
different times during the test period. Introducing monochlor-
amine into the hospital hot water circuit did not change the
water temperature, pH, or conductivity. Also, no DBPs were
detected in cold water samples (according to Italian regulations
related to drinking water, D. Lgs 31/ 2001).%

Microbiological Analysis. We compared the levels of
contamination in the hot water line at TO and T4 and also
monitored the mean levels of contamination at T1, T2, and T3.
Figure 1 shows the results for Legionella during the test period.

e 80 T1T2T2

—————Td

log10 (cfu/t)

Maonitaring points

Figure 1. Legionella spp.levels at the 11 selected sites.

At TO, when the residual monochloramine level at distal outlets
was 0.15—0.50 mg/L, only the hot tap water output (site 1) was
free of contamination. Indeed, this site remained free of
Legionella throughout the study period.

Regarding the other test sites, the majority of points in the
water distribution system (10/11; 91%) were contaminated
with L. pneumophila (serogroups 3 and 10) at concentrations
between 1.72 and 3.97 log;, cfu/L. The highest level (3.97 log,o
cfu/L) was measured in a hot water return line (point 2). The
concentration of Legionella temporarily increased at all sites
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(range 1.90—4.00 log,, cfu/L) at 15 days postdevice installation
(T1). After examining the results from the first sampling phase
(T0-T1), we decided (in accordance with the Local Heath
Authority) to increase the concentration of the disinfectant to
between 6 and 10 mg/L.

The concentrations of ammonia and DBPs at distal outlets
remained within the limits suggested by D. Lgs 31/ 2001.%

At T2 (about 2 months after installation of the monochlor-
amine device), the level of Legionella contamination at 64% (7/
11) of the monitoring sites fell below levels detectable by the
assay (<2S cfu/L). The remaining sites showed contamination
levels between 1.70 and 1.88 log,, cfu/L (sampling points S, 8,
and 10); the highest level of contamination (3.30 log,, cfu/L)
was detected at site 11. This trend was repeated at T3 (6
months after installation). We hypothesize that the higher
concentration of disinfectant and the longer residence time
within the system efficiently prevented colonization of all sites
except 10 and 11, which showed contamination levels of 2.88
and 2.18 log,, cfu/L, respectively. Only 2/11 (18%) sites were
contaminated at T4 (1 year after installation). The level of
contamination at this time point was significantly lower than
that at TO (p = 0.0002); however, contamination was detected
at sites 10 and 11 (2.65 and 2.24 log,, cfu/L, respectively)
(Table S1, Supporting Information).

The data for heterotrophic bacteria (36 °C) and P. aeruginosa
showed a different trend. For heterotrophic bacteria at 36 °C
(Figure 2), 100% (11/11) of all sampling points were

5

IS

w

log 10 (ctu/m)

R

|

1 2 3 4 s 6 7 8 9 10 1

Manitoring points

Figure 2. Total heterotrophic bacteria (36 °C) levels at the 11 selected
sites.

contaminated at TO (range, 0.30—4.40 log;, cfu/mL). After
15 days (T1), all points showed an increase in contamination
(range, 0.40—4.60 log,, cfu/mL); however, there was a
reduction in contamination levels at all sites at T2 (range,
0.30—1.72 logo cfu/mL), which persisted at T3. This trend led
to a significant reduction in contamination at T4. There was a
100% reduction in contamination at 6/11 (54%) sites and a
decrease of contamination level at the remaining sites (range
28—73%). Overall, the reduction in contamination level
between TO and T4 was statistically significant at all sites (p
= 0.0004) (Table S2, Supporting Information).

The results for P. aeruginosa (Figure 3) showed yet another
trend. At the beginning of the test period (T0), 18% (2/11) of
sites were contaminated (range, 2.67—4.20 log;, cfu/100 mL);
however, from T1 to T3, we found punctiform contamination
at five different sites (four washbasin faucets and one
showerhead), which only disappeared at T4. Sites 8 and 10
were still contaminated at T4, with values of 3.00 and 3.92
logiocfu/100 mL, respectively) (Table S3, Supporting In-
formation).

Figure 4 and Table S4 (Table S4, Supporting Information)
compare the Legionella data obtained from the present study
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Figure 3. Pseudomonas aeruginosa levels at the 11 selected sites.
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Figure 4. Effect of disinfection treatment (NH,Cl vs ClO,) on
Legionella spp. levels at the 11 selected sites.

(test period) with those during the period when ClO, was used
as the disinfectant. The results clearly show that monochlor-
amine was significantly better than ClO, at reducing Legionella
contamination (p = 0.011).

Hospital Legionnaires Disease Surveillance. No cases
of nosocomial legionellosis have been reported by the Hospital
Infections Committee during the study.

B DISCUSSION

The present study examined the effectiveness of monochlor-
amine at reducing Legionella colonization in a hot water
distribution system over a period of 1 year. The aim was to
understand how monochloramine impacts the ecology of
Legionella and other water-associated pathogens. The object of
the study was an old, large, and complex hospital distribution
system; a typical reservoir for Legionella spp.

Monochloramine has been used as a residual disinfectant in
drinking water since 1916, and several studies show that it has a
better capacity to penetrate biofilms than chlorine.”***

In addition, it kills sessile biofilm bacteria such as Legionella
spp. and Pseudomonas spp.*”** The major benefits of
chloramines are derived from their persistence within the
water distribution system, their tendency not to form
trihalomethanes and other DBPs, and their lack of taste and
odor.”3%46

On the basis of a literature review and our previous data, we
hypothesized that changing the residual disinfectant in a
hospital water plumbing system (from ClO, to monochlor-
amine) might reduce the level of Legionella colonization. Our
data showed that the previous ClO,-based system did control
the level of bacterial contamination because the level of
Legionella increased to 10* cfu/L at only two sites.

The decision by the Local Health Authority to switch to
monochloramine was based on several complex factors, such as
the persistence of colonization at critical points, damage to the
water distribution pipes, and changes in drinking water quality.
It is well documented that ClO, is rapidly converted to chlorite
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and chlorate after reactin§ with organic materials and
corrosion/scale within pipes.”” These byproducts may pose a
health risks for hospitalized individuals.* Therefore, corrosion
of galvanized pipes can lead to the breakdown and loss of ClO,
from the system.*”

The present study (conducted between July 2012 and July
2013) comprised five sampling times (TO to T4) and acquired
55 samples. At the beginning of the experiment (T0), all sites
sampled were contaminated by Legionella spp. (Lp isolate
serogroups 3 and 10). Contamination was particularly high at
site 2 (a hot water return line) and at two distal sites (10 and
11: a washbasin faucet and showerhead, respectively). The only
site free from contamination was the hot tap water output (site
1). These data suggest that the contamination was punctiform
and localized at distal outlets.

Examination of the water system management protocols
revealed that the two heaters were emptied and disinfected
once a year. No contamination of the heater (data not shown)
and hot tap water output was detected during the study period.
These results are in line with data collected during the last
monitoring period performed before the ClO, device was
removed (data not shown).

During the second sampling period (T1), we observed a
significant increase in the levels of all microbiological
parameters, indicating an increase in contamination of the
hospital water network. We hypothesized that this was due to
the fact that monochloramine penetrates the biofilm; therefore,
bacterial colonies would be released into the system, resulting
in an initial increase in the number of colonies detected. This
hypothesis is supported by the fact that an increase in the
disinfectant concentration from a mean of 0.38 mg/L to a mean
of 2.59 mg/L, coupled with an increased residence time within
the system, led to a reduction in Legionella spp. contamination
of up to three logarithmic units at T2 (2 months after
monochloramine installation). This ultimately led to a
significant reduction in bacterial contamination at almost all
sample points examined at T4 (1 year after installation).

The persistence of contamination at critical sites (points 10
and 11) may be attributed to the low temperatures recorded
during the sampling phase (Table 2). A detailed analysis by the
unit manufacturers and plumbers revealed that a washbasin
faucet (site 10) and a showerhead (site 11) were sited in two
rarely used staff rooms. A second inspection of both outlets
revealed that a thermostatic radiator valve (TRV) was not
working; thus low usage and a fall in the water temperature may
have allowed Legionella spp. to multiply. Accordingly, we
recommended that new TRVs be installed to permit an increase
in temperature and that all such utilities should be flushed at
least once per week.

The data relating to heterotrophic bacteria at 36 °C (which
are microbial indicators of water quality) showed that
monochloramine had an important and significant effect on
these species. At T1, we found an increase in the number of
heterotrophic bacteria. Again, these results can be explained by
the penetrative action of monochloramine into biofilms. At T2,
there was a significant reduction in the number of heterotrophic
bacteria at almost all sample points, which persisted until T4.
This suggests that monochloramine may be effective against
microorganisms other than Legionella spp. The data related to
sampling points 10 and 11 are similar to those for Legionella
spp., confirming that the monochloramine disinfection system
stabilized contamination at low levels. Legislation related to
drinking water quality is more tolerant of these micro-
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organisms, which are considered autochthonous components of
water; however, we suggest that the levels of heterotrophic
bacteria are tested once a month as they provide a useful
readout for monitoring changes in water quality.

Again, a different trend was observed for P. aeruginosa, which
it is important to note, is not predicted by classical indicators of
water contamination. Pseudomonadaceae, especially P. aerugino-
sa, are ubiquitous in biofilms; therefore, their presence in water
loops, which are often located at the terminals of water
distribution facilities (e.g., faucets, filters, showerheads, and tap
nozzles), is a public health concern.

Our data showed that at TO, most sites were free of the
microorganism, that the contamination was punctiform, that
this species was not recovered from the hot tap water output or
from hot water return line, and that they were detected at high
levels in only two washbasin faucets. As mentioned above, these
findings may be explained by a fall in temperature and a lack of
adequate cleaning and flushing protocols. To test this idea, we
removed tap nozzles before collecting samples and increased
the flushing time. No contamination was detected after these
measures were taken. Therefore, we suggested that all fitting
outlets be cleaned one per week as follows: tap nozzles or
shower heads should be removed, descaled, and cleaned by
immersion in a descaler followed by a disinfectant solution
(e.g., sodium hypochlorite)."*

The monitoring of P. aeruginosa during the study period
shows that monochloramine was not able to eradicate these
bacteria from all sampling sites in the absence of an adequate
daily or weekly cleaning protocol. Our experience of environ-
mental monitoring also suggests that the simultaneous presence
of P. aeruginosa and Legionella may have affected the growth of
Legionella growth in in vitro culture, leading us to under-
estimate actual Legionella contamination levels. Therefore, these
data suggest that Pseudomonas spp. monitoring has an
important role to play during environmental sampling and
risk assessment.

The present study shows that converting to a monochlor-
amine disinfection system (2—3 mg/L) had a positive impact
on the levels of microbial contamination in a public potable
water system. Therefore, monochloramine disinfection appears
to be a promising approach to reducing colonization by
Legionella spp; however, further investigations are needed to
ascertain both its efficiency over the time and how it affects the
microbiome present in the water system.

The risks of nosocomial Legionella infection of hospitalized
populations are likely to increase as water systems age; thus,
interest in novel water treatment systems will continue to grow.
According to WHO guidelines on Drinking Water Quality,"
hospitals, nursing homes, and other healthcare facilities are
considering high-risk environments, both because of the
complex nature of their drinking water systems and because
of the sensitivity of their occupants. The CDC recommends
that environmental cultures for Legionella spp. should only be
performed if a case of hospital-acquired legionellosis occurs.™
However, experts in the field of waterborne disease and
governmental agencies are considering legislation that will
require healthcare institutions to develop Legionella control
plans that include regular water cultures. By contrast, Italian
and European guidelines and several research studies favor a
preventive approach, indicating that periodic culture of hospital
water samples is as an important strategy for preventing
legionellosis cases and outbreaks.”' >* Finally, we believe that
water monitoring should be performed to test the efficiency of
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disinfection treatments and to prevent the occurrence of LD
cases, thereby saving public money and avoiding legal
problems.

M ASSOCIATED CONTENT

© Supporting Information

Statistical analysis for each microbial contaminant analyzed.
The data are expressed as percentage of decrease in TO vs T4
with relative t-student and p-values. This material is available
free of charge via the Internet at http://pubs.acs.org/.
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CHAPTER 5
Effect of Earthworms and Plants on Efficiency of Vertical Flow Systems Treating

University Wastewater

Stevo Lavrné, Sandra Cristino, Maribel Zapater-Pereyra, Jan &3ah Domenico Cupido,

Giovanni Lucchese, Benedetta Mancini, Maurizio Manc

1. Introduction

Constructed wetlands (CW) are engineered systeatsrtimic processes occurring in natural
wetlands and make use of them in wastewater tredtrhbey are particularly good choice for
small to medium communities (Wu et al, 2013) sitlogir area requirements can be quite
high. What makes them so suitable is that theitscase lower compared to the conventional
wastewater treatment plants (Nivala et al, 2012) #rey can be well integrated into the
environment. Additionally, the staff operating thelmes not need specific training (Li et al,
2011; Nivala et al, 2012; Wu et al, 2013). Evenutifouse of CWs has spread in the past few
decades, and some important advances have been(Madg et al, 2014), they still face
certain difficulties such as clogging and poor @t removal (Babatunde et al, 2008).

Even though CWs can be anaerobic, earthworms hase tound in these kinds of systems
before (Nuengjamnong, 2010) and Chen et al (20tk6¢d that vertical flow CWs (VFCWSs)
can be a viable habitat for these invertebrateghtwarms prefer dark, humid environments,
with abundance of organic matter and presence gpfex (Li et al, 2011). They ingest a
mixture of organic matter and sand, the latter lbaeing a role in breaking organic material
(Li et al, 2011). They also consume microorganigmasent in the soil and due to the
favourable conditions inside the earthworms’ gagse microorganisms rapidly multiply and
are later excreted back to the environment (Le Bagod Milleret, 2009). It has been

established that the addition of earthworms camease plant growth and crop vyields.
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Moreover, due to the formation of channels contgnmore available nutrients than the
surrounding soil they can also increase the roowvtir (Edwards and Bater, 1992).

One of the most common speciesEisenia fetida It is a tough earthworm and in mixed
cultures it usually becomes dominant as it cancoatpete other species (Edwards and Bater,
1992). It lives for 2-10 years in natural condisoor up to 15 years if artificially fed (Wu et
al, 2013). Li et al (2011) have reported that sgpecies lives in the top layer of the CW. It
consumes accumulated organic solids and loosensdhmacted substrate and therefore
increases the air presence in the bed. Earthworenpakilotherm organisms and their body
temperature is highly dependent on the air temperaffemperatures higher or lower than
their optimal range (25-30°C) affect them and caudn cause their death (Arora and Kazmi,
2015). Edwards and Bater (1992) have establishatdthe temperature range tolerated by
Eisenia fetida is 0-35°C, while their maximum grbwdccurs at 30°C and the moisture
content of 85%.

Earthworms have previously been successfully apdiie composting and stabilisation of
organic material (vermicompost) and the final pridaf this process (humic substances)
have a high potential for adsorption of metals (d8aand Arruda, 2003). Moreover, they were
used for sludge dewatering, stabilisation and redagTamis et al, 2011; Chen et al, 2016)
and were reported that can prevent clogging omresalready clogged VFCWs (Li et al,
2011; Nivala et al, 2012). Even though there areesstudies that have examined influence of
earthworms on the different aspects of the CWIltarfoperation (Taylor et al (2003); Li et al
(2011); Nuengjamnong et al (2011); Xu et al (20X2);et al (2013)a; Xu et al (2013)b; Xu et
al (2013)c; Wu et al (2013); Arora and Cazmi (201Ghen et al (2016)), none of them
provided longer term results from an open air syste compared effect of different seasons
in temperate climate. Therefore, objectives of tagearch were to: (1) evaluate the effect that

earthworms and their combination wifhragmites australishave on vertical flow filter
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(VFF) performance during the whole year and thderkht seasons, (2) to compare the
growth of the earthworms in CWs and in the nateralironment and (3) to assess the effect

that these organisms have on the CWs’ substrate.

2. Materialsand methods

2.1. Effect of earthworms and plants on CW efficken

2.1.1. Experimental set-up

The pilot plant used in this research was locatedha Department of Civil, Chemical,
Environmental and Materials Engineering (DICAM)tbe University of Bologna (ltaly). It

consisted of a septic tank, followed by an infloank that provides wastewater for four
vertical flow systems (@ 0.48 m, 0.55m depth): icatt flow filter (VFF), vertical flow

constructed wetland with earthworms (VFCWw), verttitow constructed wetland (VFCW)
and vertical flow filter with earthworms (VFFw). €WFCW effluent was further treated by
two horizontal flow systems: horizontal flow filtdHFF) and horizontal flow constructed

wetland (HFCW) (Figure 1a).

<Figure 1 — Pilot plant during the construction plea)

and water flow in the system)b

The substrate used in all the vertical systems 12asm of gravel at the bottom (@ 0.63-5
cm) covered with 33 cm of sand (@ 2-4 mm). Eacliesyshad two aeration tubes open to the
atmosphere in order to increase concentration gh@x in the substrate, but no artificial

aeration was applied. Water was distributed by medplastic pipes placed on the top of the

substrate. During warm (April-October) period oétiiear systems were receiving 15 L of
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water 3 times a week and the retention time wa$.2€onversely, during cold (October-
April) period of the year they it was 15 L two tima week and retention time of 48 h.

The plants used in the CWBHragmites australjswere taken from the botanical garden of
the University of Bologna and were planted in A@015. At first, the earthworms were
obtained from the area near the pilot plant. Howes#ace July 2016 it was not possible due
to the increased air temperatures, and the earthsvarere purchased in a fishing equipment
shop. They were kept in a mixture of sand and ocgamatter in order to prevent the effect a
sudden change of environment could have on thenfortuimately, it was not possible to
determine the exact species, but the authors leetieat the majority of them wekgisenia
fetida that is usually the dominant species (Edwards Baigr, 1992). Every 3-4 weeks an
average of 3.5 g of the earthworms were addedet& FCWw and VFFw.

2.1.2. Experimental design and analytical methods

The influent and effluents were monitored in theiqgue October 2015-October 2016. They
were analysed for pH by electrometric method, cleamioxygen demand (COD)
spectrophotometrically with COD Vario cuvette kgualytic, Germany) and total suspended
solids (TSS) with gravimetric method. Total nitrog€N) and total phosphorus (TP) were
analysed by digestion by the persulfate methodof@d by measurements of KN
(ultraviolet spectrophotometric screening method)l £Q>-P (vanadomolybdophosphoric
acid colorimetric method), respectively. Finallyffefent ions such as nitrate (NQ nitrite
(NOy), phosphate (P§), chloride (C), bromide (Bp, and sulphate (S£) were analysed
by ion chromatography (DX-120, Dionex Corporatitd§A). These analysis were performed
in the laboratories of DICAM according to methodsnfi APHA (2005) unless stated
otherwise. The microbiological parameteks €oli, Total coliforms andEnterococcuswere
analysed at the Department of Biological, Geoldgiead Environmental Sciences, by

membrane filter technique followed by incubationd aenumeration using Chromogenic
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Coliform Agar forE. coliand Total coliforms (ISO 9308-1, 2014), and Slaridrtley Agar
for EnterococcuglSO 7899-2, 2000).

The plants were harvested at the beginning of sungiffeJune 2016) and at the end of the
experimental period (6October 2016). Their dry weights were measureer aftying for at
least 48 hours at 105°C. Before the second hanggstihe length of above-ground part of
longest plant from both VFCW and VFCWw was measured

The results obtained were compared on the aveeage for the whole experimental period,
and also for the different seasons. The year waslatl in four seasons by the authors
according to the mean daily temperature (TableThg temperatures were recorded by the

DICAM instruments in the vicinity to the pilot plan

<Table 1 — Division of the research period to seaso

2.2. Earthworms growth and effect on CW substrate

2.2.1. Experimental set-up

A separate experiment was conducted in order tesassffect of the earthworms on the
substrate and estimate possibility for them to &wel grow in constructed wetlands. For that,
an earthworm-reactor was installed and it was roomit during the period May-July 2016. It

consisted of three small vertical flow filtersitdt (SVF), filter with earthworms (SVFw) and

a control system that contained soil, organic matel earthworms (SFC). Each of them had
dimensions of 20x25x20 cm. The substrate of theftliers (SVF and SVFw) was the same
as the sand used in the VF systems (J: 2-4 mnoyder to increase organic matter content of
the substrate, it was covered with raw wastewate® fweeks before addition of earthworms.

The water charge schedule was the same as oneeofettiical flow systems, with the
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difference that they received 1 L instead of 15flwastewater at each feeding. The control

system received 1 L of tap water once a week.

2.2.2. Experimental design and analytical methods

The earthworms were taken out three timed' (Way, 7" June, 1% July), counted, weighed
and put back to the filters. The substrate sampkse taken at the beginning and the end of
the experiment (19 May and 14 July) and stored at -20°C for a few weeks. Theyewe
analysed for the organic matter content as losgyoition at 550°C after drying to constant

weight at 80°C (Tanner and Sukias, 1995).

2.3. Data analysis

Differences between the effluents from the fourtesys were tested using SigmaPlot 11
software for each of the parameters analysed. &ke were first checked for normality and
equal variance by using Shapiro-Wilk and Levene isledTest, respectively. If the
assumptions were met, the differences were testedorie-way ANOVA test. If the
assumptions were not met, the values werg liwmgnsformed and tested by one-way ANOVA
in the case that transformation helped to meet alityrassumptions, or Kruskal-Wallis test if

the assumptions could not be met even after tinsftvemation.

3. Results and Discussion

Results obtained after the whole experimental plesie given in Table 2. Influent was high
strength wastewater as it originated at the unitygrand there were no showers or washing
machines that usually dilute domestic wastewatexwéver, it differed a lot throughout the
year depending on the number of people presenihanbtilding. For example, maximum

inflow concentration of COD was 1398 mg bn 9" November 2015, while minimal one was
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474 mg ! on 20" June 2016 when the lectures were over and mardersts were not
coming to the university on a daily basis. SimitafN was in the range 32-119 mg land

E. coli 69000-1028000 UFC 100 riL Seasonal differences were also visible and while
influent TP concentration during the winter was§ L, during the spring it was much

lower and it amounted to 10 mg'L

<insert: Table 2 - Performance of the pilot plantridg the period October 2015-October

2016

Organic matter removal measured through COD and w&sSsimilar in all four systems and
it was never below 65 and 80%, respectively (T&)leEffluent pH values were increased
compared to the influent while both TN and TP realavere in the range 43-50% (Table 2).
Nitrogen removal is on the level given by Vymaza0@7) for VFCWs in different world
countries (45%), while phosphorus removal was lotlvan the one given by the same author
(60%). NQ-N and NQ'-N effluent results show that these ions were hmtbduced or
converted to other compounds during the retentiore.t Overall, it can be said that the
VFCW had the best removal efficiencies regardingneical parameters and VFFw regarding

microbiological ones.

3.1. Effect of earthworms on wastewater treatment

Statistical data analysis showed that the effecthef earthworms was not significantly
important regarding any of the parameters consitléoe both filters and CWSs. Similar

conclusions were also found by Nuengjamnong e2@l1), who conducted a study based on
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the application of earthworms in VFCWSs treating rseviwastewater. However, some
differences existed between the systems contathigg invertebrates and the systems that do
not. For example, if VFF and VFFw on one side, ®ifCW and VFCWw on the other one
are compared, it can be seen that the COD remowal slightly lower in the systems
containing earthworms. That was probably a consezpief the production of organic waste
material as part of the earthworm’s digestive cymlg it might also be connected to the
decomposition of the dead individuals. As mentiopeeliously, earthworms live for 2-10
years but as, to the authors best knowledge, thereno long-term studies that focused on
their growth in CWs, it cannot be said for how ldhgy can live in this kind of systems.

TN removal was somewhat higher in the VFF compévdtie VFFw (Table 2), probably due
to the faster flow through the aerated zone inldtter one. Wu et al (2013) found that the
most earthworms in the VFCW studied were preseftitertop 5 cm of the substrate, and that
their number decreased with the depth. Since akratee is closer to the surface and it is also
living environment for the earthworms, it can begumed that due to their burrows water
flow through that part is faster. Therefore, wastew in the VFFw was exposed to the
oxygen for shorter period of time before reachimpxac zone on the bottom. Similarly,
Taylor et al (2003) found that wastewater oxygemcemtration increased after passing
through the first 10 cm of the filter bed and &tiited it partly to the presence of earthworms
and their casts and burrows. The same differencmatabe seen between VFCW and
VFCWw probably due to the fact that the plants @nafe the substrate much more than the
earthworms.

3.1.1. Effect of earthworms on plant growth

After the first harvesting, dry weights of abovexgnd biomass were 312 g and 426 g for
VFCW and VFCWw, respectively. In the end of the exxpental period, the above-ground

dry biomass and longest plant were 360.5 g andct8@or VFCW and 505.5 g and 151 cm
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for VFCWw. That is in accordance with Xu et al (20lvho found that the introduction of
earthworms into VFCWs improveldis pseudacora growth and increased its dry weight.
Moreover, Xu et al (2013a,b,c) also reported sintésults and stated that it can probably be
attributed to the better substrate for root growththough some authors have found different
results, the majority of experiments conducted his tpurpose have reported positive
correlation between the plant growth and preserfceasthworms (Nuengjamnong et al,
2011). Since the soil that has passed through @nthveorm’s organism has more organic
matter and available nutrients than the soil tihdihat go through this process (Le Bayon and
Milleret, 2009), and given the results obtainedhnyg study, it can be said that the presence of

earthworms in VFCWw has improved the plant growth.

3.2. Effect of plants on wastewater treatment

Similarly to effect of earthworms, no significartasstical difference was found between
planted and unplanted systems. This is in accoedanth Ciria et al (2005) who has also
found similar results and reported that COD and T&8oval occurs mostly due to physical
processes rather than biological ones. As for TRoxal, since it is mainly a result of
adsorption to the substrate (Vymazal, 2007), plasisally do not have any effect on this
process. However, presence of plants improvesgatraemoval in CWs due to the transport
of oxygen from the atmosphere to the root system €éX al, 2013a) and in general can
enhance CWs performance (Kouki et al, 2009).

When results of the two filters and the two CWs@mmpared, it can be seen that the addition
of plants did slightly reduce effluent concentraaf COD and TN (Table 2). Biatowiec et al
(2012) stated that the plants can improve thes@valm by microbial activity and increased
oxygen concentrations. Another reason are the pliweimselves, since for their growth they

consume organic matter and nutrients.
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On the other hand, the two filters had higher reah@f E. coli and Total coliforms than the
CWs (Table 2). That can be explained by the faat the root system presents suitable
environment for the development of different miagamisms and microbial activity
(Bialowiec et al, 2012). Conversely, Ciria et @@8) found better removal of Total coliforms
in planted than in unplanted bed. In this studyaeah of E. coli and Total coliforms was
higher in the VFFw than in the VFF (Table 2) prolgabdue to the predation by the

earthworms or their different excrete that wereamnnfirable to the growth of these pathogens.

3.3. Seasonal differences

No significant statistical difference was foundvee¢n the four systems for any of the four
seasons. However, slight differences did occur. G&Doval was, lowest during the spring
and highest during the summer (Figure 2). It wageeted for VFFw and VFCWw since
summer temperatures are optimal ones for earthwdforshermore, those temperatures are
also optimum ones for different microorganisms (arand Kazmi, 2015) and therefore the
highest organic matter decomposition rate. Sinmsitwation can also be observed for TSS

(Figure 2).

<insert: Figure 2 — Seasonal removal percentages of COD,anf8<E. coli in the

vertical flow systems

E. coliremoval was positively affected by the presenceasthworms during the summer, as
was also observed by Arora and Kazmi (2015). Ivasy likely to be a consequence of

increased earthworm activity at their optimum terapges. For all four systems, summer
removal was higher than the spring removal anddlsat corresponds to the results obtained

by Arora and Kazmi (2015). Contrary to some othedies (Molleda et al, 2008F. coli
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removal was noticeably higher during the winteretirdlowever, retention time of the systems
used in this study was 48 hours during this peramble the time during the other three
seasons. Hence increased remova.afoli.

TN removal for all the systems was higher during Warmer part of the year (spring and
summer) (Figure 3) as growth of nitrifying bactersahigher in the higher temperatures.
Moreover, TN removal was slightly higher in thergked systems compared to the unplanted
ones during the growing season (spring and sumarat)that can be attributed to the plant
uptake. Finally, higher TN removal in VFCWw thanVikCW during the warmer part of the
year can be explained by higher plant growth dueh® presence of earthworms and
consequently higher nitrogen uptake. From the Eiduit can be seen that the phosphorus
removal was highest in the spring and lowest inwirger, and, since phosphorus removal is
mostly a physical process (Kadlec and Wallis, 20893t is probably a consequence of a big

difference in inflow concentration as previouslykined.

<insert: Figure 3 — Seasonal removal percentageENofind TP in the vertical flow systems

3.4. Growth of earthworms in CWs

Mass and number of earthworms have reduced fobadkte systems (control one and SVFw)
during the experimental period (Table 3). It caobably be attributed to the lack of the
organic matter due to the limited space and slwoe bf operation. However, reduction was
much lower for SVFw, since the control systems’sitdie partly consisted of organic matter
and consequently it had conditions more favour&ri¢he earthworms’ growth. Therefore, it

can be said that filters treating wastewater atetm® environment in which earthworms can

124



live for a long time without constant addition bétnew individuals as was done in the VFFw

and VFCWw.

<Table 3 — Growth of earthworms in the reactor angliit effect on the substrate

Moreover, the presence of earthworms did not afbeganic matter content of the substrate
that was 1.05% and 1.00% for SVF and SVFw, respagti(Table 3). Some other studies
agree on the fact that earthworms can reduce eeptelogging problems that CWs could
have as they translocate subsurface clog mattartsathe surface. Therefore, application of
these invertebrates seems to be the cheapestosoligi the restoration of the clogged
systems (Nivala et al, 2012). Different resultsantéd by this study could be explained by the
fact that organic matter content of the substrate mot very high as the filters did not operate
for a long time before addition of earthworms. Ressunight have been different if the
systems were functional for some time before amdeflore substrate organic matter content

would have been higher.

4. Conclusions

Although small differences were found between tberfsystems during one year of
operation, statistical analysis did not confirm amgynificant difference. Therefore, it can be
concluded that neither plants neither earthwornfectfd the treatment. However, the
presence of earthworms positively influenced pmoivth in CWs. Further experiments also
showed that the filters treating wastewater are axcuitable living environment for the

earthworms, and they did not reduce organic matietent of the filter substrate.
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Figure 1 — Pilot plant during the construction ghées) and water flow in the system (b)

Table 1 — Experimental periods (the temperatureesabre given in the form: meanzst. error (n))

Beginning date Ending date Average air
temperature°C)
Autumn 20" October 2015 ZONovember 2015  12.5+0.3 (32)
Winter 2F' November 2015 17March 2016 6.9+0.2 (115)
Spring 18 March 2016 19 June 2016 18.3+0.4 (94)
Summer 28 June 2015 14September 2016 ~ 27.0+0.3 (87)
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Table 2 - Performance of the pilot plant during pleeiod October 2015-October 2016 (except for |bid Malues are given in the form: meanzst. error (n)

Influent VFF VFFw VFCWw VFCW
Value Re (%) Value Re (%) Value Re (%) Value Re(%

COD (mg LY 886+74 (13) 300£42 (15) 66 308£39 (14) 65 283£39 (15) 68 263£32 (15) 68
TSS (mg Y 16828 (10) 314 (18) 81 3145 (16) 82 3144 (19) 81 3344 (18) 80
pH 6.65 (7) 7.40 (11) - 7.45 (11) - 7.12(11) - 7.18 (12) -

TN (mg LY 6546 (18) 3416 (16) 48 3616 (16) 45 337 (17) 50 3346 (17) 49
NO5-N (mg LY 0.8520.12 (19) 0.9920.41 (17) -14 0.4240.12 (17) 51 0.390.08 (18) 54 1.16£0.60 (18)  -36
NO,-N (mg LY 0.03+0.03 (19) 0.020.02 (17) 24 0.130.13 (17)  -77 0 (18) 54 0 (18) 24
TP (mg LY 12.32+2.83 (17) 6.83+1.17 (15) 45 7.04+1.43 (14) 43 6.66£1.14 (15) 46 6.50£1.18 (15) 47
PO-P(mg LY 7.63£1.43 (17) 5.550.79 (14) 26 5.4840.90 (15) 27 5.36£0.93 (15) 28 4.930.83 (15) 34
Cl (mg LY 7845 (19) 8111 (17) 4 7647 (17) 2 7947 (18) 1 7747 (18) 1

Br (mg LY 2.56£0.35 (19) 1.68£0.27 (17) 34 451+2.50 (17)  -76 6.32+4.09 (18)  -59 1.7240.26 (18) 33
SO (mg LY 69+5 (19) 5348 (17) 23 66+9 (16) 3 59+9 (18) 14 66+9 (18) 3

(Eio%(EI:iFu 100 ) 48.69+10.71 (10) 10.31%3.11 (10) 79 7.27+1.75(9) 85 12.46£3.66 (10) 74 12.34%3.67 (10) 75
(Tloéa'CCFOL'jfiggsle) 70.18+64.95 (4) 5.24+2.08 (10) 93 3.92+1.33 (9) 94 6.78+2.97 (10) 90 6.51+2.53 (10) 91
Enterococcus 32.15+3.92 (10) 13.75+4.72 (10) 57 15.89+6.05 (9) 51 15.7845.61 (10) 51 16.04£5.79 (10) 50

(10* CFU 100 mL*)
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Table 3 — Growth of earthworms in the worm reaeatad their effect on the substrate

5" May 19" May 7" June 14 July
SVF Earthworm number - - - -
Earthworm mass (g) - - - -
OMC (%) 1.08 - - 1.05
SVFw Eathwormnumber 17 13 6 o
Earthworm mass (g) 3.051 2.451 0.990 0.155
OMC (%) 1.08 - - 1.00
Control system  Earthworm number 17 6 7 7
Earthworm mass (g) 3.041 2.086 2.107 1.072
OMC (%) - - - -
TemperatureC) meansst error(n) - 182+0.4 (15)* 22.0:08)  26.0:0.6 (37)

*Average daily temperature in the periotl May-19" May; SVF - Small Vertical Flow Filter; SVFw - Snhadertical
Flow Filter with earthworms; OMC — Organic Matteor@@ent
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CHAPTER 6

APPENDICES

Appendix 1

European Working Group for Legionella I nfections Sequence-Based Typing (SBT) protocol for

epidemiological typing of Legionellapneumophila

European Working Group for Legionella Infections

Sequence-Based Typing (SBT) protocol for epidemiological typing of
Legionella pneumophila

Version 4.2

SUMMARY

This procedure describes the European Working Group for Legionella Infections (EWGLI) method
for Sequence-Based Typing of Legionella pneumophila. Genomic DNA is extracted then amplified
using primers targeting seven specific gene loci (i.e, flaA, pilE, asd, mip, mompS, proA, neuA).
Following purification, amplicons are sequenced directly with forward and reverse primers, and the
resulting consensus sequences trimmed and compared to previously assigned allele numbers
using the online database. Using a pre-determined order (i.e., flaA, pilE, asd, mip, mompS, proA,
neuA), the combination of alleles is defined as a 7-digit allelic profile (e.g. 1,4,3,1,1,1,1) and a
sequence type represented by a number (e.g., ST1). Putative new allele types can be submitted
following the instructions on the website. This method can be used in the epidemiological typing of

L. pneumophila.

DNA extraction:

The following methods have been found to be reliable and the first two are rapid:

(i) BIO-RAD InstaGene Matrix (Catalogue no. 732-6030), using 5-10 ul supernatant as template
DNA in the primary PCR amplification,

(iil) Heating emulsified colonies in 0.5 ml sterile water at 100°C for 8 minutes, using 5-10 ul lysate
as template DNA in the primary PCR amplification,

(iii) Nucleon BACC2 DNA extraction kit (Amersham Pharmacia Biotech), using 10-100 ng DNA as
template DNA in the primary PCR amplification

SBT targets:

We recommend that all 7 loci (i.e. flaA, pilE, asd, mip, mompS, proA, neuA) are determined if

possible.
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Amplification primers:

The positions of the primers with respect to the GenBank accession number of the reference
sequence are shown below:

Gene Primer name' Position? Primer sequence (5'-3') Alisaakng
temperature
. flaA-587F 568-587 GCG TATTGC TCAAAATAC TG —
a
flaA-960R 981-960 CCATTAATC GTTAAG TTG TAG G
o= pilE-35F 12-35 CAC AAT CGG ATG GAA CAC AAA CTA 55 °C
pi
pilE-453R 471-453 GCT GGC GCACTCGGTATCT
d asd-511F 487-511 CCCTAATTG CTC TAC CATTCAGAT G —
as
asd-1039R 1062-1039 CGAATG TTATCT GCG ACT ATC CAC
. mip-74F 58-74 GCT GCA ACC GAT GCC AC —
mi
d mip-595R 616-595 CAT ATG CAA GAC CTG AGG GAA C
mompS-450F 430-450 TTG ACC ATG AGT GGG ATT GG
mompS 55 °C
momp-1126R  1140-1126 TGG ATA AAT TAT CCAGCC GGACTTC
proA-1107F 1090-1107 GAT CGC CAA TGC AAT TAG
proA 55°C
proA-1553R 1570-1553 ACC ATA ACATCA AAA GCC
A neuA-196F 176-196 CCG TTC AAT ATG GGG CTT CAG 55 °C
neu
neuA-611R 634-611 CGA TGT CGA TGG ATT CAC TAATAC

'the number in the primer name is the position in the reference sequence where the 3'-terminus of the

oligonucleotide binds

2 shows the binding positions of the primer with respect to the reference sequence on the website and table

Sequencing primers:

As above except that the mompS-1015R primer is used for the reverse sequencing reaction of

mompS.
Primer name’ Position? Primer sequence (5'-3")
mompS-1015R 1032-1015 CAG AAG CTG CGA AAT CAG

Please note that the mompS forward primer (mompS-450F) is a new standard primer and MUST
be used for the primary amplification and sequencing of the mompS target:

for primary amplification:
mompS-450F: 5'-TTG ACC ATG AGT GGG ATTG G-3'
mompS-1126R: 5-TGG ATA AAT TAT CCA GCC GGACTT C-3

for sequencing:

mompS-450F: 5'-TTG ACC ATG AGT GGG ATT GG-3'
mompS-1015R: 5-CAG AAG CTG CGA AAT CAG-3'
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Fragment sizes of amplified products and regions used for allele assignment

Gene |Fragment size | Size in nucleotides of | Region used GenBank
of amplified region used to for allele accession number
product (bp) | determine allele type | assignment of reference

sequence

flaA 394 182 653-749 X83232
pilE 459 333 103-435 AF048690
asd 575 473 538-1010 AF034213
mip 558 402 117-518 AJ496265
mompS 710 352 523-1010 AF078136

proA 480 405 1134-1230 M31884
neuA 459 354 229-583 A6017354

Oligonucleotide storage and handling recommendations:

Appropriate storage of oligonucleotides will extend their shelf life. Most oligonucleotides are
supplied dry (lyophilised) and manufacturers (e.g., MWG Biotech AG, Germany) usually supply
detailed information on appropriate resuspension and storage conditions. Information on data-
sheets and instructions from the manufacturers provided with the oligonucleotides should be read,
noted and followed. To maximise the shelf-life of oligonucleotides it is recommended that
concentrated “stock solutions” (e.g., 100pmol/ul) are made in 1x nuclease-free TE buffer (10 mM
Tris-HCI, 1 mM EDTA, pH 7.5-8.0) and stored below -20°C, and dilute “working solutions” (e'g’, 10
pmol/ul) made in nuclease-free 10 mM Tris pH 7.5-8.0. Working solutions are frozen in 50 pl
aliquots and should NOT be subjected to repeat freeze-thaw cycles and must be kept for no
longer than one week at 4°C before discarding.

Primary amplification:

PCR amplification is performed in a total volume of 50 pl. Place PCR plate or tubes on a cold
block. Start with adding 10 pl of Tag DNA polymerase (2.5 units/reaction) to each PCR tube or 96
well plate, then add 35 pl of the master mix, finally add the DNA template (5 ul /tube or /well).
Gently spin tubes/plates briefly in an appropriate centrifuge before placing them in a thermal cycler
heating block.

PCR reaction mix

Reagent Stock Final Volume/reaction
concentration concentration (ul)

PCR buffer 10 x 1Xx 5.0

MgCl, 50 mM 2.5mM 25

Primer 1 10 pmol/pl 10 pmoles 1.0

Primer 2 10 pmol/ul 10 pmoles 1.0

dNTPs 5 mM 200uM 20

Nuclease-free water 235

VVolume/reaction 35.0
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Prepare Taq DNA polymerase by adding:

Nuclease-free water 9.0 ul
PCR buffer (x10) 0.5 pl
Tag DNA polymerase (5U/ul) 0.5 ul
Volume/reaction 10.0 ul
Controls

For each PCR run include a negative (5 ul of nuclease-free water) and a positive control (5 ul of
known DNA template). Each sample is amplified in duplicate. Pipette solutions in the order of:
negative control, test samples, positive control.

Thermal cycler parameters

Step Temperature (°C) Time No. cycles
1 95 5 min Initial denaturation 1
95 30 sec Denaturation
2 55 30 sec Annealing 35
72 40 sec Extension
3 72 10 min Final extension 1
4 12 = Hold

Analysis of purified PCR products by E-Gel electrophoresis

Run PCR products (2 ul) + 1x BlueJuice (Invitrogen) (18 pl). Also run E-Gel low range quantitative
DNA ladder (Invitrogen) (10 pl) + nuclease free water (10 pl). After 20 minutes of run, the E-Gel is
analysed using the UVP gel imaging system. If positive and negative controls as well as the test
sample results are satisfactory, proceed with the DNA sequencing reaction.
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DNA Sequencing using the CEQ 8000 Genetic Analysis System (Beckman Coulter)

Primary PCR amplicon purification

PCR products are purified using: Montage PCRg; filter plates (Millipore); Qiaquick PCR Purification
Kit (Qiagen); Wizard PCR Preps Purification System (Promega) or equivalent.

DNA Sequencing materials

Dye Terminator Cycle Sequencing is undertaken using the DTCS Quick Start Kit (Beckman
Coulter). Follow the manufactures instructions carefully. The Sample Loading Solution contains
formamide. Formamide waste (i.e., sequencing reactions and plates) should NOT be autoclaved
and must be disposed for direct incineration.

The CEQ DTCS Quick Start Kit contains the following reagents (sufficient for 100 reactions):

1)  Quick Start Mix (800 pl)
dATP, dCTP, dTTP, dITP
ddUTP, ddGTP, ddCTP, ddATP (WellRED label)
Tris-HCI, MgCl,, reaction buffer - pH 8.9
Thermo Sequenase DNA Polymerase
Pyrophosphatase

47 Sequencing Primer (240 pl)

pUC18 Control Template (20 ul)

Glycogen (110 pl)

Mineral Qil (5 ml)

Sample Loading Solution (SLS) 6 ml

L2k

DNA Sequencing procedure

DNA sequencing reactions are prepared following the manufacturers instructions by combining
the following:

PCR-grade water (e.g., Nuclease-Free Water, W4502, Sigma)

DNA template

User supplied sequencing primer or (-) 47 Sequencing Primer (1.6 pmol/ul or 1.6uM)
DTCS Premix (Beckman Coulter)

L8NS

N.B. Can run half-volume reactions (total of 10ul/reaction).
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Thermocycler parameters (for DNA sequencing):

Step | Temperature (°C) Time No. cycles
96 20 sec Denaturation
1 50 20 sec Annealing 30
60 4 min Extension
2 4 « Hold

N.B. The above parameters are those recommended for the CEQ 8000 Genetic Analysis System
(Beckman Coulter). For alternative sequencing platforms the relevant manufacturer's
recommendations should be followed.

Ethanol precipitation is carried out as per manufacturer’s instructions using a suitable centrifuge.
For ethanol plate precipitation in a CEQ sample plate, please refer to the “Dye terminator cycle
sequencing chemistry protocol”, page 13. For ethanol precipitation in 1.5 ml eppendorf tubes,
please refer to the manufacturer’s instructions provided with the DTCS Quick Start Kit (Beckman
Coulter).

N.B. for half volume reactions add 10 pl of H20, before proceeding to ethanol precipitation.

Sample preparation for loading into the CEQ

Add 55 ul of Sample Loading Solution to each well, leave on plate-shaker for 10 minutes. Overlay

each re-suspended sample with one-drop of mineral oil.

From this point follow the instructions provided by the manufacturer of the Sequencing

Instrument.
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Sequence analysis:

EWGLI Sequence Quality Tool

Forward and reverse sequence trace files (.scf or .abi) of all seven targets are submitted to
the “Sequence Quality Tool” which can be accessed from the EWGLI website
(www.ewdgli.org). This tool assembles contig(s) from the traces, finds start and end
(reference) positions in the contig, trims the contig using these positions and finally
matches the trimmed sequence against those in the SBT database. The tool identifies
individual alleles as well as an allelic profile and a sequence type (ST). Sequences with
<100% match are identified as -1, and the position of mismatches are also indicated.
Sequences of poor quality should either be repeated or further analysed using a DNA

analysis software e.g., BioNumerics (Applied Maths).

EWGLI SBT Database

L]

Data from both forward and reverse sequencing reactions are combined and aligned to
produce a consensus sequence. Reference sequences trimmed to the correct length can
be downloaded from the website in order to aid contig assembly. Consensus sequences
trimmed to the correct length are submitted to the SBT database as flat text file. The
database returns an allele type eg., 1, when submitted sequence shows a 100% match to a
pre-designated allele type. Sequences with <100% match are identified as the closest
match to a pre-existing allele type with the number of mismatches specified. The SBT

database also returns an alignment with mismatches highlighted.

For each isolate, the combination of alleles at each of the loci is defined as the allelic profile
using a pre-determined order, i.e., flaA, pilE, asd, mip, mompS, proA, neuA. For example,
for strain EUL no. 120, the allelic profile is 4,7,11,3,11,12,9.

If an individual allele number has not been determined, a zero is entered into the allelic
profile, thus maintaining its integrity. For example, if the proA allele number was not
determined for the examples above, the profile would be 4,7,11,3,11,0,9 and if the mompS

allele was not determined, it would be 4,7,11,3,0,12,9.
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Instructions for accessing the EWGLI SBT Website

Go to (www.ewgli.org)
Click the “Typing and identification schemes” button:

Follow the link for the EWGLI Sequence-Based Typing (SBT) Database for Legionella
pneumophila

Instructions for submitting sequence data to the EWGLI Sequence Quality Tool

Under Query Functions, click on the “Sequence Quality Tool”

Choose the number of sequence trace files to be uploaded.

Click on the “Browse” button to download sequence files.

Forward and reverse sequences must be downloaded for each allele in standard file
format (*.scf) or ABI trace file format (*.abi).

Click the “Analyse Trace Files” button.

The tool also produces a sequence quality report for each uploaded contig and generates
a seven-figure allelic profile (e.g., 3,4,1,1,14,9,1), as well as indicating whether the
obtained allelic profile is of a novel combination. The tool also identifies a single
designated sequence type (ST) for a pre-existing allelic profile.

You can print a summary sheet by clicking the link: “Print Friendly Summary”

For further details on the sequence quality tool please click on this link: “explanation and
frequently asked questions”

Putative novel alleles must be submitted for verification following the link “New Allele
Submission”.
To submit a novel allelic profile click on the link “Strain Data Submission”.

Instructions for submitting sequence data to the EWGLI SBT Database

Under Query Functions, click on the “Check a sequence for it’s allele number”
Before pasting in a query sequence the user must ensure that the consensus sequence is
trimmed to the correct length.

Reference sequences trimmed to the correct position and length can be downloaded to
aid contig assembly.

Consensus sequences of the correct length can be submitted for more than one target,
alternatively you can submit consensus sequences one at a time before hitting the
“upload sequence” button.

Please note that sequences of incorrect length will be rejected.

Sequences of correct length and with a 100% match to a sequence in the database will
return an allele number e.g., “1”.

Sequences of correct length and with <100% match to a sequence in the database will
return an alignment with the closest matches showing where differences are.

To enter consensus sequences for another strain, click the “Reset form” button and
proceed as before.

N.B. The website is under constant development, so please see the website for any changes,
new tools and to ensure you are using the latest version of this protocol etc.
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Appendix 2

Sequence-based identification of Legionella using the macrophage infectivity potentiator (mip)

gene

24/03/04
Sequence-based identification of Legionella using mip

Sequence-based 1dentification of Legionella using the macrophage infectivity
potentiator (mip) gene (Version 2.0)

(adapted from Ratcliff ez a/ 1998, J. Clin. Microbiol. 36:1560-67)

Bacterial culture conditions. Cultures were grown on buffered charcoal yeast extract agar in
humidified conditions at 37°C for 4 to 7 days. Genomic DNA was extracted using a commercial kit

or by boiling for 5 min and using 2 pl of crude extract for amplification.

Strategy

Oligonucleotide primers targeting the ribosomal binding site or open reading frame region and the
PPlase site of the mip gene (Legmip f and Legmip r) were designed to amplify ¢. 661 to 715 bp
product. These primers require redundancies to account for variation at the third codon site.
Following amplification the PCR product is purified and sequenced directly using the forward
sequencing primer (Legmip f5). The sequence obtained is compared to the Legionella mip gene

sequence database which contains a complete set of available quality controlled sequences.

Oligonucleotide primers

Three primers are required, two for amplification and one for sequencing. Parentheses indicate sites
with mixed bases and the sequence using IUB nomenclature is given underneath.

1. Forward amplification primer

Legmip f(27-mer)

5°-GGG (AG)AT T(ACG)T TTA TGA AGA TGA (AG)A(CT) TGG

5-GGG RAT TVT TTA TGA AGA TGA RAY TGG

2. Reverse amplification primer

Legmip 1 (23-mer)

5°-TC(AG) TT(ATCG) GG(ATG) CC(ATG) AT(ATCG) GG(ATCG) CC(ATG) CC
5°-TCR TTN GGD CCD ATN GGN CCD CC

3. Forward sequencing primer

Legmip fs (26-mer)

5°-TTT ATG AAG ATG A(AG)A (CT)TG GTC (AG)CT GC
5°-TTT ATG AAG ATG ARA YTG GTC RCT GC
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24/03/04
Sequence-based identification of Legionella using mip

PCR amplification and sequencing.

Reaction mixtures were in a total volume of 50 pl and contain 1.5 mM MgCl,, 10 mM Tris-HCI (pH
8.3). 50 mM KCL. 200 uM each deoxynucleotide, 20 pmol each primer (Applied Biosystems/MWG
Biotech Ltd/Operon), and 2.5 U Taq polymerase (Applied Biosystems/Life Technologies). Template
DNA (c. 10-100 ng) was added and reaction mixtures with no added DNA served as negative
controls. Amplification was performed in a thermocycler (MJ DNA Engine, MJ Research) under the
following conditions: pre-denaturation for 3 min at 96°C. then 35 cycles consisting of denaturation
for 1 min at 94°C. annealing for 2 min at 58°C, extension for 2 min at 72°C. followed by a final

extension for 5 min at 72°C. Reaction mixtures were then held at 4°C.

Analysis of PCR products
5ul of the total S0ul PCR reaction mix was analysed by gel electrophoresis in 2% agarose gels
stained with 0.5 to 1.0 pg/ml ethidium bromide and photographed under UV transllumination using

Polaroid film.

Purification of PCR products
Amplification products were purified using QIAquick PCR purification kit (QIAGEN)/Wizard PCR

Preps purification system (Promega Corp.) according to the manufacturers’ instructions.

Sequence determination
Nucleotide sequence was determined by cycle sequencing using the ABI PRISM BigDye Terminator
Cycle Sequencing Ready Reaction kit with AmpliTaq DNA polymerase FS (PE Applied

Biosystems)/ Dye Terminator Cycle Sequencing kit (Beckman Coulter).
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