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Abstract

Isolation and characterisation of bacteriophages infecting Legionella spp.

Neda Nezam-Abadi

Legionella spp. are waterborne pathogens that can cause Legionnaires’ disease, a potentially fatal

acute pneumonia. These pathogens can be resistant to many disinfectants and thermal treatments.

Furthermore, detection of Legionella spp. is often difficult. Thus, infections with these organisms can

be difficult to both diagnose and treat. Bacteriophages are a potential tool to be exploited to aid

in the elimination and detection of Legionella spp. in both the environment and in patients, with

bacteriophage based diagnostics and therapeutics already successfully developed for many organisms.

However, little is known about the bacteriophages capable of infecting Legionella spp. Thus, with

little knowledge available in the literature, the aim of this study was to obtain more information on

Legionella spp. bacteriophages using both experimental and bioinformatic approaches. Here, a diverse

range of Legionella spp. were collected either through isolation from 262 water and soil samples from

natural reservoirs and man-made systems, or obtained from Public Health England. These strains

were then characterised, used to isolate bacteriophages from the same 262 samples, and were exposed

to prophage-inducing agents to isolate bacteriophages directly from the bacteria themselves. While no

bacteriophages were isolated from the samples, virus-like particles were observed following induction

of Legionella spp.. These particles were not like any currently identified bacteriophages, and warrant

further investigation to confirm they are in fact bacteriophages. A bioinformatic approach was con-

ducted in parallel to these investigations. Using this approach, a total of 717 Legionella spp. genomes

in the GenBank database were screened for the presence of prophage-like regions. Although putative

complete prophage elements were identified in the Legionella spp. genomes, further investigation con-

cluded that these were due to φX-174 contamination that had not been removed by the submitting

group before adding their genomes to GenBank. Other elements were discovered, but with little core

recognisable bacteriophage genes. These results show that much more fundamental knowledge remains

to be understood about Legionella spp. bacteriophages before extensive work is carried with the aim

of developing bacteriophage diagnostics and therapeutics for Legionella spp. infections.
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1. Introduction

1.1 Legionella species

The genus Legionella is a group of facultative, intracellular, Gram-negative, pleomorphic bacilli with

polar flagella that belong to the class Gammaproteobacteria (Taylor et al., 2009). These organisms

are recognised as important nosocomial and community-acquired human pathogens, with infection

by these organisms often associated with a considerable level of morbidity and mortality (Borges A.,

Simões M., Mart́ınez-Murcia A., 2012). These bacteria can act as opportunistic pathogens in humans,

where they can cause severe diseases, namely legionellosis.

Legionellosis is the collective name for two individual Legionella-associated conditions, Legionnaires’

disease and Pontiac fever (Fields et al., 2002; Bartram et al., 2007). Legionnaires’ disease is a severe,

acute form of pneumonia, and can often have a high mortality rate, with death seen in approximately

10 – 30 % of individuals (Phin et al., 2014). Pontiac fever on the other hand is a non-fatal, mild flu-like

disease that exhibits symptoms after incubation time of ∼ 36 hours (Edelstein, 2007). Legionnaires’

disease is named after its first diagnosis, during a 1976 outbreak in Philadelphia, USA, among attendees

at the 58th annual convention of the American Legion, celebrating the bicentennial of the Declaration

of Independence (Fraser et al., 1977; Winn, 1988). Pontiac fever is similarly named after an outbreak,

namely an outbreak of acute fever at a health department facility in Pontiac, Michigan, USA in 1968

(Glick et al., 1978).

Legionella spp. are aquatic bacteria, found in natural water systems such as lakes and rivers (Carvalho

et al., 2008; Parthuisot et al., 2010). However, they are frequently found in man-made water systems,

including both industrial systems, such as cooling towers, and domestic systems, such as showers, baths,

and air conditioning units (Castilla et al., 2008; Goutziana et al., 2008; Kuroki et al., 2017). These man-

made water systems create ideal environments to support the growth of Legionella spp. as temperatures

of ∼ 32 - 42◦C favour their growth (Yee and Wadowsky, 1982). Infections by Legionella spp. most

commonly occur following inhalation of Legionella-containing water-borne aerosols from these man-

made systems (Hines et al., 2014), which was the case in both the 1976 Philadelphia and 1968 Pontiac

outbreaks, where spread of the bacteria was found to be caused from contaminated air conditioning
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systems in both cases (Glick et al., 1978; Abu Kwaik et al., 1998).

Several factors impact the probability of developing Legionnaires’ disease and Pontiac fever. The

chances of developing Legionnaires’ disease are increased by factors such as the individuals smoking

status, whether they have other pre-existing conditions such as chronic obstructive pulmonary disease,

diabetes, immunodeficiency, and their age, with older age (> 50 years) more associated with the

development of Legionnaires’ disease (Farnham et al., 2014; Peabody et al., 2017). However, these

factors do not increase the chance of developing Pontiac fever in human, instead is witnessed primarily

in younger individuals, with a median age of ∼ 30 (Tossa et al., 2006).

Within Legionella spp., cases of legionellosis are primarily associated with one particular species, L.

pneumophila, which causes ∼ 90 % of all Legionella-associated disease (Newton et al., 2010). This

species itself can be sub-classified into 14 serogroups, by using polyvalent or monoclonal antisera

targeting distinct lipopolysaccharide structures (Ciesielski et al., 1986; Yong et al., 2010; Lück et al.,

2013). Of these, L. pneumophila serogroup 1 is the most well-known and studied species of Legionella,

as it is responsible for the vast majority of L. pneumophila disease cases. For example, an analysis of

Legionella spp. isolated from legionellosis patients in Japan from 2008 - 2016 observed that 98.1 % of

all isolates were L. pneumophila, while 87.1 % of all isolates belonged to L. pneumophila serogroup 1

(Amemura-Maekawa et al., 2018). L. pneumophila serogroup 1 is also notable as members of this

serogroup were the causative serogroup of the 1976 American Legion Legionnaires’ disease outbreak

(McKinney et al., 1979).

There are ∼ 60 other species within the genus Legionella, some of which are also important clinically,

such as Legionella longbeachae and Legionella micdadei (also known as Tatlockia micdadei) (Donlan

et al., 2002; Brenner, 2018). For example, in 1981, L. longbeachae was first isolated from the respiratory

tracts of the patients who were hospitalised in Long Beach, California, USA suffering with pneumonia,

with L. longbeachae identified as the causative organism (McKinney et al., 1981). In some parts of

the world, L. longbeachae can even be as important of a pathogen as L. pneumophila, such as in New

Zealand where it can cause as much as 30 - 50 % of all Legionella-associated disease (Graham et al.,

2012). L. micdadei on the other hand is often seen in sporadic outbreaks. For example, in 1988, L.

micdadei was associated with an outbreak of Pontiac fever in Lochgoilhead, UK, with the source found

to be a leisure complex whirlpool spa (Goldberg et al., 1989). In a more severe case, an outbreak of

pneumonia among transplant patients was found to be due to L. micdadei isolated from hot water

supplies within a hospital in Manhattan, New York, USA (Knirsch et al., 2000). While also able to

cause disease for most examples, the remainder of the Legionella spp. have more frequently been found

in the environmental samples, and are rarely implicated in human disease (Fields et al., 2002; Yu et al.,

2002; Joseph et al., 2016).
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1.1.1 Epidemiology

After the identification of L. pneumophila in the 1970s, surveillance schemes for Legionnaires’ disease

were formed to monitor the disease in numerous countries (Phin et al., 2014). However, regardless of all

the attempts to provide better surveillance scheme, the global incidence of infections by Legionella spp.

is still poorly documented because of factors such as the differences in awareness levels, diagnostic

methods and reporting among countries, as well as difficulties in confirming microbiological diagnoses,

that likely leads to underestimations in its incidence globally (Burillo et al., 2017). In England,

monitoring is conducted by Public Health England (PHE), and the numbers of reported cases of

Legionnaires’ disease, in England and Wales, and Scotland (from Health Protection Scotland), from

2000 - 2016 can be found in figure 1.1.
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Figure 1.1. Number of confirmed cases of Legionnaires’ disease by year of onset of
symptoms in Scotland, and England and Wales between 2000 - 2016. Total number of
confirmed cases of Legionnaires’ disease in Scotland (blue line), and England and Wales (orange line)
between 2000 and 2016, where each dot represents a value for the corresponding year. All values for
Scotland were obtained from data published by Health Protection Scotland, while for England and
Wales values come from data published by Health Protection Agency (2000 - 2011), Public Health
England (2012 - 2016).

Among all the confirmed Legionnaires’ disease cases reported by PHE for England and Wales from

2000 - 2016, between ∼ 20 - 50 of these cases resulted in death of the patient (Figure 1.2). A report by

the World Health Organisation (WHO) estimates that the mortality rate of this disease can be 5 - 10

% (World Health England, 2018), which correlates well with the figures observed by PHE (Figures 1.1
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and 1.2). However, misdiagnosis of this disease and any delay in initiating the treatment can increase

this rate up to 20 % (Saleri and Ryan, 2018). Death rates are the worst in immunosuppressed patients,

where as many as 40 – 80 % who contract Legionnaires’ disease die from the condition (World Health

England, 2018).
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Figure 1.2. Number of fatalities from Legionnaires’ disease by year in Scotland, and
England and Wales between 2000 - 2016. The blue line shows the number of death cases in
Scotland, while the orange line represents the data for England and Wales. All data for Scotland were
obtained from data published by Health Protection Scotland, while for England and Wales values come
from data published by Health Protection Agency (2000 - 2011), Public Health England (2012 - 2016).

Incidence of Legionnaires’ has been correlated with season, with reported cases increasing during the

warmer months of the year and decreasing when it is colder (Beauté et al., 2013). In England and

Wales, this trend has been stable over the last ∼ 15 years (figure 1.3), with the peak number of cases

presenting between July and September. Similar trends have been observed for legionellosis in other

countries, such as New Zealand, with reports beginning to increasing during spring, which is has been

speculatively linked to increased outdoor activity, such as gardening as Legionella spp. can often

be found in gardening materials like potting soils and compost (Casati et al., 2009, 2010; Graham

et al., 2012). In other cases increased occurrence of Legionella-related disease during these months

could possibly be due to greater survival and replication of Legionella spp. in the higher temperatures,

allowing increased contact with the man-made systems like spas, ventilation and air conditioning units,

and decorative water fountains that then spread the organisms.
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Figure 1.3. Number of confirmed cases of Legionnaires’ disease by month in England and
Wales from 2000 - 2016. Each point shows the median number of confirmed cases of Legionnaires’
disease for a given month between 2000 and 2016 in England and Wales. Error bars indicate ± standard
deviation (SD).

1.1.2 Life cycle of Legionella spp.

Legionella spp. can replicate and survive in an array of environments through use of a number of

replication strategies, best characterised in L. pneumophila. In nature, for L. pneumophila, these

replication strategies can consist of either through planktonic replication, as inhabitants of a biofilm,

or by replicating intracellularly inside eukaryotic cells such as protozoa or alveolar macrophages (Figure

1.4) (Byrne and Swanson, 1998; Molofsky and Swanson, 2004; Taylor et al., 2009; Borges A., Simões

M., Mart́ınez-Murcia A., 2012; Gomez-Valero and Buchrieser, 2013).

When growing extracellularly, L. pneumophila follows a biphasic life cycle (Figure 1.4 B), allowing them

to survive under different environmental conditions. When nutrients are sufficient, L. pneumophila cells

are in the replicative (non-virulent) phase, where they are non-motile, non-flagellated cells that are

more sensitive to stresses, and freely able to replicate (Steinert et al., 2002). However, in nutrient poor

environments, cells enters the transmissive (virulent) phase, where they become motile, flagellated

cells, that are more resistant to stress, where they are unable to replicate until finding a nutrient-rich

environment again (Steinert et al., 2002; Newton et al., 2010).

Legionella spp. are also able to grow intracellularly inside cells such as protozoa in environmental

niches, or even within macrophage in a human host (Figure 1.4 D and E) (Rowbotham, 1980; Nash

et al., 1984). In the environment Legionella spp. can replicate in a number of protozoan hosts, such

as Hartmannella, Acanthamoeba, Naegleria, and Tetrahymena, that are commonly found in aquatic

systems (Rowbotham, 1980; Tyndall and Domingue, 1982; Barbaree et al., 1986) (Figure 1.4 D).
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Inhalation of aerolised droplets containing Legionella spp. on the other hand allows Legionella spp.

to encounter human alveolar macrophages, which can act as another growth niche for the bacteria

(Baskerville et al., 1981). Intracellular replication allows Legionella spp. to survive under harsh

conditions, such as nutrient deprivation, disinfectants (chlorine), and when water temperatures are

elevated (Rowbotham, 1980; Wadowsky et al., 1988; Storey et al., 2004; Dupuy et al., 2011; Price

et al., 2011).

Most of the steps for intracellular growth in both amoebae and lung alveolar macrophages are very

similar. In both cases, the intracellular life cycle begins with the binding of the bacterium to the cell

surface, where it then enters the cell through in a process called ‘coiling phagocytosis’. Here, pseu-

dopods, projections from the phagocyte cell membrane, coil around the Legionella spp. cells multiple

times leading to internalisation of the bacteria into the phagocytic cell, leading to the establishment of

Legionella-containing vacuoles (LCV) (Horwitz, 1984; Bozue and Johnson, 1996). LCV are able to act

as a replication niche in both amoebae and macrophage through the bacteria’s ability to evade bacte-

ricidal actions against it by remodelling the LCV surface (Swanson and Isberg, 1995; Kagan and Roy,

2002). Legionella spp. achieve this through use of the Dot/Icm type IVB secretion system (defective

organelle trafficking/intracellular multiplication) that allows secretion of around 300 Legionella spp.

effector proteins into the host cell cytosol (Rêgo et al., 2010; Segal, 2013). These effectors are then

believed to interrupt cellular processes, including the phagocyte-lysosome pathway, while providing

further safety by recruiting host cellular components such as endoplasmic reticulum to the vacuole

surface, blocking attachment of bactericidal agents e.g. lysozyme (Hoffmann et al., 2014; Hilbi et al.,

2017). Bacteria are then able to proliferate in these vacuoles, continuing until nutrient levels decreases.

At this point a transition happens, where they become flagellated and virulent, before being released

from the host eukaryote (Alli et al., 2000; Molmeret et al., 2010). Legionella spp. leave their host cells

by lysing them through either necrosis for amoeba or pyroptosis for alveolar macrophage cells, both

of which lead to pore formation on the eukaryotic membrane, leading to release of the bacterial cells

(Gao and Abu Kwaik, 2000; Silveira and Zamboni, 2010).

Replication involving biofilm formation is another approach that can be taken by Legionella spp.

(Figure 1.4 C). Biofilms are aggregates of bacterial cells within a matrix of extracellular polymeric

substances (EPS), which consists of polysaccharides, DNA, and numerous glycomolecules produced

by the bacteria (Flemming et al., 2007). Biofilm formation starts by the attachment of a bacterium

to a surface, followed by bacterial replication to form microcolonies as well as production of EPS

molecules like exopolysaccharides to form a three-dimensional biofilm (Donlan, 2001; Hall-Stoodley

et al., 2004). However, when environmental and nutritional conditions change and become unfavourable

for maintenance of the biofilm, some of the bacteria may detach from the biofilm by producing matrix-

degrading enzymes, allowing them to disperse into the environment to find a new surface to establish

a new biofilm (Watnick and Kolter, 2000; Petrova and Sauer, 2016). In the case of L. pneumophila, it
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Figure 1.4. Overview of the possible replication strategies used by L. pneumophila.
(A) The transmissive Legionella spp. can exist extracellular environment planktonic cells, with the
possibility of entering distinct replicative pathways depending on the environment. (B) In aqueous
environments, L. pneumophila can follow a biphasic life cycle, where it switches between the replicative
and transmissive forms depending on factors such as nutrient availability. (C) L. pneumophila may
form/join biofilms, either in natural or artificial aquatic habitats. (D) Transmissive L. pneumophila
can be engulfed by eukaryotic cells such as protozoa when in nature, where the bacteria then replicates
inside the eukaryote. (E) Internalisation within alveolar macrophages can likewise lead to intracellular
replication.

has been shown that biofilms count as one of the major reservoir for Legionella spp. within man-made

water systems (Carvalho et al., 2007; Serrano-Suárez et al., 2013).

Another state that Legionella spp. can use is the viable but non-culturable (VBNC) state. In aquatic

environments, stress can also induce Legionella spp. to enter the VBNC state as a survival strategy

(Hussong et al., 1987; Oliver, 2010). During this state cells are at their lowest level of metabolic

activity and do not divide, halting bacterial growth (Shleeva et al., 2002). While these cells remain

viable, they have lost their culturability, meaning they cannot be recovered through culturing (Oliver,

2000). Switching to this state is often triggered by conditions such as low nutrient availability, chemical
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stresses e.g. disinfectants, or exposure to heat stress (Li et al., 2014). Cells that have undergone this

switch are described as VBNC, while the cells are viable, they can no longer be cultured under standard

laboratory conditions, leading to difficulties in their detection (Oliver, 2000; Tronel and Hartemann,

2009). However, VBNC Legionella spp. can be brought back to the culturable state, as has been

shown experimentally following passage of the VBNC Legionella spp. through eukaryotic cells such as

amoebae (Steinert et al., 1997; Garćıa et al., 2007).

1.1.3 Treatment and prevention of Legionella spp. infections

As mentioned earlier, man-made water systems, e.g. cooling towers and hot-water supplies, that are

able to produce aerosols are considered high risk sources of Legionella spp. infection (Bartram et al.,

2007; Burillo et al., 2017). To prevent potential outbreaks from these sources various treatments are

used to reduce/remove contaminating Legionella spp. Treatments include intermittent temperature

increase to 60◦C, continuous chemical treatment e.g. chlorine and hydrogen peroxide, regular flushing

of the water systems, and cleaning of sediment from water storage tanks (Fields et al., 2002; Kim et al.,

2002; Marchesi et al., 2016). However, no single treatment will normally lead to total elimination

of the bacterium. For example, chemical agents such as chlorine are a common treatment used in

disinfection protocols, and have been shown to be effective at removing planktonic L. pneumophila

(Cooper and Hanlon, 2010). However, when these organisms exist within biofilms they often show

decreased sensitivity to chemical treatments (Cargill et al., 1992). Similarly, Legionella spp. have a

reduced sensitivity to chemical treatment when growing intracellularly within protozoa. For instance,

Garćıa et al. (2007) observed that when co-cultured with Acanthamoeba polyphaga, L. pneumophila

were ∼ 5x more resistant to sodium hypochlorite. Similar results have been observed by other groups,

including for interactions between Legionella spp. and other protozoa (Kilvington and Price, 1990;

Donlan et al., 2005). Along with biofilm formation and intracellular replication in protozoa, other

factors make the removal of Legionella spp. especially difficult when the organisms are under nutrient-

deprived conditions. Under these conditions Legionella spp. are also resistant to heat treatments, and

also become highly motile, meaning they can disseminate throughout the water system (Barker et al.,

1992; Abdel-Nour et al., 2013; Falkinham, 2015) (see Section 1.1.2). Therefore, alternative means of

water disinfection are required.

Although inhalation of Legionella-containing droplets has the potential to lead to development of

either Pontiac fever or Legionnaires’ disease in an individual, intervention is normally only required

for one of these conditions. There is no real need for any specific clinical interventions for patients

dealing with Pontiac fever, as this tends not to be a life-threatening condition (Lim et al., 2009; Phin

et al., 2014). However, in the case of Legionnaires’ disease, urgent action is required to combat this

type of pneumonia (Wever et al., 2000). Treatment for Legionnaires’ disease involves treatment with
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antibiotics, including macrolides, fluoroquinolones, and rifamycins Wilson et al. (2018). Antibiotic

resistance in Legionella spp. is uncommon, and has not been observed clinically, although as with

all bacteria this still remains a possibility, and development of resistance has selected for in vitro

(Bruin et al., 2014; Sikora et al., 2017; Massip et al., 2017). In the UK, upon diagnosis of this disease,

mild cases of community-acquired pneumonia are treated with oral fluoroquinolones or macrolides,

and in severe cases fluoroquinolones are recommended, possibly in combination with either macrolides

or rifampicin (Lim et al., 2009). However, before Legionella spp. infection is confirmed, treatment

of broad-spectrum antibiotics such as β-lactam antibiotics is recommended (Lim et al., 2009). Yet

β-lactam are often ineffective in treating Legionella-associated infections, as Legionella spp. encode

β-lactamase enzymes that inhibit their effect (Fu and Neu, 1979; Cunha et al., 2016). Thus, rapid

diagnoses of Legionella infections are important to ensure correct treatments are applied.

However, Legionnaires’ disease can often be difficult to diagnose, as symptoms can easily be misdiag-

nosed as other types of pneumonia (Swartz, 1979; Murdoch, 2003). When a patient is suffering from

severe pneumonia, it is recommended that the patient is screened to determine if Legionella is cause

of the pneumonia. For this, the patients urine is screened using the Legionella urine antigen test,

which works by detecting Legionella lipopolysaccharide, providing the result on the same day (Berdal

et al., 1979; Tilton, 1979; Lim et al., 2009). However, this test only detects infections caused by L.

pneumophila serogroup 1. Thus, if this test is negative then culture will be relied upon, which can

take a number of days for the Legionella spp. to grow to be identified. Therefore, new broader and

rapid diagnostic assays would be necessary to detect new and emerging Legionella spp. and assess

their potential to cause disease.

1.2 Bacteriophages

Bacteriophages are one possibility that may prove useful in the detection and elimination of Le-

gionella spp. in both environmental and clinical settings. Bacteriophages are viruses that exclu-

sively infect bacteria and propagate by utilising their host’s metabolic machinery. They are the most

abundant and diverse organisms on the planet, with an estimated 1031 bacteriophages in the whole

biosphere, existing in all habitats where bacteria are present (Clokie et al., 2011; Hatfull and Hendrix,

2011). This means that in these environments bacteriophages often outnumber their bacterial hosts,

with approximately 10 to 100 bacteriophage particles per bacterial cell (Clokie et al., 2011; Hatfull

and Hendrix, 2011; Dı́az-Muñoz and Koskella, 2014). By outnumbering bacteria, bacteriophages can

have important roles in the ecology of bacteria through their interactions as predators, parasites, or

as mutualists (Braga et al., 2018).

As predators, bacteriophages are able to lyse bacterial cells, altering the density of bacterial popula-
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tions. For example, in nature, bacteriophage lysis of bacteria plays an important role in shaping the

total prokaryote biomass in the oceans, where they lyse ∼ 15 - 40 % of the ocean’s bacteria everyday

(Suttle, 1994; Danovaro et al., 2011). This lysis results in the release of organic carbon from the bacte-

ria into the ocean, a significant proportion of all biological carbon recycling in the ocean (Wilhelm and

Suttle, 1999; Clokie and Mann, 2006). The impact of predatory role of bacteriophages can also be seen

in industries involving the use of bacterial fermentation, e.g. dairy production, where contamination

of these with bacteriophages can lead to significant levels of lysis of the fermenting bacteria, reducing

their productivity (Brüssow, 2001). Bacterial lysis by bacteriophages is also thought to participate in

altering genetic diversity within and between bacterial population, causing a large selection pressure

on the bacterial population to adapt to avoid infection and death (Koskella, 2013). Adaptation will

result in forming new resistant genotypes that are distinct from the original susceptible bacterial cells

(Lenski, R. E. and Levin, 1985; Scanlan et al., 2015).

The parasitic relation between bacteriophages and bacteria is when bacteriophage DNA integrate into

the bacterial genome, staying initially dormant as elements called prophages (explained in more detail

in Section 1.2.2). Here, the bacteriophage replicates via the hosts own replicative processes, being

replicated as part of the bacterial chromosome, but at the same time still has the ability to begin

producing new viral cells that will eventually lead to lysis and death of the host bacteria (Mills et al.,

2013). The impact of this can be very high, with prophage-associated bacterial lysis believed to

contribute greatly to altering Pseudomonas aeruginosa population densities in cystic fibrosis (James

et al., 2015).

Bacteriophages can also have a mutualistic relationship with their bacterial hosts when integrated into

the host chromosomes as prophages. For example, bacteriophages can contain genes that provide ben-

eficial characteristics to their hosts fitness that, following infection and integration, allows the bacteria

to gain new characteristics that allow it to have a better chance of survival in certain environments,

therefore also boosting the chances of the bacteriophage survival (Casjens, 2003). In the case of Bacil-

lus anthracis for instance, prophages have been observed to provide long-term colonisation benefits

to the bacterial population when colonising soil and the earthworm gut, by promoting sporulation,

producing exopolysaccharides, and by aiding in the formation of biofilms (Schuch and Fischetti, 2009).

1.2.1 Bacteriophage classification

Bacteriophages are known as the largest and most diverse viral group and since the first applications of

electron microscopy and negative staining to bacteriophages in 1959, over 6000 bacterial viruses have

been described morphologically (Clokie et al., 2011; Ackermann and Prangishvili, 2012). Established in

1966, the International Committee on Taxonomy of Viruses (ICTV) is currently the only international

body dealing with virus taxonomy (Fenner, 1995; Adriaenssens and Brister, 2017). Over the years
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their work has led to important standardisation of viral taxonomy, including providing guidelines for

classifying newly discovered viruses based on criteria such as the viruses’ morphology and type of

nucleic acid, among others (Ackermann, 2009; Salmond and Fineran, 2015). Bacteriophages cover

a range of morphologies including tailed, polyhedral, filamentous, and pleomorphic virions, to even

viruses with lipid or lipoprotein envelopes (Fauquet, 2008; Ackermann, 2009). Genetically, the nucleic

acid composition of their genomes can either take the form of double-stranded (ds) or single-stranded

(ss), DNA or RNA, with genome sizes ranging from ∼ 2.5 Kb (Leuconostoc bacteriophage L5) to

almost 500 Kb (Bacillus megaterium bacteriophage G) (Hatfull, 2008; Salmond and Fineran, 2015;

Mavrich and Hatfull, 2017). The makeup of these genomes is similarly diverse, with no ubiquitously

conserved genes across all bacteriophages genomes, unlike the genomes of bacteria (i.e. 16S rRNA)

(Shapiro and Putonti, 2018).

Of the bacteriophages described by the ICTV classification schemes, the order of dsDNA tailed bac-

teriophages, the Caudovirales, are the most commonly observed (covering over 95 % of all identified

bacteriophages) (Abedon, 2009; Ackermann, 2011). Originally consisting of 3 families, this order has

recently expanded to contain 4 families following the 2017 ICTV update, encompassing 22 subfamilies

and 166 genera (Lavigne et al., 2012; Adriaenssens et al., 2018). The 3 original families within the

Caudovirales are the Myoviridae, Siphoviridae, and Podoviridae, with the recent addition being the

Ackermannviridae which were originally within the Myoviridae family (Lavigne et al., 2012; Adri-

aenssens et al., 2018). Morphologically the members of this order are distinguished based on their tail

structures, with Myoviridae (e.g. T4) and Ackermannviridae (e.g. ViI) possessing contractile tails,

while Siphoviridae (e.g. λ) and Podoviridae (e.g. T7) both have non-contractile tails. Tail length is

used to distinguish Siphoviridae and Podoviridae with long tails classified as Siphoviridae and short

tails Podoviridae (Lavigne et al., 2012). Myoviridae and Ackermannviridae are distinguishable struc-

turally by their tail tip complex, as Ackermannviridae have a unique tail tip complex that is not found

in other bacteriophages, composed of “prongs” and “stars” (Adriaenssens et al., 2012).

The genome of tailed bacteriophages can range from ∼ 11.5 Kb in Mycoplasma bacteriophage P1 to

∼ 500 Kb in B. megaterium bacteriophage G (Seaman and Day, 2007; Hatfull and Hendrix, 2011).

While showing vast sequence diversity, a common gene architecture is generally maintained, with

variations of genes corresponding to bacteriophage infection, replication, assembly, and propagation

all generally present in a bacteriophage genome (Brüssow and Hendrix, 2002; Mavrich and Hatfull,

2017). For example, Grose and Casjens (2014) observed that while comparison of the genomes of

337 tailed bacteriophages could produce 56 distinct clusters of similar bacteriophages, they observed

that homologues for head assembly proteins, terminases, portal proteins and major capsid proteins

existed between all clusters, while bacteriophage components involved in DNA replication and lysis

(e.g. DNA polymerases and holins respectively) were found in some but not all clusters. An example

of the genome components and arrangements for bacteriophage λ can be found in Figure 1.5.

11



5’

5’

3’

3’

Head proteins

Recombination

att

Tail proteins

Immunity

DNA replication

Lysis

Tail tip

Tail �bers

Tail 

Head 

A B

Figure 1.5. Schematic structure of bacteriophage λ genome arrangement. (A) illustrates
the physical shape and some examples of structural components for bacteriophage λ and (B) shows
the organisation of the bacteriophage λ genome. Figure is adapted from (Tropp, 2012).

Bacteriophage groups beyond the Caudovirales include other dsDNA bacteriophages such as the Cor-

ticoviridae, Tectiviridae, and Plasmaviridae, ssDNA bacteriophages such as the Inoviridae and Mi-

croviridae, ssRNA viruses such as the Leviviridae, and dsRNA viruses like the Cystoviridae (Oksanen

and Bamford, 2012b,a; Maniloff, 2012; Day, 2012; Cherwa and Fane, 2012; van Duin and Olsthoorn,

2012; Poranen and Bamford, 2012). Similar to the Caudovirales members of these families can have

important implication on bacterial ecology. For example, members of the Inoviridae, the filamentous

bacteriophages, are known to be important in biofilm formation in many bacteria, e.g. P. aeruginosa

(Rice et al., 2009). However, as many of the bacteriophages outside the Caudovirales can be difficult to

isolate and culture, their dynamics are considerably understudied in comparison to the Caudovirales.

Despite this, some of these bacteriophages taxa have contributed to important scientific advances, e.g.

the Leviviridae MS2 and Microviridae φX174, which were the first RNA and DNA genomes sequenced

in 1976 and 1977, respectively, with MS2 actually being the first genome ever sequenced (Fiers et al.,

1976; Sanger et al., 1978).

1.2.2 Bacteriophage life cycles

Bacteriophages can replicate through a number of distinct life cycles including the lytic, lysogenic, and

chronic cycles (Abedon, 2008; Drulis-Kawa et al., 2012; Lorenz et al., 2016). In all bacteriophages life

cycles, infection begins by the adsorption of bacteriophages to a target bacterial cell, then followed by

injection of their viral DNA into the adsorbed host. From here, the processes of the bacteriophage life

cycles then diverge.

In the lytic cycle, injection is proceeded by utilising the hosts internal machinery to generate new
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viral particles, with these particles then released from the host by lysis of the bacterial host cell

(Figure 1.6 A). Bacteriophages that replicate exclusively through the lytic cycle are called virulent

bacteriophages, and while most obligate lytic bacteriophages studied are members of the Caudovirales,

members of other bacteriophage families can also replicate exclusively through the lytic cycle, with

the entire RNA-based Cystoviridae and Leviviridae believed to do so (Hobbs and Abedon, 2016).

In the lysogenic cycle, used by temperate bacteriophages, rather than immediately creating new virions

within the cell bacteriophages remain within the bacteria by integrating their DNA with the host

chromosome, existing as elements called ‘prophage’ (Knoll and Mylonakis, 2014). In λ for example,

the expression of bacteriophage genes required for the lytic pathway are prevented by the action of the

cI repressor. The cI repressor protein is responsible for maintaining the lysogenic state and inhibiting

the lytic development of the prophages that are already integrated into the chromosome by repressing

the two lytic promoters, pR and pL (Lee et al., 2018; Sarkar-Banerjee et al., 2018). Integration into

the chromosome by bacteriophages can either be the result of site-specific recombination between two

specific attachment sites, one on the bacterial chromosome (attB) and the other on the bacteriophage

genome (attP) (as seen in bacteriophage λ) (Fogg et al., 2014), or through random transposition (as

seen in bacteriophage Mu) (Harshey, 2014). Integrated prophages allow the bacteriophages to replicate

alongside the bacteria, during the hosts normal DNA replication process (Figure 1.6 B). Prophages can

play a vital role in their hosts’ fitness, enhancing characteristics such as their nutrient utilisation, and

even altering their virulence (Fortier and Sekulovic, 2013). For instance, Wang et al. (2010) observed in

Escherichia coli, that prophages increase the hosts resistance to oxidative stress, acidic environments,

osmotic stress, and even increased resistance to β-lactam antibiotics and biofilm formation. Some of

these genes can also alter virulence in the bacteria, as is the case in E. coli and Vibrio cholerae, where

prophages can encoded Shiga toxin genes (Stx) (Brüssow et al., 2004), Cholera toxin (Kaper et al.,

1995), respectively.

Prophages can exist integrated into the bacterial for long periods, but can be triggered to undergo lytic

replication when the host cell is exposed to stress stimuli or this can also occur spontaneously (Figure

1.6 B) (Howard-Varona et al., 2017). Stress stimuli can include stresses such as UV light or chemical

like mitomycin C (MitC) and norfloxacin (NFX) (Cruz Mart́ın et al., 2006;  Loś et al., 2009; Casjens

and Hendrix, 2015). Upon exposure to damaging stress stimuli many bacteria attempt to repair any

damage to their DNA by the action of the SOS regulatory system, best characterised in E. coli. In E.

coli, this SOS mechanism is comprised of two key proteins, LexA (a repressor) and RecA (an inducer)

(Žgur-Bertok, 2013). In the absence of DNA damage, a LexA dimer binds to SOS boxes, sets of 20

base pair consensus palindromic DNA sequences, repressing the transcription of SOS genes required

for DNA repair (Žgur-Bertok, 2013). The SOS genes are a group of over 50 genes that in presence

of DNA-damaging agents repair damage to the cells DNA (Simmons et al., 2008). Examples of some

of these SOS genes include ligA, which encodes a DNA ligase that seals nicks in the DNA (Condra
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and Pauling, 1982), recN, which allows recombinational repair of damaged DNA (Picksley et al., 1984;

Wang and Smith, 1988), and polA which encodes a DNA polymerase allowing DNA synthesis (Wechsler

and Gross, 1971).

B

A

Induction

C

A

Figure 1.6. Schematic representation of the bacteriophage life cycles. The diagram repre-
sent the three most common bacteriophage life cycles: lytic (A), lysogenic (B), and chronic (C). (A)
Following injection of bacteriophage DNA into the host cell, the bacteriophage then uses the host cell
machinery to synthesise the required proteins to build new bacteriophage particles. The heads and
sheaths are assembled separately, the new genetic material packed into the head and new bacteriophage
particles assembled. Bacteriophage enzymes then attack the host cell wall, causing release of the new
bacteriophage progeny into the surrounding environment through lysis of the host cell. (B) Synthesis
of new bacteriophage is repressed, and the bacteriophage DNA instead integrates the host genome, re-
maining integrated until the bacterial cell is exposed environmental stress e.g. DNA-damaging agents.
At this point the prophage excises and begins to initiation of the lytic cycle. (C) The chronic cycle
begins with injection of the ssDNA bacteriophage genome into the host cell (black circle). The DNA
is rapidly converted to dsDNA within the host (black and blue circles show template and nascent
strand respectively). The double-stranded replicative form of DNA then undergoes transcription, pro-
ducing mRNAs directing the synthesis of bacteriophage-encoded proteins. The ssDNA bacetriophage
genomes are continuously replicated, one strand at a time, through rolling circle replication, as are
bacteriophage proteins. An assembled bacteriophages are then continually secreted out from the host
cell without the hosts death.

When DNA damage occurs the replication of DNA is blocked, resulting in the creation of ssDNA.
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This ssDNA then binds to RecA, forming ssDNA-RecA nucleoproteins. The activity of ssDNA-RecA

nucleoprotein catalyses self-cleavage of LexA, inactivating its repressor function, leading to high level

expression of the SOS genes (Prudhomme et al., 2006; Butala et al., 2009; Baharoglu and Mazel,

2014; Ghodke et al., 2019). In bacteriophage λ, following exposure to stress stimuli the activated

RecA attached with ssDNA binds to the prophage cI repressor, which mimics the structure of LexA,

promotes the cleavage of DNA-binding domain in cI repressor (Lemire et al., 2011; Kreuzer, 2013).

Without the dimerisation domain, the cI repressor can no longer form dimers and bind to the operators,

causing the repression of the prophage. As the repressors drop off the operators, transcription of genes

that are required for excision of prophage from the chromosome initiates, leading to the lytic cycle

(Atsumi and Little, 2006). Excision requires site-specific recombination between attP -attB sequences

that exists at the junctions between the prophage DNA and the chromosomal DNA. The recombination

between attP and attB sequences happen in the presence of both integrase (Int) and excisase (Xis)

proteins, resulting in excision of bacteriophage DNA as a circle from the chromosome and subsequent

lytic development. Temperate V. cholerae bacteriophages are another example of bacteriophages that

can be induced following DNA damage and stimulation of the bacterial SOS system.

The decision process between the lytic and lysogenic cycle in temperate bacteriophage remains poorly

understood, but is known to be influenced by various factors. In the case of bacteriophage λ for

instance, the decision is known to be influenced by factors including nutritional state, density of other

bacteriophages in the surrounding environment, and the compatibility between the bacteriophage attP

site and the host’s attB site (Oppenheim et al., 2005; Zeng et al., 2010). In fact even molecular

signalling between bacteriophages has recently been shown to influence the lytic-lysogenic decision in

temperate bacteriophage (Erez et al., 2017).

There are some bacterial viruses that take an alternative strategy, beyond the lytic and lysogenic

cycles, called the chronic replication cycle (Figure 1.6 C). In this cycle bacteriophages neither lyse nor

kill their host cell, instead release involves secretion from the host cells through extrusion in the case

of Inoviridae or via budding for Plasmaviridae (Weinbauer, 2004; Hobbs and Abedon, 2016). This

process has been best characterised Inoviridae, and where replication begins again with adsorption

to the host cell, and injection of the bacteriophage nucleic acid. For Inoviridae this is ssDNA, which

after injection, is then converted into dsDNA using the bacterial hosts machinery. The newly formed

dsDNA is then transcribed, and the resulting mRNA is translated leading to production of protein

A. Protein A then nicks the parental strand of dsDNA, and rolling circle replication takes place to

generate more copies of the DNA. Viral particles are then assembled and packaged with copies of the

original injected strand, while the strand synthesised within the host now acts as a template to form

more copies of the original host ssDNA. Each completed bacteriophage particle then leaves the host

cell by forming through extrusion from the cell without damage the cell (Tropp, 2012).
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1.2.3 Discovery of bacteriophage

Bacteriophage research began in 1915 with the observations of Frederick William Twort, an English

bacteriologist, when studying vaccinia virus, the primary component of the smallpox vaccine (Twort,

1915). Twort (1915) noticed that contaminating micrococci colonies in his preparations were unable to

be subcultured, and over time became ‘glassy and transparent’. Crucially, he observed that touching

these glassy areas and introducing it to a pure culture of healthy micrococci led to spread of the glassy

area through the healthy microccoci culture, sometimes leading to the death of all microccoci. Twort

suggested that his observations could either be explained as an unusual manifestation of the bacterial

life cycle, an enzyme with power of growth, or potentially an “ultra-microscopic virus” (Twort, 1915;

Keen, 2015). However, Twort was not certain about the possibility of an ultra-microscopic virus, due

to the lack of knowledge on such a virus at the time. He was unable to conduct any further research

into finding a definitive conclusion to his work due to financial difficulties and disruption by World

War I, in which he participated. He instead focused on propagating vertebrate viruses, such as the

cowpox virus (Twort, 1915; Ackermann, 2011).

In 1917, during an outbreak of dysentery among French soldiers during World War I, a French-Canadian

microbiologist called Félix d’Hérelle independently observed the same phenomenon. D’Hérelle was

examining the biological activity of stool filtrates from the dysentry patients and discovered that these

filtrates were antagonistic to the dysentery bacteria, causing lysis in liquid culture and creating zones of

lysis on the surface of agar seeded with the bacteria (Service, 2007). D’Hérelle concluded this activity

to be caused by an “invisible microbe” infecting the dysentry bacteria, coining the term bacteriophage

to describe them. D’Hérelle was the first person who recognised the nature of the agent discovered,

and would go on to study their role in the microbial world and investigate their potential in treating

bacterial infections (Summers, 2011; Keen, 2015).

1.2.4 Bacteriophage therapy

The therapeutic potential of bacteriophages, termed bacteriophage therapy, was a major focus of

bacteriophage research after their discovery. D’Hérelle himself initiated its use, successfully treating

a 12-year old boy for dysentery at the Hôpital des Enfants-Malades, Paris, in 1919 (Summers, 1999).

However, with the advent of antibiotics in the 1940’s, the interest and acceptance of bacteriophage

therapy was limited in Western countries, due to the simplicity and wider spectrum of action of

antibiotics (Sulakvelidze et al., 2001; Kutateladze and Adamia, 2010; Kutter et al., 2010; Knoll and

Mylonakis, 2014). Although bacteriophage therapy was overshadowed by antibiotics in the United

Kingdom, the United States and most of Western Europe, bacteriophages were widely used to treat a

variety of diseases across the former Soviet Union (Fernández et al., 2018). Numerous clinical trials were
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conducted there, covering a range of conditions including lung infections, gastrointestinal diseases, and

skin injuries such as wounds and burns (Abedon et al., 2011). One major site of Soviet bacteriophage

research, known today as the “Eliava Institute of bacteriophage, Microbiology, and Virology” (which

was co-founded by Félix d’Hérelle and George Eliava, a Georgian microbiologist, in 1923) remains one

of the most active centres for bacteriophage therapy research (Sulakvelidze et al., 2001).

Although the use of antibiotics led to the abandonment of bacteriophage-therapy in the West, the

rise of antibiotic resistance has recently revived their interest in bacteriophage therapy (Meaden and

Koskella, 2013; Laxminarayan et al., 2016). For example, in the UK the issue of antibiotic resistance

reached new prominence in 2011, after being the focus of the annual report of the Chief Medical

Officer for England, Prof. Dame Sally Davies, who described it as a national emergency (Davies

et al., 2013). The global impact of antibiotic resistance has also led to similar attention in other

countries (Carlet, 2015; O’Neill, 2016; Bassetti et al., 2017). This has produced a great number of

discussions into potential ways to combat antibiotic resistance, including a 2016 Department of Health

(England)/Wellcome Trust jointly commissioned review into possible strategies for tackling antibiotic

resistance, which found bacteriophage therapy to be one of the most promising options (Czaplewski

et al., 2016).

In bacteriophage therapy, primarily bacteriophages belonging to the Caudovirales are used, as these

bacteriophages are more readily isolated in the laboratory and are also often easier to culture in vitro.

Of these, only obligately lytic members are used to treat bacterial infections. This is because the

use of temperate bacteriophage risks possible lysogenic replication, which does not always lead to

death of bacterial cell and may even influence fitness and virulence traits of the infected organism

(or even provide resistance to the bacterium through superinfection immunity) (Gill and Hyman,

2010; Karumidze et al., 2012). Treatment with obligately lytic bacteriophages has been suggested to

potentially be more effective in treating infections than other therapies. For instance, bacteriophages

often infect only a small number of susceptible bacteria within a population meaning there will be

minimal disruption to non-target populations, their ability to ‘autodose’ where each viral replication

increases the concentration of bacteriophages at the site of infection, and their ability to degrade

biofilm through the action of depolymerising enzymes (Flores et al., 2011; Loc-Carrillo and Abedon,

2011). However, there are also disadvantages to their use. For example, their narrow host range can

mean their use may be limited against an unidentified infection, as unless the infection is caused by the

species or even strain targeted by the bacteriophage then no infection would take place (Loc-Carrillo

and Abedon, 2011). For reasons like this, bacteriophage therapeutics are mainly used as mixtures

of multiple bacteriophages in one preparation, known as a bacteriophage ‘cocktail’ (Gill and Hyman,

2010). Cocktails improve the effectiveness of bacteriophage therapy as by using more bacteriophages

within a preparation a wider range of susceptible hosts can be targeted, improving the chances that

a bacteriophage able to infect the target organism is within the perpetration (Chan et al., 2013). For
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example, the ‘Intesti’ bacteriophage cocktail produced by the Eliava institute which is used to treat

urinary tract, oral, and gut disorders contains bacteriophages active against multiple bacterial genera,

including E. coli, Salmonella spp., Shigella spp., Proteus spp., Stapylococcus aureus and P. aeruginosa

(Zschach et al., 2015).

Our knowledge on the clinical effectiveness of bacteriophage preparations remains mainly from trials

carried out in Eastern Europe during Soviet times (Abedon et al., 2011). This is because the develop-

ment of modern large scale clinical trials has been impeded by regulatory hurdles, as bacteriophages

do not fall into many of the traditional definitions of medicinal products (Furfaro et al., 2018). A

few modern trials have been conducted through, and have shown promise. In the phase II clinical

trial of Wright et al. (2009) into the use of bacteriophages to treat antibiotic-resistant P. aeruginosa

in 24 patients with chronic otitis media, bacteriophages were shown to be inherently safe to use and

improved patient outcome. They saw that the application of one dose of bacteriophage, although not

sufficient to remove the targeted bacteria completely, was able to significantly reduce bacterial densi-

ties (Wright et al., 2009). In a recent clinical study, bacteriophage therapy was given to a 15 year old

patient with cystic fibrosis, who was suffering from a disseminated Mycobacterium abscessus infection

following a lung transplantation. A three-bacteriophage cocktail was given intravenously and success-

fully eliminated the systemic infection without any adverse side-effects (Dedrick et al., 2019). Case

studies into the use of bacteriophage therapy have also shown success, including the recent case where

bacteriophage therapy was used to successfully treat a patient with a multi-drug resistant Acinetobac-

ter baumannii infection, despite multiple previous antibiotic treatments producing no improvements

(Schooley et al., 2017).

1.2.5 Other applications of bacteriophages

While trials are ongoing into bacteriophages as treatments for human infections, bacteriophage cock-

tails are also being used to remove bacteria for other purposes. One example is in food manufacturing,

where they can be used to prevent food contamination with potential pathogens or prolong shelf

life by reducing growth of spoilage bacteria (Pérez Pulido et al., 2016). Commercial products for

these purposes already exist and are used at nearly all stages of the food preparation process, such

as Agriphage™(Omnilytics) which is used in the control of Xanthomonas campestris or Pseudomonas

syringae in food crops (Buttimer et al., 2017), or ListShield™(Intralytix) and ShigaShield™(Intralytix)

which provide protection against Listeria monocytogenes and Shigella spp., respectively, in final food

products (de Melo et al., 2018). Bacteriophages are also used in biocontrol in other industries, includ-

ing as a means of controlling bacterial densities in aqueous environments as a form of water treatment

(Satyanarayana et al., 2012). For example, Zhang and Hu (2013) investigated the impact of bacterio-

phage and chlorine treatments, separately and in combination, in preventing and removing established

18



P. aeruginosa biofilms. They saw that treatment with chlorine only removed around ∼ 40 % of P.

aeruginosa biofilm, while the bacteriophage only treatment removed ∼ 89 %. However, they observed

that the use of chlorine and bacteriophage in combination removed biofilm by ∼ 96 %. Therefore,

the combination of bacteriophage and chlorine treatment can potentially be a promising approach for

removing biofilm from water systems, even possibly for Legionella spp. biofilms.

Bacteriophages are not only useful in their ability to control bacterial densities, but can also be used

for other purposes such as detecting bacteria. There are numerous ways that bacteriophages can be

used in detecting bacteria (Schmelcher and Loessner, 2014). In one example, bacteriophage genomes

can be modified to carry genes encoding bioluminescence or fluorescence proteins. In such a system,

when the bacteriophages are free in suspension no luminescence is observed from the bacteriophage,

but upon injection of the bacteriophage DNA into its host the bacteriophage encoded bioluminescent

or fluorescent proteins are synthesised, facilitating visual detection (O’Sullivan et al., 2016). Jain et al.

(2012) demonstrated that bacteriophage modified to express green fluorescent protein (GFP) upon

infection of Mycobacterium tuberculosis were a useful diagnostic tool to identify M. tuberculosis in

clinical samples, as culture identification of M. tuberculosis can take between ∼ 4 - 8 weeks while the

GFP-modified bacteriophage allowed identification within 12 hours. They also proposed that this may

have a further use in determining drug sensitivity of the M. tuberculosis, by comparing fluorescence

between antibiotic untreated and treated samples, with absence of fluorescence only in the treated

samples indicating drug sensitivity. This could be a highly useful development as this process will

again take ∼ 12 hours from collection of samples, while by culture this could take weeks if not months

to determine (Jain et al., 2012). Such as system would also be highly valuable in the detection of

Legionella spp. as these organisms can often take between 3 and 5 days to isolate by culture, meaning

identification and antibiotic susceptibility testing could be conducted in hours rather than days.

1.2.6 Bacteriophages and Legionella species

Despite their wide distribution and diversity in the biosphere, attempts to isolate bacteriophages able

to infect Legionella spp. have not either been widely carried out, or have proven unsuccessful, with

only one report claiming to have isolated bacteriophages infecting L. pneumophila. In that study, Lam-

mertyn et al. (2008) described the enrichment of environmental water samples that led to the isolation

of four Myoviridae able to infect a range of Legionella spp.. However, personal communications with

the authors about these bacteriophages revealed that the isolated bacteriophages have since been lost

(Elke Lammertyn, personal communications) and no new bacteriophages have since been obtained,

raising questions about the validity of their initial observations.

The only other work discussing Legionella spp. bacteriophages beyond this is a bioinformatics study

by Gomez-Valero et al. (2014), which showed the presence of a putative prophage within one strain
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of L. micdadei. However, the comparative analysis conducted on only 11 Legionella spp. genomes,

covering five species (L. hackeliae (n = 1), L. micdadei (n = 1), L. fallonii (n = 1), L. pneumophila (n

= 7), and L. longbeachae (n = 1)), with no physical bacteriophage particles identified. Thus to date,

no bacteriophages with the ability to infect any of the Legionella spp. have been observed.

1.3 Project Aims

This project is based on the hypothesis that bacteriophages could have a great number of uses in the

identification, prevention, and treatment of infection and colonisation by Legionella spp. However,

as there is currently limited information available about the existence of bacteriophages infecting Le-

gionella spp., the first step in this process is the identification of viruses infecting Legionella spp. There-

fore, the aim of this project was to isolate and characterise bacteriophages infecting Legionella spp.

To achieve this, the following specic objectives were outlined:

1. Establish a collection of environmental Legionella spp. isolates to use as hosts for isolating free

bacteriophages and as a possible source of temperate bacteriophages by:

(a) Optimise liquid culture for supporting the growth of Legionella spp. and our future bacte-

riophage work

(b) Collecting samples from both natural and man-made aquatic and soil environments

(c) Detection of Legionella spp. within each sample using qPCR-based screening

(d) Screen samples for culturable Legionella spp. isolates

(e) Characterise Legionella spp. isolates using both serogroup and sequenced-based typing

(f) Determine susceptibilities of these isolates to disinfectant and antibiotic treatments that are

commonly used to eliminate them

2. Isolate free bacteriophages using the Legionella spp. collection as hosts by:

(a) Optimise methods involved in the bacteriophage isolation process for Legionella spp.

(b) Use filtrate from natural and man-made aquatic and solid sources used for Legionella spp.

to attempt to isolate bacteriophages by enrichment and direct plating

(c) Use a well-based assay to avoid the need to culture Legionella spp. on a solid medium and

potentially isolate bacteriophages unable to form plaques

3. Identify and isolate temperate bacteriophages existing as prophages within the Legionella spp.

collection by:
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(a) Inducing cultures of Legionella spp., using DNA-damaging agents

(b) Examine the presence of prophages within publicly available (GenBank) Legionella spp.

genomes sequences bioinformatically
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2. Methods

2.1 General methodologies

2.1.1 Bacterial strains

All Legionella spp. strains used in this study are detailed in supplementary table S4. L. pneu-

mophila NCTC 11192 and L. micdadei NCTC 11371 were purchased from the National Collection of

Type Cultures (NCTC) of PHE. Thirty-seven Legionella spp. strains were obtained from Dr. Samuel

Collins (PHE), sourced originally from the a Culture Collection of PHE. The other eighteen strains of

L. pneumophila were obtained during the current work, and were isolated from environmental water

samples from around the UK.

2.1.2 Media and growth conditions

The compositions of all media can be found in supplementary table S1. Unless otherwise stated, all

Legionella spp. isolates were cultured on BCYE-α 1 % agar plates, supplemented with 4 % cysteine

and 2.5 % iron (III) pyrophosphate. For liquid culture, Legionella spp. strains were routinely cultured

in BYE-α broth, supplemented with 4 % cysteine and 2.5 % III, shaken at 100 revolutions per minute

(rpm). Both cultures on agar plates and in broth were incubated at 37◦C.

2.1.3 General DNA analysis methods

2.1.3.1 Polymerase Chain Reaction (PCR)

For PCR, unless otherwise stated, a single bacterial colony was resuspended in 40µl of ultra-pure

H2O and heated at 100oC for 10 min to release the cells DNA. Cells debris was then collected by

centrifugation at 11000 xg for 1 min and 1µl of the supernatant then used as template in the PCR

reactions.
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All PCR reactions were conducted using, Biotaq DNA polymerase (Bioline). All reaction conditions

and compositions were depend on the purpose of the assay being carried out. Further information on

the PCR reactions can be found in the appropriate section.

2.1.3.2 Agarose gel electrophoresis

To visualise the DNA fragments produced by PCR, gel electrophoresis was done on 1 % (w/v) agarose

gels in TAE (Tris-acetate-EDTA) buffer (composition can be found in supplementary table S1) con-

taining 0.05 µl ml−1 Gel Red (biotium). 5µl of each sample unless otherwise stated was then loaded

onto the gel using DNA loading dye (New England Biolabs). Electrophoresis was conducted at 100

V for 60 minutes and the gels were then imaged using a ChemiDoc Imaging System (Biorad). The

resulting DNA product bands were visualised and compared to a GeneRuler 1 kb (Thermo-Scientific).

2.1.3.3 Purification of DNA fragments

After agarose gel electrophoresis (section 2.1.3.2), if only a single band was expected and present, the

E.Z.N.A Cycle Pure Kit (Omega biotek) was used to purify the DNA directly from the remainder of

the PCR reaction, according to the manufacturers’ instructions.

2.1.3.4 DNA sequencing

DNA sequencing of PCR products was performed by GATC Biotech (Germany). For sequencing,

following purification of the PCR products (Section 2.1.3.3), 30 µl of ∼ 30 ng µl−1 of the DNA to be

sequenced was sent together with 30 µl of both forward and reverse primers (10 µM). The sequencing

reaction was conducted by GATC Biotech using an ABI 3730x1 sequencer.

2.2 Comparison of L. pneumophila growth in liquid media

To define the best available liquid medium for growing Legionella spp., the growth of L. pneu-

mophila NCTC 11192 was compared in five variants of BYE-α liquid media; filter-sterilised BYE-

α, autoclaved BYE-α with no charcoal added at any stages, BYE-α with added charcoal, BYE-α

with charcoal removed by filtration following autoclaving, and BYE-α with charcoal removed by cen-

trifugation following autoclaving. Each of these media were prepared according to the recipes in

supplementary table S1.

The inoculum for these assays was prepared by inoculating a portion of colony growth on a BCYE-α

plate into 5 ml of sterile SM buffer to a turbidity similar to McFarland 0.5 (OD600: ∼0.1). 300 µl of

23



the OD600 adjusted inoculum was then added into 30 ml of each of the five liquid media being tested.

From these, 2 ml aliquots were then removed and transferred into 13 x 7 ml bijous, and incubated at

37◦C, 100 rpm for 96 hours. Both the optical density (at 600 nm) and colony numbers (CFU ml−1)

was measured at each time-points; 0, 4, 6, 8, 10, 12, 14, 24, 48, 72, and 96 hours (11 in total), by

removing and measuring the contents of one of these tubes. Optical density was measured using a

spectrophotometer, while colony numbers were measured by spotting 10µl of a set of 10-fold serial

dilutions of each time point onto BCYE-α plates, followed by incubation overnight at 37◦C.

2.3 Isolation of Legionella spp. from environmental samples

2.3.1 Collection and processing of environmental water and soil samples

For isolation of Legionella spp. from environmental samples, a total of 108 water samples originating

from different locations in the UK (Bath(4), Hampshire(14), Essex (7), Margate (2), Leicester (34)), as

well as other countries; i.e., Kenya (3), Nigeria (31), Iran (2), and Iraq (11) were obtained (Figure 2.1).

These samples were collected from a number of different sources in these locations (e.g. wells, rivers,

spas, thermal springs, cooling towers, seas, and canals) with a full list of the location and sample source

given in Supplementary table S2. The samples from Nigeria and Iraq were graciously provided by Dr.

Janet Nale and Dr. Srwa Rashid respectively, while the samples from Hayling Island, and Leicester

General Hospital were kindly provided by Dr. Julian Clokie and Dr. David Jenkins, respectively. Spa

and thermal spring water samples were obtained from Bath, UK, from Dr. Simon Kilvington.

A second set of 88 water samples were collected from five cities around the Midlands, UK (Leicester,

Nottingham, Derby, Birmingham, and Coventry) (Supplementary table S3). During sampling, 1 L

water samples were collected from each site with additional 50 ml samples collected from nearby

(within 500 m) the 1 L source. A total of 66 soil samples were also collected from these locations by

collecting soil from the surface to the depth of 10 cm into a sterile 50 ml falcon tube. The co-ordinates

of all of these samples can be found in Supplementary table S3. All samples were stored at 4◦C until

required.

2.3.2 Processing and culturing of the collected samples

To isolate bacteria from each water sample, bacteria within the water samples were first concentrated.

Here, water samples were first passed through a 0.22 µm filter. The filter paper was then collected

and placed into a sterile 50 ml centrifuge tube containing 10 ml of 1:40 Ringer’s solution. This tube

was then vortexed for 1 minutes to free bacteria from the filter. This homogenised sample would then
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Figure 2.1. Maps of locations where samples were collected for use in this study. Water
and soil samples were collected from each of the countries marked on the world map (pink points),
with country name indicated and the the number of samples collected from that in parentheses.

be used in the downstream culturing of Legionella spp.. The filtrate from the 0.22 µm was stored at

4◦C to be used in the screening for bacteriophage against Legionella spp.. (Figure 2.2).

To isolate bacteria from the soil samples, 2 g of every soil sample were first homogenised in 15 ml 1:40

Ringer’s solution plus 5 - 6 3 mm glass beads. Samples were then vortexed for 1 minutes to release and

separate the cells from larger soil particles. As the supernatants contained noncellular material e.g.

stones and clay particles, the homogenised soil were first centrifuged for 5 minutes at 500 xg, whereby

only the the large particles would sediment. The resulting supernatant was then processed similar to

the water samples above by filter-concentration using a 0.22 µm filter (Figure 2.2).

To try and isolate Legionella spp. from the collected samples each filter-concentrated sample first

underwent heat-treatment followed by culturing on selective media plates. Heat-treatment was used

to reduce the growth of non-Legionella organisms and enhance the recovery of Legionella spp.. Heat-

treatment was conducted by submerging a 5 ml aliquot of each sample at 55◦C in a water bath for 15

minutes. The samples were then allowed to cool at room temperature for 10 min, and then 100 µl of

a series of 10-fold dilutions were then spread over MWY agar plates. Plates where then incubated at

37◦C for 72 hours.

After this, any colonies that appeared like Legionella spp. were then re-streaked from a single colony
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onto both BCYE-α agar plates with cysteine and BCYE-α agar plates without cysteine. Colonies

that grew on BCYE-α agar plates with cysteine but not BCYE-α agar plates without cysteine were

designated as Legionella spp. colonies.

Polymerase chain reaction (PCR) using primers (mipLesnsens and mipLensrev) amplifying the mip

gene (Supplementary table S6) was then conducted on each Legionella spp. isolate (Figure 2.2). The

amplification reaction was carried out in a total volume 23 µl standard reaction mixture (1 µl of each

of the 10 µM forward and reverse primers, 1.5 µl 50 µM MgCl2, 2.5 µl 10x reaction buffer, 0.25 µl

Biotaq DNA polymerase, 1 µl 10 µM dNTPs, and made to 23 µl with upH2O) and 2 µl DNA template.

Amplification program included an initial denaturation at 95◦C for 5 minutes followed by 30 cycles of

denaturation at 95◦C for 30 seconds, primer annealing at 50◦C for 30 seconds and extension at 72◦C

for 45 seconds, with final extension step at 72◦C for 5 minutes

The PCR products were purified and sent to GATC Biotech (Germany) for sequencing using Sanger

sequencing.

Concentrate by �ltration Resuspend the �lter paper 
in 1 ml water Incubate at 370C

Streak colonies on plates 

with and without cysteine 

without cysteine

with cysteine

x

√

Figure 2.2. Flow diagram of the process used in culturing the collected samples. The figure
shows each step in the sample processing method, from collecting the sample, filter-concentrating the
samples, culturing the organisms, and identifying any potential Legionella spp. using cysteine selection
and PCR.
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2.4 Serogroup and sequence-based typing of L. pneumophila

isolates

2.4.1 Serogroup typing

Serogroup typing of all L. pneumophila isolates was conducted using the Legionella Latex Test Kit

(DR0800M; Oxoid, Basingstoke, UK) following the manufacturer’s instructions.

2.4.2 Sequence-based typing

For sequence-based typing a total of 45 clinical and environmental isolates of L. pneumophila were

analysed, including 20 L. pneumophila serogroup 1, 24 L. pneumophila serogroups 2 - 14, and 1 L.

pneumophila strain that presented a cross-reaction with the reagents with the Legionella Latex kit.

For sequence-based typing, PCR was performed using primers targeting seven specific genes; asd

encodes the L. pneumophila aspartate-beta-semialdehyde dehydrogenase, mip encodes macrophage

infectivity potentiator protein, pilE encodes type IV pilin, flaA encodes flagellum subunit protein,

proA encodes a zinc metalloprotease, momps encodes an outer membrane protein, and either neuA or

neuAH which encode an enzyme involved in the biosynthesis of the lipopolysaccharide (LPS) (Gaia

et al., 2003, 2005; Ratzow et al., 2007; Farhat et al., 2011). neuAH, was only used in PCRs if PCR

with neuA failed.

PCR using each of these primers was conducted as follows:

First bacterial DNA was extracted by resuspending one colony in 100 µl ultra-pure water and heated

at 100◦C for 10 min. Then 5 µl of the supernatant was used as a template along with 2 µl of 2.5

mM MgCl2, 4.4 µl of 10 mM Reaction buffer, 1.6 µl of 10mM dNTPs, 0.8 µl of the appropriate 10

mM forward and reverse primer (Supplementary table S5; Integrated DNA Technologies, UK), 4 µl

template DNA, and 0.4 µl of BioTaq DNA polymerase (New England Biolabs, UK) in a PCR reaction.

Amplification was performed using the following conditions: initial denaturation at 95◦C for 5 minutes

followed by 35 cycles of denaturation at 95◦C for 30 seconds, primer annealing at 55◦C for 30 seconds

and extension at 72◦C for 45 seconds, with final extension step at 72◦C for 10 minutes.

PCR products were then analysed by gel electrophoresis with the PCR products then purified and

sent to GATC Biotech (Germany) for sequencing.
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2.4.3 Sequence quality tool and SBT Database

To identify the allelic profile and a sequence type (ST) of the isolates, the sequences from both for-

ward and reverse sequencing reactions for each primer set (.abi) were submitted to the “Sequence

Quality Tool” through http://www.hpa-bioinformatics.org.uk/cgi-bin/legionella/sbt/seq_

assemble_legionella1.cgi. This tool assembles the contigs to produce a similar sequence. The

consensus sequences were then trimmed to the correct length by alignment with the available refer-

ence sequences in the website. The trimmed sequences were then matched against those in the SBT

database. For each isolate, allele profile (7 digits) were obtained for each allele gene by the combina-

tion of alleles at each of the loci using the following order: flaA, pilE, asd, mip, momps, proA, and

neuA/neuAH. Finally, genotypes (sequence type or ST) of each isolate were determined based on the al-

lelic profiles of each gene (http://www.hpa-bioinformatics.org.uk/legionella/legionella_sbt/

php/sbt_homepage.php). This is an online tools to perform these analysis are available on the Euro-

pean study Group on Legionella Infections (ESGLI) of the European Society of Clinical Microbiology

and Infectious Diseases (ESCMID) website.

2.5 Susceptibility testing of Legionella spp.

2.5.1 Antibiotic susceptibility of Legionella spp.

The Antibiotic Susceptibility of Legionella spp. strains were tested against four antimicrobial agents

using E-test strips on an agar plate. The tested antimicrobials were ciprofloxacin, rifampicin, clar-

ithromycin, and erythromycin. The range / MIC scale printed of above antibiotics on the strips that

were used in this study were 0.002 - 32 µg ml−1 for rifampicin, 0.16 - 256 µg ml−1 for erythromycin,

0.002 - 32 µg ml−1 for ciprofloxacin, and 0.16 - 256 µg ml−1 for clarithromycin. To perform this test,

an overnight culture was first prepared by inoculating a single colony of each isolate that was grown

on BCYE-α agar plate and incubated at 37◦C for 48 hours, into BYE-α broth. 100 µl of an overnight

culture was then subcultured into 10 ml of fresh broth and incubated at 37◦C until it reached to an

optical density of 0.09 - 0.1 at 600 nm. After that, 150 µl of each inoculum was spread on a BCYE-α

agar plate and an E-test strip was applied to the surface according to the manufacturer’s instructions

(Biomerieux). The plates were then incubated at 37◦C for 48 h before reading the the MIC values.

The MIC value was determined the lowest concentration of antibiotic that completely inhibited the

lawn of bacterial growth and were compared between L. pneumophila and other species of Legionella.

All the tests were as three biological repeats.
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2.5.2 Chlorine susceptibility of Legionella spp.

To check the sensitivity of all the Legionella spp. in our collection to the common disinfectant that are

used to remove Legionella contamination from water systems, the lawn of 44 strains of Legionella spp.

were exposed to sodium hypochlorine (2 %). To do this, a single colony of the targeted isolate of

Legionella spp. was inoculated into 5 ml BYE-α broth and incubated overnight at 37◦C, 100 rpm. On

the following day, 100 µl of the overnight culture were subcultured into 10 ml of fresh BYE-α broth

and incubated at 37◦C, 100 rpm for 6 - 7 hours until the optical density at 600 nm reached to 0.1,

corresponding to 108 CFU ml−1. 150 µl of the bacterial suspension was then spread on the entire

surface of the 90 mm BCYE-α agar plate using a spreader. Blank diffusion disks (Oxoid, Hampshire,

UK) were then applied using a sterile pair of forceps within 3 - 4 minutes of inoculation when the

plates were dry. After that, 10 µl of the above pre-made disinfectant stock (2 %) were spotted on top

of the disk and the plates were incubated at 37◦C for 48 hours. Inhibition zone diameters (mm) were

then measured by a ruler at the point of complete inhibition. Results obtained were used to classify

isolates as being resistant or susceptible to sodium hypochlorite that have been used. The bigger the

diameter of the inhibition zone, the more susceptible is the strain to the disinfectant.

2.5.3 Environmental samples DNA extraction

To allow qPCR to be performed on soil and water samples collected from the Midlands, UK, DNA was

extracted from the sample concentrates following filtration process as explained in sections 2.3.1. In-

stagene matrix (BioRad, Watford,UK) was used to extract DNA from the both water and homogenised

soil samples. To do this, 1 ml of the filter-concentrated samples were first spun down at 10,000 xg for

15 minutes, followed by adding 180 µl of InstaGene matrix to the pellet and incubated at 56◦C for 30

minutes in a dry shaker-heating block at 1400 rpm. The samples were then vortexed at high speed for

10 seconds, were placed in a 100◦C heat block for 10 minutes, and were then re-vortexed for extra 10

seconds. Following the centrifugation of the suspension at 10,000 ×g for 3 minutes, the supernatant

was collected and stored at -20◦C for using in qPCR assay.

2.5.4 Quantitative Polymerase Chain Reaction (qPCR) assay

To detect and quantify the presence of Legionella spp. in environmental samples, qPCR was conducted

using simplex assay for L. pneumophila serogroup 1, as well as duplex assay for identification of non-

serogroup 1 L. pneumophila and other species of Legionella based on Collins et al. (2015) with few

modifications. The sensitivity and specificity of the primers were tested using extracted bacterial

genomic DNA of L. pneumophila NCTC 11192, L. pneumophila serogroup 2 - 14, and L. longbeachae

29



as positive controls, plus P. aeruginosa and Haemophilus influenzae as negative controls. All qPCR

assays were performed using the Applied Biosystems 7500 Fast Real-Time PCR System (Thermo-

Scientific). Two separate assays were conducted, a simplex assay for L. pneumophila serogroup 1 and

a duplex assay for identifying non-serogroup 1 L. pneumophila and other Legionella app..

Water sample 1L and 50ml Filter the water samples Wash the �lter pieces

 Filtrate 

Filter the soil samples Wash the �lter pieces

 Filtrate 

Soil sample

Centrifugation Lyse the cells Isolate the DNA

A

B

Centrifuge at 500 xg 
to remove clay 

particles

Figure 2.3. Schematic diagram of the work flow from sample collection to qPCR analysis.
The process starts with collecting samples; water (A) and soil (B) from different locations, followed by
filter-concentration of them to concentrate the bacterial content and generating bacteria-free filtrate.
This was completed using vacuum-filtration units. In case of soil samples, they went through an extra
centrifugation step compared to the water samples to remove clay particles from them. The collected
bacterial cells on filters were then resuspended in Ringer solution before their DNA was extracted
and were used for qPCR or being streaked on agar plate for culturing purpose. The retained poten-
tially bacteria-free filtrates were stored at 4◦C for screening with the purpose of finding bacteriophage
infecting Legionella spp..

qPCR reaction mixtures were performed in a total volume of 30 µl consisting of 15 µl TaqMan™

Environmental Master Mix 2.0 (Thermo-Scientific), 10 µl template DNA, 1.2 µl of 10 µM of both

forward and reverse primers for wzm and mip and 1.8 µl of 10 µM of both forward and reverse primers

for ssrA, plus 0.45 µl probe. The thermal cycling conditions were: 95◦C for 10 minutes followed by 45

cycles of 95◦C for 15 seconds and 60◦C for 1 min. Calibration standards derived from three strains;

L. pneumophila NCTC 11192, L. pneumophila serogroup 2 - 14, and L. longbeachae, ranging from 100

to 108 per reaction were used to generate standard curves for each qPCR run. For this purpose, L.

pneumophila NCTC 11192 was used for simplex assay and both L. pneumophila serogroup 2 - 14 and L.

longbeachae were used for duplex assay. A negative control (UltraPure™ DNase/RNase-Free Distilled
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Water, ThermoFisher Scientific, UK) were included in all assays. Flouresence data was authomatically

collected after each amplification cycle. This approach was conducted based on amplification of three

genes; ssrA, mip and wzm, which exist as single copies in the Legionella spp. genomes. The primers

and probes used in this technique are listed in supplementary table S6.

In order to estimate the number of Legionella spp. in each qPCR assay, aliquots of the above control

strains corresponding to 100 and 108 copy number were used. Three replicates of each concentration

of these strains were included on each run of qPCR to minimise the intra-assay variations. The

tested samples were also 10-fold serially diluted for these times to decrease the inhibitory effect of the

substances in the samples.

All data were analysed using AB 7500 Software and python programming scripts. The python scripts

used AB 7500 Software raw data output as input data to visualise results using boxplots and tests for

significance using Analysis of Variance (ANOVA) test. The python script was conducted to facilitate

easy manipulation for each dataset. Results from all assays were compared to determine any significant

differences in number of identified Legionella spp. between different locations that samples were

collected from.

2.6 Isolation of free bacteriophages infecting Legionella spp.

from environmental samples

2.6.1 Enrichment

To isolate bacteriophages infecting Legionella spp., environmental samples were first collected and

the presence of Legionella bacteriophages were investigated using enrichment assay. The samples

that were used in enrichment were the first set of samples collected (Supplementary table S2). The

enrichment process was conducted by inoculating 40 ml of water samples individually with 1 ml of

each of Legionella spp. strains in our laboratory collection and incubation at 37◦C for 72 hours. The

presence of bacteriophage capable of infecting above strains was then investigated using spot test and

plaque assay as sections 2.9.1 and 2.9.2.

2.6.2 Sample preparation for well-assay

To allow the visual detection of bacteriophage by monitoring reductions in bacterial density in the

presence of the sample and speed up the process of sample screening for the presence of Legionella

bacteriophages, well assay was conducted. For this, all 403 samples (Supplementary tables S8) from

environmental and man-made sources from various regions around the world (Figure 2.1) were pilled
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up together based on the diverse categories that they were belong to (Supplementary table S7) and

concentrated using either tangential flow filtration or Amicon Ultra-15 Centrifugal Filter Units into

14 different groups. Sample 1 contained all the Midlands’ qPCR-positive samples for wzm genes;

sample 2: all the environmental samples that were collected in first round of sampling; sample 3: the

Midlands’ qPCR-positive samples for mip genes; sample 4: the Midlands’ qPCR-positive samples for

ssrA genes; sample 5: tap water sample from University of Leicester, which were culture-positive for

L. pneumophila serogroup 1, sample 6; tap water sample from Leicester General Hospital, Leicester,

culture-positive for L. pneumophila serogroup 1; sample 7: environmental water samples from Nigeria;

sample 8: water samples from cooling tower; sample 9: the only Midlands water sample that was

negative for Legionella spp.; sample 10: environmental water samples from Bath, UK, culture-positive

for L. pneumophila serogroup 2 - 14; sample 11: environmental water sample from Public Health

England; sample 12: environmental water sample from Uganda, East Africa, treated with chloroform;

sample 13: environmental water sample, from Uganda, East Africa, with no treatment; and sample 14:

sewage sample from London, UK. Amicon Filter Unit (Merck Millipore) was used only for samples from

Uganda (sample numbers 12 and 13). To do this, following taking a 300 µl aliquot of all the samples,

the ones that were treated with chloroform were mixed together and the ones without any treatment

were added together. The 50 kDa amicon centrifugal filter units were then used to concentrate each

group of above samples individually. For this purpose, the samples were centrifuged for 5 minutes

initially at 4000 xg and centrifugation was then carried on until the final volume dropped to 1 ml. The

samples were then stored at 4◦C before being used for screening for Legionella spp. bacteriophage.

For the rest of the samples, following adding them together for each group, tangential flow filtration a

50 kDa filter unit was used to concentrate them into a final volume of 20 ml.

2.6.3 Well-assay

To avoid the need of plaque assay to identify and purify the potential Legionella bacteriophages on

a solid medium, as well as speeding up the process of screening samples, well assay was conducted.

To do this, 160 µl of BYE-α broth, supplemented with and without 5 mM MgCl2 and 5 mM CaCl2,

was added separately to each well of a 96-well microtitre plate, followed by adding 40 µl of the

target Legionella spp. cells from an exponentially growing culture (OD 0.1 at 600nm). 10 µl of the

concentrated environmental samples to be screened as preparaed in section 2.6.2 were then added to an

individual well. Control wells with sterile ultra-pure water and no environmental sample added served

as negative controls. The plates were then incubated in Multiskan™ GO Microplate Spectrophotometer

(ThermoFisher Scientific, UK) at 37◦C for 72 hours. The wells were monitored for the lysis of Legionella

cells by recording a drop in optical density at 600 nm compared to the negative control. In case of

observing any reduction in growth, the lysate from a well which showed a reduction in growth was
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removed and centrifuged at 13,000 xg for 5 minutes in a benchtop centrifuge to pellet any cell debris.

The supernatant was then serially diluted and used for another round of well assays to ensure a clonal

isolates. The dilution before the one that does not lyse would potentially contain a single bacteriophage.

2.7 Optimisation of approaches to isolate bacteriophages against

Legionella spp.

2.7.1 Influence of inoculum conditions of L. pneumophila

To test whether different stages of the growth of L. pneumophila could affect the plaque formation,

plaque assay was performed on two diverse inoculum conditions; exponential and post-exponential

phases. For this purpose, the relationship between nutrient concentrations and the initiation of po-

tential bacteriophage production was tested by collecting bacteria from cultures at different growth

phases, and resuspended with supernatant of the opposite growth stage. For instance, to test the effect

of post-exponential phase L. pneumophila (host strain of respective bacteriophage) on infectivity of

bacteriophage, stationary phase L. pneumophila E1 cells (OD600 = 1) were collected by centrifugation

at 3000 ×g for 5 minutes and then inoculated into fresh BYE-α broth. While, in second condition,

an exponential-phase growth of the same host stains (OD600 = 0.5) were centrifuged at 3000 ×g for 5

min, and resuspended with supernatants obtained by centrifugation of post-exponential-phase culture.

Both spot test and plaque assay were performed as sections 2.9.1 and 2.9.2 using the cultures prepared

in the manner just described and potential bacteriophage lysate that was collected from the plate that

produced single plaques once.

2.7.2 Effect of replacement of charcoal with catalase in the growth medium

on plaque formation

To test whether the presence of charcoal could have a negative effect on infectivity of bacteriophage

or masking the plaque formation, charcoal was replaced with catalase in bottom and overlay agar for

both spot test and plaque assay. To do this, both the top and bottom agars were prepared as explained

in supplementary table S1, except replacing the charcoal with 250 U ml−1 catalase (Sigma) following

autoclaving the agars. The prepared agars then were used for both spot test and plaque assay as

sections 2.9.1 and 2.9.2.
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2.7.3 Legionella transparent media

To remove the challenge of having charcoal in the medium, Legionella spp. Transparent Medium

(LTM), was used, instead of a charcoal-based medium. LTM was first prepared as explained in sup-

plementary table S1. The plaque assay was then performed as explained in section 2.9.2 and LTM was

used instead of BCYE-α medium.

2.8 Isolation of Legionella spp. bacteriophage via induction

of lysogens

2.8.1 Sensitivity of all Legionella spp. strains to induction agents using a

disk diffusion assay

In order to increase the possibility of inducing prophages within the genomes of Legionella spp., it

was necessary to choose strains that were more sensitive to DNA-damaging agents, indicating their

potential to be more inducible. Thus, disk diffusion assay was performed to test the susceptibility of

44 strains of Legionella spp. isolates to prophage inducing agents; MitC and NFX, under identical

conditions. All strains were first cultured on BCYE-α agar plates for 48 hours at 37◦C. A single colony

was then suspended in 5 ml BYE-α broth and incubated overnight at 37◦C. On following day, 100 µl

of an overnight culture was resuspended in 10 ml of fresh BYE-α broth and incubated between 6 -

10 hours to get to OD600 = 0.1 (the incubation time was varied from one strain to another). After

that, 150 µl of bacterial culture were drawn out of the suspension and spread to the entire surface

of the 90 mm plate using a spreader. Blank diffusion disks (Oxoid, Hampshire, UK) were used for

each of DNA-damaging agents; MitC (10 mg ml−1) (Sigma) and NFX (10 mg ml−1) (Sigma). Disks

were applied using a sterile pair of forceps within 3 - 4 minutes of inoculation when the plates were

dry. After that, 10 µl of the above pre-made antibiotic stocks (10 mg ml−1) were spotted on top of

the disk and the plates were incubated at 37◦C for 48 hours. Inhibition zone diameters (mm) were

then measured by a ruler at the point of complete inhibition. Results obtained were used to classify

isolates as being resistant or susceptible to the both inducing agents that have been used. The bigger

the diameter of the inhibition zone, the more susceptible is the strain to the DNA-damaging agent.

Therefore, the outliers (the strains suspected of exhibiting higher sensitivity to either MitC or NFX)

could potentially be used as lysogenic strains for prophage induction from their genomes.
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2.8.2 Prophage induction using broth micro-dilution method

Following performing the susceptibility test using inducing agents to choose the potential lysogenic

strains, the strains that showed more sensitivity to inducing agents, were chosen to check whether

exposure to the inducing agents would excising the prophage from these strains or not. Therefore,

prophage induction was conducted using broth micro-dilution method. To do this, bacterial growth

curve was performed in a 96-well plate. A two-fold serial-dilution of the appropriate inducing agent was

conducted in a 96-well plate and they were then inoculated with a known volume of targeted bacterial

isolate. For this, an aqueous stock solution of 400 µg ml−1 of MitC was prepared and sterilised through

a membrane filter of 0.22 µm of pore size (Sarstedt). Serial dilution was achieved through the addition

of 40 µl of working stock (400 µg ml−1) of either MitC or NFX to the first well, corresponding to

each outlier, plus 160 µl of BYE-α broth (final concentration of 80 µg ml−1). Two-fold serial dilutions

were then made of this in subsequent wells, which was initially filled with 100 µl of fresh BYE-α broth

until the concentration of the inducing agent gets to 0.00025 µg ml−1. Then, few colonies of the target

Legionella spp. were transferred to a falcon tube with 10 ml of BYE-α broth to produce optical density

of 1. Legionella spp. without adding any inducing agents and BYE-α broth were included in each batch

of broth microdilution tests as a control. Following preparing the dilutions, 100 µl of the bacterial

suspension was added to each well, and the microtitre plates were sealed with a thin layer of parafilm

and incubated for 52 h at 37◦C in a Multiskan GO Microplate Spectrophotometer (Thermo-Scientific)

for measurement of bacterial density (OD600) every 15 minutes over the 52 hour time course. Results

were obtained from the Thermo-Scientific SkanIt Software, and exported to Microsoft Excel for further

analysis. The reduction in optical density of the cell density were taken as an indicator of bacterial

cell lysis and prophage release.

2.8.3 Larger volume prophage induction with MitC or NFX

After estimating the required concentration of prophage inducing agents for observing the reduction

in optical density using broth micro-dilution test, to achieve a high concentration of potential viral

particles for further investigation and checking by TEM, the induction process was conducted in a

larger volume (200 ml). A larger volume was chosen to increase the yield of released potential viral

particles, after being exposed to MitC or NFX. For this purpose, 4 ml of an overnight culture of the

tested strain of Legionella was transferred into a glass flask containing 600 ml of fresh BYE-α broth

and grown at 37◦C with shaking (100 rpm) for 13 - 16 hours until the optical density at 600 nm was 0.5.

Thereafter, the culture was split into 3 x 200 ml cultures and induction with MitC or NFX was then

conducted at the concentration that gave the largest reduction in optical density in section 2.8.2. No

DNA-damaging agents was added to the third 200 ml aliquot and was kept as a control. The cultures
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were then incubated at 37◦C for 24 hours. The resulting lysates were then centrifuged at 3500 ×g for 10

minutes at 4◦C to remove the bacteria and cell fragments from the medium, and the supernatant was

then filtered through 0.22 µm filter unit and stored at 4◦C. The lysate was then concentrated using

ultracentrifuge and the bacteriophage DNA extraction method was conducted on the concentrated

lysate. Moreover, transmission electron microscopy (TEM) was performed to investigate the presence

of potential viral particle following induction process. The experiments were done with three biological

replicates.

2.8.4 Prophage induction using ultraviolet light

The prophage induction using ultraviolet light was conducted on L. micdadei NCTC 11371. For this,

1.2 ml of an overnight bacterial culture of L. micdadei NCTC 11371 to be tested for lysogeny was

transferred to 120 ml fresh BYE-α broth and was incubated at 37◦C for ∼ 16 hours or until it gets to

OD600= 0.6 before being centrifuged at 6000 ×g for 10 minutes at room temperature. Pelleted cells

were then resuspended in 120 ml sterile 0.1 M MgSO4 and splitted into 2 x 60 ml, one was used for

ultraviolet light (UV) induction and the other as a negative control (with out induction). The first 60

ml aliquot of cell culture suspension was then transferred to 120 mm square petri dishes and irradiated

in a “Stratalinker® UV crosslinker” for 0.5 µJ cm−2. The cells were then added to double strength

BYE-α broth in a 1:1 ratio. The same procedure, except UV irradiation was conducted for negative

control. Additionally, a 60 ml aliquot of fresh double strength BYE-α broth, plus the same volume of

sterile 0.1 M MgSO4 was include as a control for liquid media. At this point the 3 x 60 ml suspensions

were then separated into 20 x 3 ml aliquots in 7 ml bijou, one bijou per time point. These bijous were

then incubated at 37◦C, shaken at 100 rpm for 72 hours. Samples were taken at 1 hour intervals from

1-6 hours and then for 8, 20, 22, 24, 26, 28, 30, 43, 48, 54, 67, and 72 hours. At each time point 2

ml was removed from the corresponding bijou and from this 1 ml was used to measure the absorbance

at 600 nm (BYE-α broth with 0.1 M MgSO4 was used as control zero of absorbance) and the other

1 ml was filtered through 0.22 µm filter for further analysis of potential viral-like particles sizes and

concentration.

2.8.5 Testing the relationship between DNA concentration in induced lysate

and inducer concentration in L. micdadei

To determine the required concentration of inducing agents to achieve higher yield of DNA from viral

particles, the culture of L. micdadei NCTC 11371 was first exposed to a range of DNA-damaging

agents concentrations using broth dilution method as explained in section 2.8.2. The bacteriophage

DNA extraction was then conducted on each lysate and the concentration of obtained DNA was
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measured using Qubit. To do this, a 2 ml working stock solution of 2000 ng ml−1 of MitC and

NFX was prepared separately in 7 ml bijou tubes by adding 10 µl of working stock of either above

inducing agents (400 µg ml−1) into 1990 ml BYE-α broth. Two-fold serial dilutions were then made

for both MitC and NFX, achieving the final concentration of 1000 ng ml−1 to 1.95 ng ml−1. Following

preparing the dilutions, 1 ml of L. micdadei NCTC 11371 cells from an exponentially growing culture

(OD600=0.2) was transferred to each bijou tube producing the final optical density of 0.1. The tubes

were then incubated for 12 h at 37◦C. The culture of L. micdadei NCTC 11371 without adding any

inducing agents into the BYE-α broth was included in each batch of the assay tests as a control. The

lysates were filtered through 0.22 µm syringe filters and stored at 4◦C. On the same day, 750 µl of the

filtered lysates were used for bacteriophage DNA extraction technique (Section 2.10).

2.9 Characterisation of bacteriophages

2.9.1 Spot test

To screen samples for presence of bacteriophages infecting Legionella spp., spot tests were carried out as

illustrated in figure 2.4. For this purpose, charcoal was removed from Buffered Charcoal Yeast Extract

(BCYE-α) agar by centrifugation after autoclaving to facilitate the screening for bacetriophage plaques.

Then, 150 µl of overnight Legionella spp. culture (OD600 0.1) was mixed with a 3 ml molten 0.4 %

BCYE-α semi solid agar and immediately poured onto a 1.2 % BCYE-α agar plate (Supplementary

table S1). The plate was allowed to solidify, before 10 µl drops of bacteriophage suspension was spotted

on top of the o.4 % agar. Plates were then incubated overnight at 37◦C. After that, plates were checked

for zones of lysis at the site of sample addition. Zones of lysis were then picked and transferred into

500 µl SM buffer (10 mM NaCl, 8 mM MgSO4.7H2O and 50 mM Tris-Cl) (Suppleentary table S1)

using scalpel and kept overnight at 4◦C. On the following day, the suspension was mixed by inverting

the tube, before centrifugation at 10000 ×g for 10 min. The supernatant was then filtered and used

to re-challenge the host in plaque assay as section 2.9.2.

2.9.2 Plaque assay

To carry out a plaque assay as shown in figure 2.4, the tested strain of Legionella spp. host was grown

in BYE-α broth to OD600 0.1. 150 µl of the culture and 100 µl of sample caused lysis during spot test

was dispensed into a Bijou, followed by 3 ml of 0.4 % agar. This was then mixed by gentle inversion

and immediately poured onto 1.2 % BCYE-α plates (charcoal was removed by centrifugation). Before

incubating the plates at 37◦C, plates were allowed to set for 5 minutes at room temperature. Plates

were checked for plaque formation on the following day.
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Figure 2.4. Schematic diagram of the work flow for detection of bacteriophages using spot
test and plaque assay. Diagram shows the process of sample processing for bacteriophage detection
using agar plates. First, spot test are conducted to determine which sample are able to produce zones
of lysis on a bacterial lawn. This started by mixing the culture of individual Legionella spp. (orange)
with overlay agar (Green), followed by spotting the enriched environmental sample (purple) on top
of the overlay agar which was then incubated at 37◦ for 1-2 days. If a zone of clearance is produced,
the zone of lysis was picked, suspended in SM buffer (purple), and then stored at 4◦C overnight. The
following day, the suspension was filtered to remove any agar particles and bacteria from the potential
bacteriophage stock, and an aliquot of this stock was then mixed with a culture of the Legionella spp.
that the zone of lysis was observed on plus overlay agar (claret) before being poured onto a petri-dish,
and again incubated at 37◦ for 1-2 days. Following incubation the plates were then examined for the
presence of single plaques to confirm the presence of bacteriophage in the sample.

2.9.3 Enumeration of prophage-like elements using Nanoparticle Tracking

Analysis

In order to measure/estimate the particle size and concentration of viral-like particles within the

lysate that achieved through prophage induction process, Nanoparticle Tracking Analysis (NTA) was

used. The assay was performed according to the recommended protocol of the machine’s manufacturer

(Nanosight LM10). Briefly, 300 to 400 µl aliquots of a suspension of particles of induced lysate of L.

micdadei NCTC 11371 culture at 19 different time-points were injected into the NanoSight LM10

(NanoSight Ltd., Amesbury, UK) machine’s specimen chamber until the liquid reached the nozzle’s

tip. The Nanosight uses a finely focused laser beam that is introduced to the sample through a glass

prism. The number of particles were measured at room temperature for 90 seconds. The data were

then captured and analysed with NTA 2.0 Analytical Software.
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2.9.4 Bacteriophage particle concentration using ultracentrifuge

For further concentration of potential viral particles, the induced bacteriophage lysates were ultra-

centrifuged (Sorvall Discovery 100SE) at 151,000 xg for 3 hours at 4oC and then the supernatants

were discarded. The pellets were then resuspended in 500 µl of BYE-α and stored at 4oC until later

analysis.

2.9.5 Analysis of temperate virus-like particles using transmission electron

microscopy

For further characterisation of potential viral particle, TEM was used to identify the morphologies of

the particles, following conentarting of the lysates. To prepare the samples for observing under TEM,

200-mesh copper grids were coated with thin film of pioloform (a base for the carbon to be applied to).

Before stabilising the pioloform coated copper grids by applying a thin coating of carbon, they were

allowed to air dry for 1 h. The grids were made hydrophilic side up by high voltage glow discharge with

argon gas for 30 s. 5 µl of bacteriophage preparation was deposited onto a 200-mesh Formvar/carbon-

coated copper grid (Pelco International, Redding, CA) and was incubated for 2 min. The excess

liquid was then removed from the grid by blotting with a piece of Whatman paper. The sample on

the grid was washed twice in 5 µl of distilled-H2O prior to staining. Finally, 2 × 5µl of 1% uranyl

acetate was deposited onto 200-mesh Formvar/carbon-coated copper grid and the dye was removed

immediately by a piece of Whitman paper. To achieve good contrast, care was taken to leave a thin

film of the uranyl acetate stain on the grid and to avoid complete blotting. The grid was then allowed

to air dry for 3 - 5 minutes and stored in a Petri dish lined with filter paper for TEM examination.

The grids was observed at 80 kV with a JEOL-1400 transmission electron microscope (JEOL, Tokyo,

Japan) equipped with a Megaview III digital camera with iTEM software (Gatan, Pleasanton, CA).

Micrographs were recorded using the iTEM software (version 1.3), after the exposure time was set to

10 s.

2.10 Bacteriophage DNA extraction

Phenol/chloroform/isopropanol method was used to extract the bacteriophage DNA. Prior to viral

DNA extraction, the lysate was concentrated using ultracentrifuge (Section 2.9.4). Then, 10 µl of

each of RNase A (30 mg ml−1) and DNase 1(30mg ml−1) was added to 500 µl ultracentrifuged lysate

and the mixture was then incubated overnight at 37◦C. After testing the absence of genomic DNA

using PCR targeting universal 16S rRNA gene, DNA extraction followed by the addition of equal

volume of phenol to the previously generated resuspended bacetriophage pellet. The mixture was
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then centrifuged at 20,000 ×g for 10 minutes at 4◦C. The aqueous layer was extracted with an equal

volume of Phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v) solution, mixed well and was allowed

to stand at room temperature for 2 minutes before being centrifuged at 20,000 ×g for 10 minutes.

The aqueous layer was transferred to a new eppendorf tube and was extracted by adding an equal

volume of chloroform: isoamyl alcohol (24:1, v/v) to the aqueous, mixed well and left to stand at room

temperature for 2 minutes and then centrifuged at 20,000 ×g for 10 minutes. The resulting top layer

was then transferred to a new eppendorf tube and mixed well with 2 volumes of isopropanol (propanol-

2-ol) and 0.4 volumes of sodium acetate (7.5 M), and incubated overnight at 4◦C. The following day,

the sample were centrifuged at 21,000 ×g for 20 minutes, before removing the supernatant and the

resulting DNA pellet was then left to be dried for 5 minutes. The pellet was washed with 500 µl of 75 %

ethanol followed by a final centrifugation for 10 minutes at 21,000 ×g to recover the DNA pellet. After

removing the residual liquid using a pipette, the DNA pellet was air-dried for 20 minutes in flow hood

before being dissolved in in 70 µl of Elution Buffer (EB, 10 mM Tris-HCl, pH 8.5). The Qubit dsDNA

HS Assay Kit from Life Technologies was used to quantify the bacteriophage DNA concentration.

Afterwards, 150 ng of the eluted bacteriophage DNA sample was mixed with gel loading dye before

being run on a 1 % agarose gel for 60 minutes at 100 V to detect a visible band of DNA.

2.11 Bioinformatics work

All bioinformatic analysis was processed using the CLIMB (the Cloud Infrastructure for Microbial

Bioinformatics), a shared computing infrastructure (Connor et al., 2016).

2.11.1 Data collection of Legionella spp. genomes and identification of

prophages across genomes

For identification of prophage elements within the genomes of Legionella spp., the 717 genomes of 73

Legionella spp. (these consisted of both complete and incomplete bacterial genomes) of the NCBI

(the National Center for Biotechnology Information) database (https://www.ncbi.nlm.nih.gov/) were

analysed. Three genomes of L. pneumophila lab-strains that were isolated from environmental samples

were also included in this analysis. Prophage sequences were then identified using PHAge Search

Tool Enhanced Release (PHASTER) (Arndt et al., 2016) and Prokaryotic Virus Orthologous Groups

(pVOGs) (Grazziotin et al., 2017). PHASTER assigns a completeness score to each putative prophage

based on factors such as the presence of genes homologous to a known bacteriophage, and the proportion

of bacteriophage genes in the identified region denoted them either as complete (intact), questionable,

or incomplete. Prophages that assigned as complete have a score of 100 or above, while questionable

prophages score between 60-90. Those with a score < 60 are designated incomplete holding only < 50%
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of the genes in their regions that are related to a known bacteriophage (Zhou et al., 2011). pVOGs is a

website providing access to the most updated database of 9,518 orthologous groups shared among nearly

3,000 complete genomes of viruses that infect bacteria and archaea, including the functional annotation

of viral proteins and identification of genes and viruses in uncharacterised DNA samples. Here, pVOGs

database was used to reannotate the genes of Legionella spp. available in NCBI database, plus the

available lab-strains, in order to classify the prophage elements by analysis of bacteriophage-related

genes within them. To do this, the Viral clusters of Orthologous Groups (VOG) hidden Markov models

(hmm) profiles were first downloaded from http://dmk-brain.ecn.uiowa.edu/VOG/downloads.html

and the genome annotation was then conducted using prokka. Prokka is a software tool that uses a

variety of database to annotate bacterial, archaeal and viral genomes quickly (Seemann, 2014). Here,

prokka was used on downloaded VOG hmm profiles and the GenBank sequence of Legionella spp.

genomes to assign function to their predicted CDS features for more precise prophage classification.

2.11.2 Phylogenetic analysis and genome comparisons of Legionella spp.

complete prophages

To compare the similarity between L. pneumophila complete prophages and different members of

Microviridae family, prophage phylogenetic trees were generated using selected bacteriophage genes

related to Microviridae family (i.e., minor and major spike, DNA packaging, DNA initiation repli-

cation, DNA maturation, major capsid, and external scaffolding). The Microviridae bacteriophage

that was used for the phylogeny were Enterobacteria phage G4 (NC 001420.2), Enterobacteria phage

alpha3 (NC 001330.1), Chlamydia virus Chp1 (D00624.1), Spiroplasma virus SpV4 (M17988.1), Enter-

obacteria phage ID1 (DQ079880.1), Enterobacteria phage MED1 (KJ997912.1), Enterobacteria phage

NC51 (DQ079891.1), Coliphage φ-X174 (NC 001422.1), Enterobacteria phage WA11 (DQ079895.1),

and Bdellovibrio phage φ-MH2K (AF306496 1). For this, a stringent block alignment for each viral

structural genes was created by simple amino acid comparison using Multiple Alignment using Fast

Fourier Transform (MAFFT), a multiple sequence alignment program (Katoh and Standley, 2013).

Then, maximum likelihood phylogenetic trees were constructed using RAxML (Randomized Axel-

erated Maximum Likelihood) program and these were visualised using the program FigTree 1.4.0.

Furthermore, genome comparison regions were generated using the Blastn setting (Altschul et al.,

1990) and synteny comparison figure created with EasyFig 2.2.2 (Sullivan et al., 2011), which is a

Python application to show regions of sequence identity of multiple genomic loci with an easy-to-use

graphical user interface (GUI).
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2.11.3 Identification of integron elements in Legionella spp.

The sequences and annotations of 717 Legionella spp. genomes were downloaded from NCBI Gen-

Bank (last accessed in December 2018, https://www.ncbi.nlm.nih.gov/assembly). All the above

downloaded genomes were then screened for the presence of integron elements using IntegronFinder pro-

gram (Cury et al., 2016), applying default settings (https://github.com/gem-pasteur/Integron_

Finder). IntegronFinder is an online available program that can be used to identify integrons and

their distinctive components; the attC sites with the use of covariance models, integron-integrases

using hmm profiles, and other features (i.e, promoters, attI site) using pattern matching. In this

study, a total of 32,822 sequence contigs of Legionella spp., both the downloaded genomes from NCBI

GenBank and the lab-strains, were screened through IntegronFinder for ensuring an automatic and

accurate identification of integrons, cassette arrays, and attC sites when localised less than 4kb apart.

The threshold of 4kb was an default option, which was twice the size of the largest known cassettes

(∼ 2kb) to compromise between sensitivity (large values decrease the probability of missing cassettes)

and specificity (small values are less likely to put together two independent integrons) of the identified

profiles. The searches for the elements of the integron can be interpreted in three classes; complete

integrons, In0 elements, and CALIN. The identified elements with intI and at least one attC site were

called as complete, while the elements with only intI and no attC sites were classified as In0. The

cluster of attC site lacking inntegron-integrase (CALIN) elements contained at least two attC sites

and none intI.

2.11.4 Data analysing and visualisation

All the data was processed and analysed using a Linux based operating system. All graphs were

generated using the programs Pandas, Scipy, Numpy, Matplotlib, Seaborn, and Python3.

2.11.5 Statistical analysis

All the data was statistically analysed using either one-way ANOVA or two-sample t-test.
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3. Isolation and characterisation of Legionella spp. from envi-

ronmental samples

3.1 Abstract

Legionella spp. are the causative agents of legionellosis, a set of complex conditions including Le-

gionnaires’ disease and Pontiac fever. Legionellosis outbreaks are an emerging public health prob-

lem, contributing to increased mortality and morbidity, especially in cases that lack early diagnosis

and treatment. Bacteriophages may provide an alternative means of treatment, diagnosis, and en-

vironmental cleaning and monitoring. However, no bacteriophages are currently known that infect

Legionella spp.. To isolate any new bacteriophages, a collection of host strains is needed. Therefore,

this chapter describes the collection of a diverse range of Legionella spp. isolated either from a total of

262 water and soil samples collected from natural reservoirs and man-made systems and analysed for

the presence of Legionella spp. along with other strains obtained from PHE. Each isolate within the

collection was characterised into subgroups by serotyping and sequence typing, corresponding to 20

serogroup 1 and 24 serogroup 2 - 14 isolates that covered 12 recognisable STs as well as 6 new sequence

types (STs). These were then examined for their sensitivity to antibiotics used in the treatment of

Legionella spp. infections and a common chlorine-based water treatment agent.
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3.2 Introduction

Legionella spp. are waterborne pathogens that are common in hot and warm aquatic environments

(Okafor, 2011). They replicate either directly within these niches, or within other organisms, such

as amoebae (Albert-Weissenberger et al., 2007). In man-made systems, Legionella spp. can colonise

and proliferate to high numbers, and are spread by aerosols produced by the devices, such as in

the cases of cooling towers, evaporative condensers, spa pools, humidifiers, garden hoses, and even

domestic hot water systems, if operating between 20◦ to 45◦C (Farrell et al., 1990). Any water

systems able to produce aerosols are considered high risk sources of Legionella spp. infections, due

to the possibility of inhaling airborne water droplets produced that contain viable Legionella spp..

Inhalation of Legionella spp. containing droplets is a health risk due to the possibly of developing

legionellosis upon the droplet reaching the lungs (Bartram et al., 2007).

To combat this risk, chlorine and its derivatives are commonly used to remove or reduce the density of

Legionella spp. within water systems (WHO, 2015). However, this process can be challenging, due to

the ability of this bacterium to escape treatment through biofilm formation and residing inside protozoa

(Cervero-Aragó et al., 2015; Buse et al., 2019). This can also make detection of Legionella spp. within

these water systems challenging (Montagna et al., 2017).

Detection is also problematic in clinical cases. For instance, Legionnaires’ disease, the serious pneu-

monia form of legionellosis, can easily be initially misdiagnosed as other types of pneumonia, delaying

diagnosis (Swartz, 1979; Murdoch, 2003). Diagnostic tests are available though, such as the Legionella

urine antigen test where the patient’s urine is screened for the presence of Legionella lipopolysaccharide

(Berdal et al., 1979; Tilton, 1979; Lim et al., 2009). However, this test only detects infections caused

by L. pneumophila serogroup 1 (Burillo et al., 2017; Miller et al., 2018). Therefore, culturing can often

be required for diagnosis which can take time, anywhere from 3 to 14 days, due to the slow growing

nature of the organisms, if it even grows at all. Lack of culturability in Legionella spp. is common, as

Legionella spp. can exist in the VBNC state where, although present in the niche, the organisms are

unable to be cultured in the laboratory (Oliver, 2000; Pierre et al., 2017). Thus, in both the cases of

environmental and clinical detection a broader, and faster, diagnostic assay would allow treatment to

begin sooner for infected individuals, and reduce the potential for outbreaks to occur in the first place

by detecting them in environmental samples. Therefore, alternative approaches for rapid detection

and elimination of Legionella spp. from environmental samples, and from patients, are crucial.

Bacteriophages are one potential alternative tool that could be used in both the detection and elimi-

nation of Legionella spp., as bacteriophage-based diagnostics have already been successfully developed

for other bacteria such as, B. anthracis (Schofield and Westwater, 2009) and M. tuberculosis (Piuri

et al., 2009), and bacteriophage-based therapeutics are also showing promise (Schooley et al., 2017).
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Yet, so far in the literature only one group have described the isolation of bacteriophages infecting

Legionella spp. (Lammertyn et al., 2008). However, these isolated bacteriophages no longer exist

within the collection of that group (Elke Lammertyn, personal communication), meaning no known

bacteriophages infecting Legionella spp. are currently available. Therefore, if bacteriophage-based

diagnostics and therapeutics are to be developed, then new bacteriophages against these organisms

need to be isolated. To isolate bacteriophages, it is vital to have a broad range of host strains due

to the often narrow infective range of bacteriophages (Flores et al., 2011; Khan Mirzaei and Nilsson,

2015).

The first step of this study then aimed to collect of a diverse set of Legionella spp. by isolating these

organisms from different natural and man-made water systems, for the purpose of eventually using them

as hosts for bacteriophage screening. Isolates would then be tested to see if they were L. pneumophila

or one of the other Legionella spp., followed by subgrouping the collection into serogroups and sequence

types (ST) to measure the diversity of the isolates. Finally, the sensitivity of all the L. pneumophila

and non-pneumophila Legionella spp. to a chlorine-based water treatment, sodium hypochlorite, and

antibiotics frequently used in the treatment of Legionella spp. infections was examined to determine

any characteristics that may be relevant to clinical treatment/environmental cleaning.

3.3 Results

3.3.1 Comparison of the growth of L. pneumophila in liquid media

In order to isolate Legionella spp. from environmental samples for use as hosts for bacteriophage

isolation, it was a prerequisite to have an efficient liquid medium to support the rapid growth of

this fastidious and slow-growing bacterium to a high cell density. Currently, there is no standard

liquid medium used for the growth of Legionella spp. (Samuel Collins from Public Health England,

personal communications). In the literature, different media for growing Legionella spp. in liquid

medium are used, including BYE-α (Ristroph et al., 1980; Chatfield and Cianciotto, 2013), chemically

modified medium (CDM) (Pine et al., 1979), and Legionella transparent medium (LTM) (Armon and

Payment, 1990). BYE-α was selected here as it is known to support the growth of L. pneumophila

(Ristroph et al., 1980; Chatfield and Cianciotto, 2013), as well as other species of Legionella; such as L.

longbeachae, L. micdadei, L. anisa, L. bozemanae, and L. dumoffii (O’Connell et al., 1995; Edelstein

et al., 2005; Stewart et al., 2009).

BYE-α is commonly used for culturing Legionella spp. on solid media, termed BCYE-α, due to a

difference between its use in solid media and as a broth base. The solid media BCYE-α is different

due to the use of activated charcoal. Normally for BCYE-α solid cultures, activated charcoal is added
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to improve the growth of strains by removing superoxide radicals that form during the autoclaving

of the media (Hoffman et al., 1983; Barker et al., 1986). However no charcoal is normally used in

BYE-α as a liquid media. Therefore, the growth of L. pneumophila NCTC 11192 was compared across

five modifications of BYE-α liquid growth media to determine which media would produce the most

optimal growth of Legionella spp..

The liquid growth conditions used were based on the standard preparation of BYE-α media for liquid

growth of Legionella spp., with modifications. Five variants of BYE-α liquid media were explored;

filter-sterilised BYE-α, autoclaved BYE-α with no charcoal added at any stage, BYE-α with added

charcoal (not removed), BYE-α with charcoal removed by filtration following autoclaving, and BYE-α

with charcoal removed by centrifugation following autoclaving. Each of these media were inoculated

with a suspension of L. pneumophila NCTC 11192 in SM buffer that was adjusted to a turbidity

equivalent to McFarland 0.5, with growth monitored by optical density and colony production on

BCYE-α agar for each culture over 96 hours (Fig. 3.1 A and B, respectively). Optical density for the

BYE-α-charcoal culture was not measured as this media is dark black containing charcoal particles

that gives inaccurate readings.

Growth was observed to be similar across all tested liquid media. One-way analysis of variance

(ANOVA) demonstrated no significant difference in optical densities produced in each liquid media

(F = 0.03, P = 0.99; Fig. 3.1 A). Trends were also similar. In each case exponential growth was

observed after 4 hours, plateauing into stationary phase after around 24 hours at ∼ OD600 1.5, where

it remained until the end of the experiment. This was also the case for colony formation, with no

significant difference again observed by One-way ANOVA analysis between each of the liquid media (F

= 0.04, P = 0.99; Fig. 3.1 B). In all cultures an initial increase in number of observed colony forming

units was observed from 0 - 20 hours, followed by a plateau at ∼ 5 x 109 CFU ml−1, until around 55

hours followed by a slight reduction in colony numbers. As no significant differences were observed

between the tested liquid media, autoclaved BYE-α with no charcoal added at any stage was chosen

for use in further experiments due to its simple preparation.

3.4 Isolation of Legionella spp. from environmental samples

In order to increase the probability of isolating bacteriophages infecting Legionella spp., it is essential

to have a diverse panel of Legionella spp. isolates to screen potential bacteriophage-containing samples

on. This is because bacteriophages can often be highly specific in which hosts they infect (Flores et al.,

2011). Having a broad range of Legionella spp. isolates would increase the probability of having an

organism sensitive to bacteriophage infection. Therefore, the next step in the bacteriophage isolation

process was obtaining a culturable collection of Legionella spp. strains from solid and aquatic natural
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A

B

Figure 3.1. Comparison of the growth of L. pneumophila NCTC 11192 in five liquid
media. The figure shows the growth profiles observed for L. pneumophila NCTC 11192 over 96 hours
in five different culture media; Filter-sterilised BYE-α, autoclaved BYE-α, BYE-α with added charcoal,
BYE-α with charcoal removed by filtration, and BYE-α with charcoal removed by centrifugation. (A)
shows the monitored bacterial density in four broth. However, BYE-α with charcoal was omitted, due
to the darkness of the broth. (B) represents the measurements of bacterial viable cells in all five liquid
media over the same time-period. In each figure lines indicate the mean value at each time point (N
= 3), while error bars indicate ± SD

and man-made environments.

To isolate a collection of Legionella spp., two rounds of sampling was conducted. In the first round a

set of 108 samples were collected from environmental and man-made sources from different locations

in the United Kingdom (Margate (2), Hampshire (14), Bath (4), Essex (7), Leicester (34)), as well

as from other countries around the world, namely Nigeria (31), Iraq (11), Iran (2), and Kenya (3)

(Supplementary table S2). In the second set a total of 154 liquid and solid samples were collected
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from rivers and the surrounding areas in 5 cities within the Midlands, United Kingdom. These were

samples from Leicester (41), Birmingham (36), Derby (22), Coventry (26), and Nottingham (29)

(Supplementary table S3).

For the first set of samples (108 samples from various countries, collected from cooling tower, rivers,

wells etc.), samples were tested for the presence of Legionella spp. using selective agar plates, medium

of Wadowsky and Yee (MWY) (Descours et al., 2014). This agar is described as being selective for

the growth of Legionella spp. as while containing antibiotics such as polymyxin B, anisomycin, and

vancomycin (Wadowsky and Yee, 1981), it also contains two dyes; bromothymol blue and bromocresol

purple, that aid in discriminating Legionella spp. from other organisms by acting as pH indicators,

which show L. micdadei as blue-gray colonies, and L. pneumophila and some other Legionella spp. as

green colonies (Vickers et al., 1981; Corry et al., 2011).

Before plating, a heat-treatment step was also used on each sample, as the presence of other microbes

within the environmental samples can lead to difficulties in isolating Legionella spp., due to their slow

growth and potential growth inhibition by other organisms (Bopp et al., 1981; Héchard et al., 2005).

Legionella spp. are often more resistant to brief exposure to higher temperatures (e.g. 55◦C for 15

minutes used here) than many other bacteria, therefore this step can minimise the concentration of

viable non-Legionella spp., allowing for better isolation of Legionella spp. (Edelstein et al., 1982;

Percival and Williams, 2013).

Any resulting colonies were then picked and each streaked on standard (BCYE-α) agar plates sup-

plemented with or without cysteine. Since Legionella spp. require cysteine for their growth, only the

isolates that grew on BCYE-α agar plates containing cysteine were selected. A total of 18 isolates

passed this criteria from the 108 collected water samples, despite screening ∼ 3,120 colonies. Each of

these colonies were then examined using PCR targeting the L. pneumophila mip gene (macrophage

infectivity potentiator), a gene that can be used to discriminate between L. pneumophila and other

Legionella spp. (Ratcliff et al., 1998). This indicated that all 18 isolates were positive for mip and

were therefore L. pneumophila.

With the first set of samples collected only producing a small number of Legionella spp. isolates a

second sample set (154 samples collected from 5 cities) was screened using the same method. However,

this time no Legionella spp. colonies were detected. Therefore, quantitative polymerase chain reaction

(qPCR) was used to determine if any Legionella spp. were present in any of these samples, that were

unable to grow due to being in the VBNC state or due to inhibition from other organisms.

The qPCR assay used is based on the assay used by Collins et al. (2015), which describes the detec-

tion of Legionella spp. using two qPCR assays. One assay is a multiplex reaction targeting the ssrA

and mip genes, while the other targets wzm (described in more detail in section 2.5.4). By quanti-

fying these targets, these assays can be used to discriminate between the densities of specifically L.
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Figure 3.2. Legionella spp. within samples from five cities in the Midlands, UK using
qPCR. Boxplots show the quantities each of the 3 target genes detected in each of the samples
from the five cities. Targeted genes are wzm (for L. pneumophila serogroup 1, mip (for other L.
pneumophila srogroups), and ssrA (for other Legionella spp.). The boxplots indicate the number of
copies of each gene detected in each sample. The black horizontal line in each box indicates the median
value, while the upper and lower regions of the box indicates the 25 % and 75 % quartiles, while whisker
extending from the boxes correspond to 1.5 × the interquartile range (max/min values). Each black
circle indicates a single sample.

pneumophila serogroup 1, the total density of L. pneumophila, and the collective abundance of all

Legionella spp.. This is because the ssrA gene can be found in all Legionella spp. (Thurman et al.,

2011), while mip is specific for L. pneumophila serogroups 1 - 14 (Engleberg et al., 1989), and wzm is

only present in serogroup 1 strains of L. pneumophila (Mérault et al., 2011). An example of this can

be seen in figure 3.3.

From the 154 samples, only 1 sample (0.64 %) was negative for any Legionella spp. by qPCR, while

L. pneumophila were detected in 25 samples (16.23 %), with 12 (7.79 %) samples being positive for

L. pneumophila serogroup 1 (Figure 3.3). The distribution of the positive samples with each of these

genes in each of the 5 cities can be seen in figure 3.2. Comparing all 5 cities; Leicester, Birmingham,

Derby, Coventry, and Nottingham (Figure 3.2 A-E respectively), significant differences were observed

with the levels of detectable ssrA (one-way ANOVA, F = 4.04, P = 0.003) and mip (one-way ANOVA,

F = 3.37, P = 0.01) in the samples. No significant differences were found in the quantity of wzm found
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L. pneumophila
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Figure 3.3. The proportion of Legionella-positive samples detected by qPCR. Venn diagram
showing the proportions of screened environmental samples from rivers around the Midlands, UK, that
were positive for either Legionella spp. (ssrA positive only; Blue circle; n = 153), L. pneumophila 1
- 14 (positive for ssrA and mip; Yellow circle; n = 25), and L. pneumophila serogroup 1 (positive for
ssrA, mip and wzm; Green circle; n = 12) using the Collins et al. (2015) qPCR assay.

among the tested locations in the Midlands (one-way ANOVA, F = 1.23, P = 0.29).

Although the isolation of Legionella spp. from the first set of samples led to only 18 isolates being ob-

tained, and the second sample led to no new Legionella spp. being isolated, a further 37 Legionella spp.

isolates were graciously provided by Dr. Samuel Collins at Public Health England. Of these 37 strains

of Legionella spp., 27 were L. pneumophila, 2 were L. longbeachae, and 1 isolate for each of the follow-

ing Legionella spp., L. sainthelensi, L. bozemanae, L. anisa, L. hackeliae, L. oakridgensis, L. gormanii,

L. feeleii, L. dumoffii.

3.5 Type analysis of L. pneumophila isolates

Currently, the genus Legionella comprises over 50 species (Lück et al., 2013), with L. pneumophila

itself able to be sub-classified into 14 serogroups by using a latex agglutination test to detect antigens

targeting distinct lipopolysaccharide structures (Yong et al., 2010; Lück et al., 2013). To determine the

diversity within the collection of L. pneumophila hosts in the current study a two step strain typing

approach was used to further classify these isolates. In the first approach serogroup typing using a

latex agglutination test was used to determine if the L. pneumophila isolates belonged to the more

pathogenic serogroup 1 or were part of the less pathogenic serogroups 2 - 14. This was then followed

by sequence based typing to subclassify each serotyped L. pneumophila isolate at the genotype level.
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3.5.1 Serogroup Typing

All L. pneumophila strains isolated as part of this study (n = 18), plus those that were received from

PHE (n = 27), were serogroup-typed using the Legionella latex test (Oxoid, Basingstoke, UK). This

test is able to classify the L. pneumophila isolates into either serogroup 1 or as belonging to one of

serogroups 2 - 14 (i.e. it does not discriminate between the serogroups within this classification e.g.

serogroup 3 vs serogroup 11). The results from the serogroup typing are shown in table 3.1.

Of all 45 examined isolates, 20 were found to belong to L. pneumophila serogroup 1 (44.5 %) and

24 to L. pneumophila seroroup 2 - 14 (53.5 %). One isolate, L. pneumophila GBO4, was found to

react with all three test reagents, antibodies specific for L. pneumophila serogroup 1, those for L.

pneumophila serogroup 2 - 14, and even the set that reacted with other Legionella spp.. Even after

numerous replicates, and subculturing single colonies further in case the stock contained mixed L.

pneumophila serogroups, this result was consistently observed. No explanation was found for the cross

reaction observed for L. pneumophila GBO4, but as it was confirmed by PCR earlier that this strain

belongs to L. pneumophila it was still included in the collection of L. pneumophila strains for further

subclassification by sequence-based typing.

3.5.2 Sequence-based typing

To further characterise the L. pneumophila isolates, typing at a molecular level was conducted us-

ing sequence-based typing. Sequence-based typing has been recommended by the European Working

Group for Legionella Infections (EWGLI) for the sub-classification and genotyping of L. pneumophila

(Mentasti et al., 2012; Mentasti, M. and Fry, 2012; Lück et al., 2013). Sequence-based typing is per-

formed by sequencing amplicons from seven gene targets; flaA, pilE, asd, mip, momps, proA, and either

neuA or neuAH, with neuAH used when neuA amplification was negative (Mentasti, M. and Fry, 2012;

Mentasti et al., 2014). The sequences are then submitted to an online database available at the PHE

website (http://www.hpa-bioinformatics.org.uk/legionella/legionella sbt/php/sbt homepage.php), where

the sequences are then compared to a set of known sequences to determine sequence homology. Base

on matches an allele number is then assigned to each individual gene input, and depending on the com-

bination of allele numbers found within a strain, an overall sequence type (ST) for that strain is deter-

mined using the European Society of Clinical Microbiology and Infectious Diseases’ (ESCMID) ESGLI

online tool (ESCMID Study Group for Legionella Infections; http://bioinformatics.phe.org.uk/

legionella/legionella_sbt/php/sbt_homepage.php) (e.g. allelic profile 1,4,3,1,1,1,1 = ST1) (Gaia

et al., 2005; Mentasti et al., 2014).

Targets of either neuA or neuAh and the 6 other target genes were successfully amplified by PCR

from all 45 L. pneumophila isolates. NeuA was amplified for 44/45 (97.8 %). However, L. pneu-
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mophila GBO4, the isolate that also reacted with all 3 serotyping reagents in Section 3.5.1, did not

amplify with neuA gene, and therefore, neuAh was amplified and sequenced instead. From the 45

isolates, 18 distinct STs were identified (Figure 3.4). Of these 18 STs, 12 were assigned to a known

STs, while 6 STs were identified as novel STs and were uploaded to the EWGLI database and given

the ST numbers ST2410, ST2411, ST2412, ST2413, ST2414, and ST2418. The most prominent STs in

this study were ST337 and ST59 with 11 (26 %) and 7 (16 %) strains of the L. pneumophila collection

identified as these STs respectively (Figure 3.4).

 

ST1
14%

ST337

26%

ST36

2%ST8
2%

ST1180
2%

ST191 5%
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5%

ST2411
5%
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ST707
2%
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Figure 3.4. Proportion of the sequence types identified within the collection of L. pneu-
mophila isolates. Pie chart shows the percentage of strains identified as a particular sequence type
from the collection of L. pneumophila isolates that was used in this study (n = 45). Each colour repre-
sents a different sequence type, with sequence type indicate both on the outer rim of the corresponding
slice, and within the key on the right of the pie chart.

3.6 Susceptibility testing of Legionella spp.

For further characterisation of Legionella spp. strains in the collection, the susceptibility of these

isolates were tested against antimicrobials and a water treatment agent. In the first test, the sensitivity

of Legionella spp. isolates to four antibiotics was tested, from the macrolides, fluoroquinolones, and

rifamycins families that are commonly used for treating infections caused by this bacterium (Bartlett

et al., 2000; Sabrià et al., 2005). This allowed the examination of whether any of these strains showed

resistance to the common antibiotics used in the treatment of Legionella spp. infections. The sensitivity

of the same isolates were then also tested against sodium hypochlorite, which is commonly used for
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chemical disinfection of Legionella spp. in many water systems (Kim et al., 2002; Joseph et al., 2011;

Health and Safety Executive, 2013). In total 44/57 strains from the collection were examined. This

was because any isolates that were isolated from the same sample and were identified as the same

sequence type were noted as duplicates and only one strain from any non-unique set was included

here.

3.6.1 Antibiotic susceptibility of Legionella spp. isolates

The susceptibility of these isolates to different antimicrobial agents was first checked by assessing the in

vitro activities of two macrolides (erythromycin and clarithromycin), a flouroquinolone (ciprofloxacin),

and a rifamycin (rifampcin) against 44 isolates within the Legionella spp. collection (1 clinical and 43

environmental isolates). Antibiotic screening was conducted according to guidelines adapted from Eu-

ropean Committee on Antimicrobial Susceptibility Testing (EUCAST) for antimicrobial susceptibility

testing of L. pneumophila (Bruin et al., 2012). Here, the minimal inhibitory concentrations (MICs)

of the 4 antimicrobials were obtained using an agar diffusion method with commercially available E-

test strips (BioMérieux) which contain an exponential gradient of antibiotic concentrations along the

strip. Isolates on plates were incubated with the strips for 48 hours, and MICs were then recorded

based on the first concentration noted on the the strip where bacterial growth was inhibited (Wiegand

et al., 2008). The Legionella spp. that were tested with the above antimicrobial agents, included

17 L. pneumophila serogroup 1, 17 L. pneumophila serogroup 2 - 14, 1 L. pneumophila cross-reacted

between the reagents for identifying pneumophila and 9 non-pneumophila strains, one strain each of

L. longbeachae, L. micdadei, L. bozemanae, L. anisa, L. hackeliae, L. oakridegensis, L. gormanii, L.

feelei, and L. dumoffii strains. The distribution of the MIC values of 4 antibiotics tested are shown in

figure 3.5.

After exposing of L. pneumophila and other Legionella spp. to all four antibiotics, variable sensitivities

were observed, as can be noted in Figure 3.5. For rifampicin, the L. longbeachae strain Phe 37 and

L. hackeliae strain Phe 34 showed the lowest level of sensitivity to rifampicin (0.0476 and 0.047 µg

ml−1, respectively). The L. pneumophila strains Phe 19, Phe 2, and GBO1 showed the lowest level

of sensitivity to erythromycin, ciprofloxacin, and clarithromycin at 0.833, 0.543, and 0.231 µg ml−1,

respectively. Interestingly, for the other Legionella spp. the sensitivity of Phe 34 to all antibiotics

was low compared to the other Legionella spp., and showed the lowest sensitivity for erythromycin,

ciprofloxacin, and clarithromycin among the Legionella spp. isolates.

All the isolates were more sensitive to rifampicin in comparison to the other antibiotics, with growth of

Legionella spp. inhibited at concentrations of between 0.002 - 0.006 µg ml−1 for L. pneumophila and

0.002 - 0.047 µg ml−1 for the non-pneumophila Legionella spp. (Figure 3.5 A). The sensitivity of L.

pneumophila to rifampicin was significantly greater than the other non-pneumophila Legionella spp.
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(Two-sample t-test, t = 3.33, P = 0.0017). However, no significant difference in observed MICs was

noted between MICs of the L. pneumophila strains and the other non-pneumophila Legionella spp.

when they exposed to erythromycin (Figure 3.5 B; t-test = -0.102, P = 0.918), ciprofloxacin (Figure

3.5 C; t-test = 1.51, P = 0.136), and clarithromycin (Figure 3.5 D; t-test = 0.21, P = 0.82).

None of the strains isolated showed resistance to the antibiotics tested.

BA

C D

Phe_37 Phe_34 Phe_19

GBIn1

GH1

Phe_34

Phe_2

Phe_34

GBO1

Phe_6

Phe_8

Phe_34

GBO4 Phe_25

Figure 3.5. Antibiotic susceptibility of the L. pneumophila versus non-pneumophila Le-
gionella spp.. Boxplots show the distribution of the minimal inhibitory concentration (MIC) of
antibiotics against the L. pneumophila and non-pneumophila Legionella spp. used in this study. Blue
boxes represent values obtained for L. pneumophila while orange boxes show non-pneumophila Le-
gionella spp.. (A) shows the MIC values for rifampicin, (B) for erythromycin , (C) for ciprofloxacin
, and (D) shows those for clarithromycin. Boxes show the 25 % to 75 % quartiles, the solid horizon-
tal line within the box indicates the median of each distribution, and whiskers extend to 1.5 × the
interquartile range, with outliers beyond represented marked as black circles and are labelled. Each
black circle shows the mean MIC value obtained from 3 biological replicates for a particular isolate.
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3.6.2 Sodium hypochlorite susceptibility

Strains were further characterised to determine their sensitivity to a disinfectant that is used in the

water treatment process to remove bacteria such as Legionella spp., sodium hypochlorite. Sodium

hypochlorite was selected as according to the EWGLI guidelines for control of Legionnaires’ disease

and national water regulations, continuous addition of chlorine in the form of sodium hypochlorite is

often employed for the disinfection of water (Joseph et al., 2011). To do this, a blank sensitivity disk

was impregnated with 10 µl of 2 % sodium hypochlorite and placed on an individual agar plate for

each of 44 strains, which were spread over the surface. Following this, the zone of inhibition caused by

this bactericide on the lawn of Legionella was measured after 48 hours incubation at 37◦C as described

in section 2.5.2. The larger the zones of lysis, the greater the sensitivity to the bactericidal agent.

The susceptibility of the Legionella spp. collection to sodium hypochlorite were compared again

between L. pneumophila and the non-pneumophila Legionella spp., and the distributions of the both

of these groups can be found in figure 3.6. L. pneumophila isolates were found to be more sensitive

to sodium hypochlorite compared with non-pneumophila isolates, as larger zones of inhibition were

observed around the sodium hypochlorite containing disk. L. pneumophila showed zones of inhibition

ranging from 28.5 - 36.8 mm with a median diammeter of 32.16 mm, while for the non-pneumophila

Legionella spp zones produced were between 17.33 - 31.83 mm, with a median diammeter of 25.66

mm (Figure 3.6). The higher sensitivity of L. pneumophila isolates was statistically significant to

bactericidal activity of sodium hypochlorite (Two-sample t-test = 5.4, P = < 0.05).

Among L. pneumophila isolates, two serogroup 1 isolates, L. pneumophila Phe 24 and NCTC 11192

showed the lowest and highest sensitivity to sodium hypochlorite respectively (28.5 mm and 36.83 mm

respectively). As for the other Legionella spp., L. hackeliae showed the smallest zone of inhibition

(17.33 mm diammeter), while the largest zone of inhibition was observed by L. micdadei (31.83 mm

diammeter).

3.7 Discussion

To date, very little has been published on bacteriophages infecting Legionella spp., and as a result, there

is a lack of knowledge on the abundance and diversity of bacteriophages that infect this bacterium.

Because of this, if the current study aimed to investigate the potential for bacteriophages to be used

in the treatment and detection of Legionella spp. the isolation of new bacteriophages was required.

To isolate bacteriophages against Legionella spp. we would first require a broad range of isolates of

Legionella spp. to increase the chances of finding a bacteriophage. Interestingly, Lammertyn et al.

(2008) obtained all four of their bacteriophages using only a single host strain, L. pneumophila NCTC
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CLP

Figure 3.6. Susceptibility of L. pneumophila versus non-pneumophila Legionella spp. to
sodium hypochlorite using a disk diffusion assay. Boxplots represent the distribution of the
diameter of zones of inhibition produced following exposure of each of the 44 L. pneumophila and
non-pneumophila Legionella spp. strains collected to 2 % sodium hypochlorite. Blue boxes represent
values obtained for L. pneumophila while orange boxes show non-pneumophila Legionella spp.. Boxes
show the 25 % to 75 % quartiles, the solid horizontal line within the box indicates the median of each
distribution, and whiskers extend to 1.5 × the interquartile range. Each black circle shows the mean
diameter obtained from 3 biological replicates for a particular isolate.

11192. Although isolated on a serogroup 1 L. pneumophila strain, the four bacteriophages were found

to be able to infect every other L. pneumophila serogroup, except serogroup 13. Two of the four

bacteriophages were even able to infect other Legionella spp., those being L. bozemanae, L. micdadei,

L. longbeachae, and L. dumoffii (Lammertyn et al., 2008). Therefore, as the previously observed

bacteriophages were able to infect multiple serogroups and species of Legionella, by having a wide

collection of host serogroups and species in the present work the probability of having one strain able

to be infected by such a bacteriophage will increase.

To begin this process, the composition of the liquid media that would be used to culture Legionella spp.

in all further sections was examined to try and obtain maximal growth of Legionella spp.. By obtaining

maximum bacterial densities the probability a bacteriophage interacting with a bacterial cell will

be higher than at lower densities (Abedon and Katsaounis, 2018). This is because the number of

bacteriophages lost from an environment due to interacting and adsorbing to a host bacterial cell

increases as a function of bacterial densities, which can be seen by the equation:

Pt = P0e
−kNt

where Pt, is the number of bacteriophages at time t, P0 is the number of bacteriophages initially in

the environment, k is the bacteriophage adsorption constant, and N is the density of bacteria in that

62



environment (Abedon, 2012). Host density is also an important factor in determining eventual bacte-

riophage densities, as for each cell that is adsorbed to by a bacteriophage, new viruses will be released

from that cell, a concept that is applied in bioreactor cultures during production of bacteriophages to

try and produce maximum bacteriophage titres (Agboluaje and Sauvageau, 2018). While no significant

differences were found between the growth of L. pneumophila NCTC 11192 between media containing

activated charcoal (either only during the autoclaving process or at all times) and charcoal free media,

the maximum density observed in each culture was high, ∼ 9.89 x 109 CFU ml−1. This concentra-

tion will be high enough to have a sufficient probability of leading to bacteriophage adsorption should

bacteriophages infecting Legionella spp. be present, and enough to support the production of higher

densities of bacteriophages from adsorbed bacteriophages.

The liquid growth optimisation experiments were conducted using L. pneumophila NCTC 11192, a

serogroup 1 isolate that had been purchased from the National Collection of Type Cultures (NCTC),

and although this strain is the same that was used by Lammertyn et al. (2008) to isolate their bacte-

riophages, a larger collection would improve the chances of bacteriophage isolation. To obtain these,

a set of 108 samples from environmental and man-made water systems were obtained from various

regions around the world. Several different approaches; such as acid, buffer or heat pre-treatment, as

well as heat enrichment, to perform environmental monitoring for Legionella spp. have been proposed

to improve chances of isolating Legionella spp. (Reinthaler et al., 1993; Centers for Disease Control

(CDC), 2005). Here, heat treatment prior to culturing was selected because unlike many other bacte-

ria, Legionella spp. are relatively resistant to higher temperature (55◦C - 60◦C) (Leoni et al., 2001;

Chang et al., 2007). Therefore, heat-treatment combined with antibiotic selective media was used

to increase the chance of isolating Legionella spp. by eliminating/reducing the density of competing

bacteria. Screening these samples resulted in isolation of 18 strains of L. pneumophila, confirmed by

amplification of the mip gene, which is not present in other Legionella spp. (Hayden et al., 2001).

These numbers are consistent with other investigations. For example, Carvalho et al. (2007) screened

67 water samples from various man-made water systems in São Paulo, Brazil, and found only 9 samples

were positive for L. pneumophila (13.4 % of samples). However, this can vary drastically though across

sample geographical locations and the source being sampled (Whiley and Taylor, 2016).

Collection of a further 154 environmental samples from five cities in the Midlands, UK, to try and

expand the number of Legionella spp. did not give any more Legionella spp. isolates. It was possible

then that no Legionella spp. were present in any of these samples. However, other non-Legionella

colonies were isolated from these samples, and it has been suggested by Toze et al. (1990) that a

lack of Legionella spp. when other organisms are present could be due to an anti-Legionella effect,

inhibiting Legionella spp. growth. In the environment, Legionella spp. are in constant contact with

non-Legionella bacteria that share the environment (Toze et al., 1990). Although there is only limited

evidence on inhibition of the growth of Legionella spp. by non-Legionella bacteria, studies have shown
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that some organisms e.g. Aeromonas spp., Acinetobacter spp., Bacillus spp., Flavobacterium spp., and

Pseudomonas spp., Staphylococcus spp., and Streptococcus spp. (Flesher et al., 1980; Héchard et al.,

2005; Guerrieri et al., 2008; Marchand et al., 2011; Loiseau et al., 2015) are capable of inhibiting or

limiting the growth of Legionella spp.. Corre et al. (2018) isolated 273 non-Legionella spp. (covering

4 phyla) from 5 freshwater environments and found that 178 (65.2 %) of these isolates were able to

inhibit the growth of L. pneumophilla in vitro, indicating that organisms able to inhibit the growth

of Legionella spp. are present in water samples such as those sampled here. Another possibility is the

presence of VBNC Legionella spp. that are known to be present in some samples but are unable to

cultured (Whiley and Taylor, 2016; Kirschner, 2016).

Culture-independent analysis of these samples by qPCR was used to examine these possibilities.

qPCR indicated that 153 of the 154 (∼ 99.3 %) were positive for Legionella spp., indicating that

Legionella spp. are present in the samples collected. This would suggest then that growth is either

being inhibited by other organisms or because these cells are in the VBNC state. Differences in the

detection of Legionella spp. between culture and qPCR are common. Diederen et al. (2007) were only

able to identify Legionella spp. in 8/357 potable water water samples from around the Netherlands,

while qPCR analysis of these same samples indicated the presence of Legionella spp. DNA in 311/357

samples. In river samples, Parthuisot et al. (2010) were able to culture Legionella spp. from 15/72

samples while qPCR indicated their presence in all 72 samples. However, qPCR amplification can

also occur for both living and dead Legionella spp. within a sample, so in some cases values could

include some false positive results due to amplification of dead cells. Despite this, as the focus of

the current study was to eventually isolate bacteriophages infecting Legionella spp., the presence of

Legionella spp. DNA in the samples could be a good indication of bacteriophages presence, as bacte-

riophages are believed to be in every environment where bacteria are found, as they rely on a host for

replication.

With only 18 Legionella spp. isolates collected from the two rounds of sampling, 37 additional iso-

lates of Legionella spp. were graciously provided from the collection of the Biosafety, Air and Water

Microbiology Group, National Infection Service, PHE, 27 being L. pneumophila. Other species in the

set provided by PHE consisted of L. longbeachae (2 isolates), L. sainthelensi (1 isolate), L. bozemanii

(1 isolate), L. anisa (1 isolate), L. hackeliae (1 isolate), L. oakridgensis (1 isolate), L. gormanii (1

isolate), L. feeleii (1 isolate), and L. dumoffii (1 isolate). Additionally, 1 isolate of each of L. pneu-

mophila and L. micdadei were purchased from NCTC. This made the total number of Legionella spp.

in the collection of this study 57 isolates.

All 45 isolates of L. pneumophila in the collection were then further sub-classified to determine the

diversity of these strains using serogroup typing and sequence-based typing. This would allow the

further characterisation of the L. pneumophila and also limit the use of repetitive strains in the
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eventual bacteriophage samples screening. Serogroup typing of the 45 strains of L. pneumophila showed

that 20 of these isolates belonged to serogroup 1 and 24 belonged to serogroup 2 - 14. One isolate,

L. pneumophila GBO4, was found to react with all three test reagents, antibodies specific for L.

pneumophila serogroup 1, those for L. pneumophila serogroup 2 - 14, and for other Legionella spp..

Sequence-based typing of the L. pneumophila isolates showed that the collection covered 18 STs, 12

currently known STs and 6 novel STs, the majority belonging to either ST337 (26 %) or ST59 (16

%). A study by Quero et al. (2018) found that ST337 can be identified within hospital environments,

although was not directly associated with disease. Although this may not be the same for all members

of a sequence-type, ST59 is a known disease causing agent. From analysis of the STs deposited within

the CDC Legionella reference collection during the last 30 years, Kozak-Muiznieks et al. (2014) noted

that ST59 was the causative agent of an outbreak in Washington, USA, in 2011 (3 cases). This was a

recurrent outbreak, with the strain detected in environmental samples leading to the disease for at least

one year despite the treatment. Other outbreak-associated STs from the study of Kozak-Muiznieks

et al. (2014) were found within the the current L. pneumophila collection. Of particular note is ST36,

which was associated with the most outbreaks covered in their study in the USA, including 21 cases

in Deleware in 1994, 4 cases in North Carolina in 2005, 6 cases in Texas in 2006, 5 cases in Georgia in

2009, and 11 cases in Illinois in 2012. ST1 which covers 14 % of the current L. pneumophila collection

was associated with one outbreak in Nevada in 2012, but has also been identified in clinical cases in

the UK, as has ST8, ST59, and ST191 (Harrison et al., 2009; Kozak-Muiznieks et al., 2014). With a

collection of L. pneumophila isolates that span both environmental and potentially clinically relevant

STs the isolates were then further characterised for their sensitivity to antibiotics used in the treatment

of disease and a chlorine-based chemical used in water treatment.

The most commonly used antibiotics to treat Legionnaires’ disease are macrolides, fluoroquinolones,

and rifamycin (Bartlett et al., 2000; Sabrià et al., 2005), which are able to accumulate in phago-

cytes meaning they can tackle intracellular Legionella spp. (Edelstein and Edelstein, 1989). Only one

case of antibiotic resistant Legionella spp. has been identified in a clinical setting, with a L. pneu-

mophila serogroup 1 isolate obtained from a patient with severe pneumonia showing resistance to the

fluoroquinolone, ciprofloxacin (Bruin et al., 2014). Resistance can also be readily developed in vitro,

and while no treatment failures due to resistance have been reported, these are signs that this still

could be a possibility in the future (Dowling et al., 1984; Nielsen et al., 2000; Almahmoud et al., 2009).

In this study, the antimicrobial susceptibility of 44 of the Legionella spp. isolates was assessed against

four antibiotics to evaluate their sensitivity to common treatments. Although these data would not

directly aid in isolating bacteriophages, it would allow further characterisation of diversity within

the Legionella spp. collection. No isolates of L. pnuemophila were found to be resistant to any

of the antibiotics based on the “epidemiological cut-off values” determined by Bruin et al. (2012).

Epidemiological cut-off values are defined by determining the distribution of MIC’s across the wild-
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type population (organisms with no known resistance mechanisms), and identifying its upper limit

of MIC (Kahlmeter et al., 2003). Bruin et al. (2012) determined epidemiological cut-off values for

10 antibiotics used in the treatment of L. pnuemophila, including the four examined in this study

using only isolates from L. pnuemophila serogroup 1. They determined that the epidemiological cut-

off values for rifampicin was 0.032 mg L−1, erythromycin was 1.0 mg L−1, ciprofloxacin was 1.0 mg

L−1, and clarithromycin was 0.5 mg L−1. No L. pnuemophila isolates in this current study had an

MIC greater than this threshold. However, no epidemiological cut-off values have been set for either

L. pnuemophila serogroup 2 - 14 or non-pnuemophila Legionella spp., therefore while Phe 34 and

Phe 37 (L. hackeliae and L. longbeachae, respectively) are above the epidemiological cut-off values for

rifampicin it is unknown if these actually contain resistance mutations or just naturally have higher

MIC’s than L. pnuemophila serogroup 1 isolates. The susceptibility of Legionella spp. strains in the

gathered collection were also tested against a common water treatment agent, sodium hypochlorite,

using a disk diffusion assay. Our observations showed that L. pneumophila strains were more sensitive

to 2 % sodium hypochlorite, compared to non-pneumophila Legionella isolates.

To conclude, a broad and diverse strain collection of environmental isolates of Legionella spp. was

collected, including L. pneumophila serogroup 1 belonging to ST’s that have been previously associated

with disease outbreaks. This panel can then be used as a collection of host isolates to attempt to isolate

bacteriophages in the next chapter.

66



4. Isolation and characterisation of bacteriophages infecting Le-

gionella spp.

4.1 Abstract

Legionella spp. are pathogens with a number of key characteristics that make the detection and treat-

ment of environmental contamination and associated human infections challenging. There is therefore

a need to identify and develop new diagnostic and treatment methods targeting these organisms. Bac-

teriophages have been suggested as a possible alternative, and have shown promise as a potential tool

in the detection and treatment of many bacteria. However, currently there are no known bacterio-

phage infecting any of the Legionella spp. available in public database. This chapter then aimed

to isolate and characterise bacteriophages infecting Legionella spp. using two common approaches:

enrichment of environmental samples (for free bacteriophages from the environment) and induction

of Legionella spp. strains from the collection of Legionella spp. isolated in the previous chapter (for

prophages present within bacterial host). For isolation by enrichment, a first set of 108 samples were

enriched and analysed for the presence of free bacteriophages by attempting to detect plaque forma-

tion. However, only zones of confluent lysis were observed in samples showing clearance, with plaque

formation only observed for 1 sample, which was not reproducible. Concentration of a total of 403

water and soil samples from natural reservoirs and man-made systems also showed non-reproducible

decreases to bacterial density when bacterial growth was measured in a well assay. For isolation by

induction, Legionella spp. treated with the prophage-inducing agents: MitC and NFX, showed some

changes in growth profile possibly indicating prophage induction. Following TEM analysis no particles

similar to the common Caudovirales were observed, however other virus-like particles were observed,

which may be currently undescribed bacteriophage.
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4.2 Introduction

Water systems with the ability to produce aerosols are considered high risk sources of Legionella spp.

infection, due to the risk of inhalation of aerosolised droplets containing the organisms (Bartram et al.,

2007). If droplets containing Legionella spp. become inhaled, the individual is at risk of developing

legionellosis, the collective name covering Pontiac fever, a mild-flu like disease, and Legionnaires’

disease, a severe and potentially deadly form of pneumonia (Fields et al., 2002; Bartram et al., 2007).

In 2018, a total of 480 confirmed cases of Legionnaires’ disease were reported in England and Wales

(Public Health England, 2018). Across Europe, The European Surveillance System (TESSy) reported

∼ 8,500 confirmed case of Legionnaires’ disease across 30 European countries in 2017, an increase

from ∼ 6,500 confirmed cases the previous year (European Centre for Disease Prevention and Control,

2018, 2019). In both 2017 and 2016 TESSy reported that the fatality rate from all cases was ∼ 8 %

(European Centre for Disease Prevention and Control, 2018, 2019). Thus, these pathogens pose an

important public health threat across European countries.

To combat the threat caused by these organisms, organisations such as the Health and Safety Exec-

utive (HSE) in the UK regulate the Legionella spp. levels in environmental and man-made systems

by routine environmental monitoring and epidemiological investigations following outbreaks of Legion-

naires’ disease (Health and Safety Executive, 2013). One way to prevent disease occurrence is by the

elimination of Legionella spp. from water and aerosol-producing systems (Mérault et al., 2011). This is

achieved by the treatment of potentially contaminated water with chemical disinfectants e.g. chlorine-

based bleaches, or by using high temperatures to reduce/remove Legionella spp. (Kim et al., 2002;

Marchesi et al., 2016). However, Legionella spp. have been shown to resist the action of many disin-

fectants and heat treatments, due to their ability to form biofilms and obtain refuge within amoebae

(Barker et al., 1992; Falkinham, 2015; Abu Khweek et al., 2013; Abdel-Nour et al., 2013).

In cases where infection does happen, clinical detection of Legionella spp. can also be problematic. For

example, Legionnaires’ disease cases can easily be misdiagnosed as other types of pneumonia, causing a

delay in diagnosis and administering appropriate treatment (Swartz, 1979; Murdoch, 2003). Currently

the Legionella urine antigen test is used for diagnosis of Legionnaires’ disease (Lim et al., 2009), yet

this test can only be used accurately to detect infections caused by L. pneumophila serogroup 1 (Burillo

et al., 2017; Miller et al., 2018). A study by Helbig et al. (2003) tested the ability of the urine antigen

tests to detect Legionella spp. infections in known culture-positive patients and found that the test

was accurate for travel and community acquired infections where L. pneumophila serogroup 1 were

more frequently found (∼ 95 % and 80 % of examined cases respectively), but was far less accurate for

nosocomial infections where significantly less L. pneumophila serogroup 1 isolates were observed (∼ 45

% of cases). Therefore, culturing can often be required for diagnosis, which can take anywhere from
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3 to 14 days to confirm, due to the slower growing nature of these organisms (Bartram et al., 2007;

Pierre et al., 2017). These delays in effective diagnosis could then possibly lead to serious implications

for the patient if infection was due to an alternative L. pneumophila serogroup or Legionella spp.

In both the cases of environmental and clinical detection a broader and faster alternative approach to

detecting Legionella spp. is required for the rapid detection and elimination of Legionella spp.. One

approach that has been suggested for many other bacteria for similar purposes is the application of

bacterial viruses, bacteriophages, to overcome these issues. Bacteriophages have already been shown to

be effective when used as diagnostics and antimicrobials against various bacterial infections (Karumidze

et al., 2012; Satyanarayana et al., 2012; Abedon, 2015). For example, in a clinical trial into the use of

bacteriophages to treat chronic otitis caused by antibiotic-resistant P. aeruginosa, Wright et al. (2009)

observed that a cocktail of bacteriophages was able to significantly reduce P. aeruginosa numbers

compared to placebo, and also showed signs of improved clinical outcome. Sergueev et al. (2010)

developed a bacteriophage-based qPCR diagnostic test for the identification of Yersinia pestis in

clinical/environmental samples. In their assay, Y. pestis bacteriophages are added to the sample

and primers targeting bacteriophage DNA are used to detect and quantify bacteriophage replication.

Detection of bacteriophage replication can confirm the presence of Y. pestis within a sample in ∼ 4

hours, while conventional clinical tests can take around 48 – 72 hours. Quantification of bacteriophage

replication also has the additional benefit in this assay of allowing quantification of the number of

bacteria in the sample within this time frame (Sergueev et al., 2010).

There is a significant issue though in the use of bacteriophages in detecting and treating Legionella spp..

Currently, there is only one mention of the isolation of bacteriophages infecting Legionella spp. within

the literature, an article by Lammertyn et al. (2008). They describe the isolation of 4 bacteriophages

infecting Legionella spp. that had been isolated from environmental water systems around Belgium.

However, these bacteriophages were all lost during laboratory purification following publication (Elke

Lammertyn, personal communication). Thus, there are currently no know bacteriophages able to infect

Legionella spp. that can be used in the development of new methods of detecting and controlling

Legionella spp..

The aim of this chapter then was to isolate new bacteriophages infecting Legionella spp., to allow

the development of bacteriophage therapeutics and diagnostics. This would be attempted through

two distinct approaches. First, the water and soil samples from environmental and man-made sources

would be screened for the presence of free Legionella spp. bacteriophages using the Legionella spp.

isolates from chapter 3 as potential hosts. In the second method, as prophages are found throughout

bacterial genomes (Casjens, 2003), the Legionella spp. isolates would also be screened for the presence

of induceable prophages within their genomes using common bacteriophage induction agents followed

by TEM to observe any induced bacteriophage particles.
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4.3 Results

4.3.1 Screening of samples from environmental and man-made sources for

bacteriophages infecting Legionella spp. using spot tests and plaque

assays

Bacteriophages are common throughout nature. It has been estimated that as many as 1031 bacte-

riophages exist within the biosphere, more than 10x the estimated number of bacteria (Hatfull and

Hendrix, 2011; Clokie et al., 2011). As bacteriophages obligately require a host to replicate, they are

found in and around all locations that bacteria are found, both in environmental and host-associated

systems (Koskella et al., 2011; Brown-Jaque et al., 2016). Therefore, to isolate bacteriophages infect-

ing Legionella spp. here, samples from environmental and man-made sources where Legionella spp.

are commonly identified were screened for the presence of bacteriophages using sample “enrichment”.

In this process the target bacterial species is mixed with the sample to be screened, together with

liquid culture media that allows for high levels of bacterial replication within the reaction (Twest and

Kropinski, 2009). By allowing bacterial densities to increase, the probability of an interaction occur-

ring between a bacterium and a bacteriophage increases and also allow bacteriophage to undergo many

round of replication. This will result in an increase in bacteriophage titre within the reaction mixture,

potentially leading to sufficient numbers to produce plaques on a lawn of the host organism for visual

detection.

The 108 water or soil samples collected in chapter 3 from environmental and man-made systems

from various geographical locations (Figure 2.1) were first used for enrichment. The 44 strains of

Legionella spp. that were collected in chapter 3 were used as the host cells in these enrichments, and

cover 17 L. pneumophila serogroup 1, 17 L. pneumophila serogroup 2 - 14, 1 L. pneumophila that

cross-reacted with the serogrouping antibodies, and one strain each of L. longbeachae, L. micdadei, L.

bozemanae, L. anisa, L. hackeliae, L. oakridegensis, L. gormanii, L. feelei, and L. dumoffii. This in-

cluded L. pneumophila NCTC 11192, which is the same strain of L. pneumophila used by Lammertyn

et al. (2008) in their bacteriophage isolation study. After enrichment, visual screening for bacterio-

phages was conducted by spotting lysate that had been passed through a 0.22 µm filter on a lawn of

the host to determine if any inhibition of bacterial growth would occur for the tested sample.

Spotting filtrates produced zones of lysis on several host lawns, such as the the clearances caused by

two samples collected, shown in figure 4.1 A, one from Kurdistan, Iraq (sample 5) and another from

Margate sea (sample 10) on the lawn of L. pneumophila E1. A total of 10 isolates showed at least

one zone of clearance after spotting of the enrichment filtrate. Strain L. pneumophila E1 was found

to produce zones of clearance for 23 samples when the enrichment filtrate was spotted onto its lawn,
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the highest number among the tested collection. Meanwhile, sample 5 from Kurdistan, Iraq produced

zones of clearance on the most bacterial lawns, producing clearance on L. pneumophila strains E1,

NCTC 11192, GBO4, GH1, GBIn1 and SS1.

For samples where zones of clearance were observed, each zones were then transferred into 500 µl fresh

BYE-α broth, and incubated at 4◦C to allow bacteriophages to diffuse from the agar. After incubation,

aliquots were then filtered through a 0.22 µm filter and used in a plaque assay, where 100 µl of the

aliquot was mixed directly with the host strain with this mix then used to make the lawn of bacteria.

This process would allow the visualisation of individual bacteriophage plaques if the zone of lysis was

caused by a bacteriophage and not another form of an antagonist. This would also allow individual

plaques to be selected, leading to the isolation of a pure stock of any bacteriophage. Only one sample

produced single plaques on a lawn of L. pneumophila E1 (Figure 4.1 B). A total of 35 single plaques

were then picked from this plate and transferred into BYE-α broth and kept overnight at 4◦C, filtered

through a 0.22 µm filter, and then stored at 4◦C until needed for further analysis.

Cloudy plaquesA B

Clear plaques

Figure 4.1. Examples of results obtained from the spot test and plaque assay tests. (A)
shows the result of spotting enriched filtrates onto the lawn of L. pneumophila E1. Each section
indicates the region where the filtrate spot of a single sample was added. The clear zoned produced by
spotting a sample from Kurdistan, Iraq, and by a sample from Margate Sea, UK, can be found seen
in sections numbered 5 and 10 respectively. (B) shows the result of the plaques assay produced from
mixing the sample from Iraq, with L. pneumophila E1 strain. This produced single plaques, including
those with different morphologies e.g. the plaques with a cloudy centre, and plaques that produced
clearer plaques.

To further examine the single plaques formed on the lawn of L. pneumophila E1 by sample 5, the 35

picked single plaques were examined by TEM to determine if they did contain bacteriophages. From

the TEM analysis it was found that bacteriophages were present in each plaque, and that only members

of the Caudovirales were noted. In particular, members of the Myoviridae and Siphoviridae families

were observed (Figure 4.2). The lysates were then going to be used for further propagation and plaque-

purification. This would be particularly useful in some TEM images, where multiple bacteriophage

morphologies could be observed within one of the single plaques meaning a mixed population (e.g.

Figure 4.2 A, where both Siphoviridae and Myoviridae can be seen). However, all the attempts to
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obtain single plaques again from each of the isolated plaques failed, and even repeating the plaque

assays with the same enriched sample failed to produce any single plaques again, even after numerous

attempts.

200 nmA 200 nmB

200 nmD200 nmC

Figure 4.2. Electron micrograph of single plaque lysates obtained from the sample from
Kurdistan, Iraq, following enrichment using L. pneumophila E1. Each section contains a
TEM images showing the bacteriophage observed from an extracted single plaques produced by the
sample from Kurdistan, Iraq, sample on the lawn of L. pneumophila E1. (A) show a sample containing
more than one family of bacteriophage, a Siphoviridae (left) and a Myoviridae (right). In (B) and (C),
Myoviridae can be seen, and (D) shows a Siphoviridae. Scale bars represent 200 nm in each case.

Due to the failed attempts to reproduce the observation of single plaques again using BCYE-α plates,

additional forms of Legionella spp. media was used to try and observe single plaques again. Distinct

media were investigated to determine if this was a factor in controlling whether single plaque forma-

tion occurred. For instance modifying BCYE-α by replacing charcoal with catalase or a media with

no charcoal, Legionella transparent media (LTM), as activated carbon can cause virus inactivation

(Cookson and North, 1967). Previous works by Byrne and Swanson (1998) and Al-Bana et al. (2014)

demonstrated a correlation between the growth phase of Legionella spp. and two morphologically

distinct forms; a replicating form in exponential growth and a transmissive form in stationary phase.

As Legionella spp. can switch between two morphologies based on growth phase, plaque assays were

also conducted using target bacteria in either of these growth phases. However, none of these modifica-
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tions allowed single plaques to be formed on the test strains for any of the samples that showed zones

of clearance. Therefore an alternative approach to isolating bacteriophage from from environmental

samples was required

4.3.2 Screening of samples from environmental and man-made sources for

bacteriophages infecting Legionella spp. using well assay

Following the failed attempts to obtain reproducible single plaques and as most samples where zone

of clearance were observed did not produce single plaques, an alternative method of detecting bacte-

riophages was conducted. In this method two BYE-α broths; one supplemented with divalent cations

known to aid in the bacteriophage adsorption process (MgCl2 and CaCl2) (Rountree, 1955; Rohan

and Kropinski, 2009), and one without any divalent cations, were used to culture the host organism

together with the samples from environmental and man-made sources in wells of a 96-well microtitre

plate (Supplementary table S1). The well assay was chosen as it occurs in liquid media and may allow

visual detection of bacteriophages by monitoring reductions in bacterial density in the presence of the

sample. Upon inoculation of each well with the target exponential-growing Legionella spp., the growth

pattern of Legionella spp. were then monitored every 15 minutes for 72 hours. For any cultures that

showed a reduction in growth compared to the control (bacterial culture without adding any samples),

the resulting lysates were then centrifuged and used in the assay for another round to confirm the

lysate would be capable of causing consistent growth reduction, which would be expected if the sample

did contain bacteriophages.

This time, samples included the second sample set described in chapter 3 which were obtained from

rivers around the Midlands, UK. To improve throughput, and also the chance of finding bacteriophages

in the environmental samples, all 403 of the samples to be screened were separated into 14 sample

groups based on factors such as, location, and being culture- or qPCR-positive for Legionella spp.

(Supplementary table S7), with each sample group concentrated together using either tangential flow

filtration and Amicon Ultra-15 centrifugal filter units. Sample 1 contained all the Midlands’ qPCR-

positive samples for wzm genes; sample 2: all the environmental samples that were collected in the

first round of sampling; sample 3: the Midlands’ qPCR-positive samples for mip genes; sample 4:

the Midlands’ qPCR-positive samples for ssrA genes; sample 5: tap water sample from University of

Leicester, which were culture-positive for L. pneumophila serogroup 1, Sample 6; tap water sample

from Leicester General Hospital, Leicester, that were culture-positive for L. pneumophila serogroup

1; sample 7: environmental water samples from Nigeria; sample 8: water samples from cooling tower;

sample 9: the only Midlands water sample that was negative for Legionella spp. by qPCR; sample

10: environmental water samples from Bath, UK, culture-positive for L. pneumophila serogroup 2 -

14; sample 11: environmental water sample from PHE; sample 12: environmental water sample from
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Uganda, East Africa, treated with chloroform; sample 13: environmental water sample, from Uganda,

East Africa, with no treatment; and sample 14: sewage sample from London, UK.

The concentrated samples were then tested on 21 of the Legionella spp. isolates, covering one of each

L. pneumophila sequence type, and one of each of the non-pneumophila Legionella spp. Although

this assay was conducted on 21 isolates from the Legionella spp. collection, here only the result of

L. pneumophila NCTC 11192, L. pneumophila E1, and L. micdadei NCTC 11371 are presented as

an example of the results observed for L. pneumophila serogroup 1, L. pneumophila serogroup 2 - 14,

and other Legionella spp. isolates, respectively. The complete results for the 21 isolates can be seen

in supplementary figure S1 - S19. At least one sample led to reduced growth for all legionella spp.

strains except L. pneumophila NL1 where no reduction was observed. For L. pneumophila NCTC

11192 for instance, reductions in growth were observed with samples 1, 3, 4, 5, 8, 9, 11, and 13 that

were enriched in BYE-α supplemented with salts (figure 4.3 A). However, these reductions were not

observed for any of the samples for this strain in conditions where the divalent cation salts were added.

When the lysates of the samples that did show reductions were reused for an additional round to

determine if this would occur again, which should be the case if viral replication was the cause of

the reduction. However, similar growth to the controls were observed in every case where a second

round of growth was examined. This would indicate then that the reductions may not be due to the

action of replicating bacteriophages, with a possible alternative explanation for the initial but non-

recurring reduction being an inhibitor that is being diluted with reuse in an additional passage. A

similar outcome was observed with L. pneumophila E1 and L. micdadei NCTC 11371 (figure 4.4 and

4.5, respectively). For L. pneumophila E1 samples 1, 4, 7, and 9 produced reduced bacterial growth

compared to their controls, in the absence of divalent cation salts (Figure 4.4 A). However, again no

difference in growth between the control and the sample was observed for the a subsequent passage of

the lysate (Figure 4.4 B). For L. micdadei NCTC 11371 samples 1 and 9 without salts and samples

1 and 13 in the presence of salts reductions in growth were observed (Figure 4.5 A). However, again

a second passage of the lysate from the samples were reductions were observed showed no differences

compared to their controls (Figure 4.5 B).

As all attempts from both plating and liquid culture had failed to lead to the isolation of bacteriophages

infecting Legionella spp. an alternative approach was required. With a collection already assembled

of bacterial isolates, and bacteriophages able to persist directly within bacterial cells as prophages, the

isolation of integrated bacteriophages would be a good alternative isolation route to attempt.
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4.4 Isolation of Legionella spp. bacteriophages via induction

of lysogens

Prophages are widespread among bacteria, and in some cases can makeup about 20 % of the whole

bacterial genome (Casjens, 2003). Regularly more than one prophage element can be found in a

single bacterial genome. In E. coli O157:H7 EDL933 for instance, there are a total 18 bacteriophage-

like regions, ranging from 7.5 kb to 61.6 kb in size (Perna et al., 2001). These prophages can often

be induced from their integrated state, producing viable bacteriophages. In a study by Engelhardt

et al. (2011), ∼ 46 % of bacteria isolated from seafloor sediments were able to produce bacteriophages

following treatment with the inducing agent MitC. In Legionella spp. a study has previously claimed to

have identified a prophage within the genome of one , L. micdadei. Gomez-Valero et al. (2014) believed

they had identified a prophage in the genome of L. micdadei NCTC 11371 based on gene annotations

following bioinformatic analysis. They identified a region encoding 73 proteins that was annotated

as containing a few bacteriophage-associated proteins, while the majority of genes within the region

encoded hypothetical proteins. As no success was achieved in isolating bacteriophages using either

spot test and plaque assays, or the well assay, in the previous sections the focus of the current study

turned to isolating temperate bacteriophages that may be within the genomes of the Legionella spp.

in the strain collection; which included L. micdadei NCTC 11371.

4.4.1 Sensitivity of all Legionella spp. strains to induction agents using a

disk diffusion assay

Given the evidence of the presence of prophage-like elements in the genome of L. micdadei (Gomez-

Valero et al., 2014), it stands to reason that other Legionella spp. could similarly contain prophage

elements. To examine this, the 44 Legionella spp. strains available within the collection from chapter

3 were to be examined for the presence of prophage. To begin, the sensitivity of all 44 available strains

to two DNA-damaging agents; MitC and NFX, both known to facilitate prophage induction (Raya and

Elvira, 2009; McDonald et al., 2010; Nale et al., 2016; Oliveira et al., 2017), was examined. In some

bacteria the presence of a prophage increases the sensitivity of bacteria to inducing agents like MitC

(Muschel and Schmoker, 1966). Therefore, strains showing a higher overall sensitivity to the inducing

agents compared to other members of their species may be an indication of the presence of prophages

in their genomes. To examine this, a blank disk was impregnated with 10 µl of either 10 mg ml−1 of

MitC or NFX, and placed on an agar plate where the strain to be tested had been spread over the

surface. Following incubation, the zone of inhibition was then measured to determine the sensitivity

of each of the strains, with larger zones of inhibition meaning greater sensitivity. Figure 4.6 shows the

78



sizes of the zones of inhibition observed for all isolates.

A

B

CLP
GBO4

Phe_14

Phe_35
Phe_34

Phe_34

LM

Phe_20Phe_23

Figure 4.6. Distribution of the diameters of inhibition zones for L. pneumophila and
other Legionella spp. in the presence of MitC and NFX in a disk diffusion assay. A) shows
the result for MitC while B) shows the results for NFX Boxplots show the distribution of the diameter
of zones of inhibition produced following exposure of each of the 44 Legionella spp. strains within the
strain collection. Each box shows median (black horizontal line in box) and 25 % and 75 % quartiles.
Whisker extend to 1.5 × the interquartile range. Outliers beyond the whiskers are represented as black
circles labelled with the name of their associated strain. Blue boxes show the results for the 35 L.
pneumophila isolates tested, and the orange boxes show the results for the 9 Legionella spp. isolates.

Exposure of Legionella spp. to MitC showed that the median zone of inhibition for L. pneumophila

isolates was 9.5 mm, while for non-pneumophila Legionella spp., the median zone of inhibition observed

was 8.83 mm for MitC (Figure 4.6 A). For NFX the median zone of inhibition observed was 9 mm

for non-pneumophila Legionella spp., compared with 8.33 mm for the L. pneumophila isolates (Figure

4.6 B). There was no statistically significant difference between the sensitivity of L. pneumophila

strains and non-pneumophila Legionella spp. isolates to MitC (two sample t-test: t = 0.89, P = 0.37).

However, the sensitivity of L. pneumophila and non-pneumophila Legionella spp. to NFX were found

to be significantly different, with non-pneumophila Legionella spp. being more sensitive to NFX than

the L. pneumophila isolates (two sample t-test: t = -5.29, P = 0.001).

Among all the tested Legionella spp. isolates, L. pneumophila strains Phe 14, NCTC 11192 (CLP), and

GBO4 showed higher sensitivities to MitC compared to the distribution of the other L. pneumophila

isolated (Figure 4.6 A). For NFX, L. pneumophila strains Phe 20 and Phe 23 showed sensitivity be-

yond the distribution of the other L. pneumophila strains (Figure 4.6 B). As for non-pneumophila

Legionella spp., L. oakridgensis Phe 35 and L. hackeliae Phe 34 showed higher sensitivity to MitC

than the other non-pneumophila Legionella spp. (Figure 4.6 A). L. micdadei strain NCTC 11371 (LM;
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the same strain where a putative prophage was identified by Gomez-Valero et al. (2014)) was the only

non-pneumophila Legionella spp. found to produce a larger zone of inhibition with NFX 4.6 B). No

outliers showed higher sensitivity to both MitC and NFX for either the L. pneumophila strains or

non-pneumophila Legionella spp..

4.4.2 Growth of strains with increased sensitivity to prophage inducers in

a broth micro-dilution method

To determine if the larger zones of inhibition noted for the 8 strains of Legionella spp. (1 L. pneu-

mophila serogroup 1, 3 L. pneumophila serogroup 2 - 14, 1 L. pneumophila cross-reacted with the

reagents of the Legionella latex kit, 1 L. micdadei, 1 L. oakridgensis, and 1 L. anisa) in the previous

section were associated with the presence of induceable prophages, growth of these bacteria in a broth

microdilution method was conducted. This would allow potential induction of prophages to be de-

tected based on changes in the bacterial growth trends with increasing inducer concentration, an idea

which has been shown previously to successfully allow identification of strains containing prophage in

Lactococcus lactis (Oliveira et al., 2017). In this, an exponentially growing culture of each bacteria

was exposed to a series of dilutions of either MitC or NFX and incubated for 52 hours with culture

density examined every 15 minutes. Again, although 8 strains were used only the results for the L.

pneumophila serogroup 1 isolate NCTC 11192, the L. pneumophila serogroup 2 - 14 strain Phe 20, and

L. micdadei NCTC 11371 are shown as representative examples (figures 4.7, 4.8, and 4.9, respectively).

The results for the other isolates tested can be found in Supplementary figures S20 - S24.

Across tested strains it was observed that, as expected, bacterial growth inhibition increased with

increasing antibiotic concentration. For some of the cultures there appeared to be declines in bacterial

density that may indicate the lysis of bacteria due to release of bacteriophages. For instance in L.

pneumophila NCTC 11192 (CLP) population growth showed signs of density decline when exposed to

0.078 µg ml-1 MitC (Figure 4.7 A: J) and higher concentrations until around 0.625 µg ml-1 MitC where

complete inhibition began to be observed. No similar reductions in density were observed for treatment

of this strain with NFX (Figure 4.7 B). This is interesting as NCTC 11192 (CLP) showed a higher

sensitivity to MitC, but not NFX during the disk diffusion assays. L. pneumophila Phe 20 showed

an inhibition in growth when exposed to either MitC or NFX. For MitC reductions were observed

for a number of concentrations of MitC beginning at ∼ 0.004 µg ml-1 MitC until ∼ 0.156 (Figure

4.8 A:F-K). For NFX, reductions were observed for 2 of the 19 concentrations tested, 0.078 and 0.156

µg ml-1 (Figure 4.8 B:J and K). Phe 20 showed a higher sensitivity to MitC, but not NFX during

the disk diffusion assays. No noticeable declines in NCTC 11371 (LM) density were observed for L.

micdadei NCTC 11371, which is interesting as this is the organism that Gomez-Valero et al. (2014)

identified a potential prophage within.
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4.4.3 Larger volume prophage induction and TEM analysis of temperate

Legionella spp. virus-like particles

The growth reductions observed following treatment of bacteria with MitC or NFX found for some of

the isolates in the well assay may indicate lytic induction of bacteriophages from the bacterial cells.

To investigate this further, treatment with the inducers was repeated in larger volume cultures (200

ml) using the concentration of MitC or NFX observed in the previous assay to produce a notable

reduction in bacterial density where applicable. Following incubation with the inducer, each cell lysate

was then concentrated 100-fold by ultracentrifugation and examined using TEM to attempt detection

of bacteriophage particles. These larger-scale inductions were conducted on all 8 isolates that showed

higher sensitivity to the inducing agents in Section 4.4.1.

100 nm 200 nm

1 μm200 nm

Figure 4.10. Electron micrographs of potential virus-like particles identified in the lysate
of L. pneumophila GBO4. Representative transmission electron microscopy images of potential
virus-like particles from induction of L. pneumophila GBO4. A) shows a virus-like particle with a
spherical morphology. In B-D filamentous particles with regularly repeating bumps resembling beads
on a string can be seen, but with ‘strings’ of very different lengths. Scale bars are indicated at the
bottom right hand corner of each of the micrographs.

TEM analysis did not show the presence of any of the commonly observed Caudovirales in the induced

lysates, nor the presence of any other currently described bacteriophages. However, in all strains

examined other virus-like particles were observed. Two distinct morphologies for these virus-like

particles were noted. The first morphology were spherical particles with a diameter of roughly ∼ 58

- 70 nm (e.g. Figure 4.10). These observed particles looked to be enveloped, possibly showing spike
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complexes throughout their surface. The second morphology were filamentous particles which seem to

be made up of repeating units in a ‘beads on a string’-like arrangement. Each of these particles had

a width of roughly ∼ 50 - 70 nm with slight variations in the widths of each of the inner units, with

the widest units those at the ends of the filaments (Figure 4.10 B-D). These filaments varied widely in

length, for instance the particle in figure 4.10 B is ∼ 1.24 µm, 4.10 C is ∼ 615 nm, and 4.10 D is ∼ 5.79

µm. The units of the filamentous virus-like particles look very similar and are roughly consistent with

the sizes of the individual spherical particles. However, as these are not similar to currently known

bacteriophages, further analysis was required.

4.4.3.1 Relationship between DNA concentration in induced lysate and inducer concen-

tration in L. micdadei NCTC 11371

After identifying viral-like particles under TEM, bacteriophage DNA extraction was then attempted

for all of the lysates containing these particles. However, following loading the extracted DNA samples

on an agarose gel, none of the strains showed any DNA bands. To confirm that DNA was not able

to be extracted from these particles a range of concentrations of each of the induction agents was

tested to determine if the concentrations of MitC and NFX being used was limiting induction resulting

in absence of DNA bands. For this, cultures of L. micdadei NCTC 11371 were exposed to a range

of concentrations of the induction agents (0 - 1000 ng ml−1) using a broth dilution method. Viral

DNA extraction was then performed on the lysates, and changes in viral DNA concentration measured

using Qubit (see Section 2.8.5 for more detailed methods). Should an increase in the concentration

of DNA detected be found following exposure to the DNA damaging agents, this could indicate the

release of bacteriophage particles containing DNA and an appropriate MitC or NFX could be used to

induce enough cells to allow DNA visualisation. This method would also have the additional benefit

of allowing estimations of the quantity of viral particles released at each concentration as increased

DNA should correlate with particle release.

It was found that across the concentrations tested no obvious changes in concentration of the extracted

DNA occurred upon treatments with either MitC or NFX (Figure 4.11). Linear regression analysis

showed that there was no linear relationship between the DNA concentration observed and the concen-

tration of MitC or NFX that the isolate was incubated with (r2 = 0.046 and 0.002, respectively). Upon

comparison of the highest DNA concentrations obtained for each of the induction agents, 3.18 ng µl−1

and 4.44 ng µl−1 of MitC and NFX respectively, to the DNA concentration of the non-exposed sample,

no significant differences were observed (Two-sample t-test, t = -0.309, p = 0.77 for MitC and t =

-0.003, p = 0.99 for NFX). As no increases in DNA concentrations were observed between any inducer

concentration and the non-exposed lysate this would indicate that either the virus-like particles are

possibly not bacteriophage particles, or that these viruses may be RNA viruses instead. However, due
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Figure 4.11. Quantification of lysate DNA concentrations following exposure of L. mic-
dadei NCTC 11371 to the common bacteriophage inducing agents MitC and NFX. This
figure shows the linear regression analysis of lysate DNA concentrations observed after exposure of L.
micdadei NCTC 11371 to MitC (blue line and points) and NFX (orange line and points). Each point
for both inducers indicate the mean lysate DNA concentration produced from 3 biological replicates
for each inducer concentration. The black dashed line represents the mean lysate DNA concentration
found for L. micdadei NCTC 11371 in the absence of inducers (N = 3).

to time constraints in this current work this latter point could not be investigated further.

4.4.4 Enumeration of Bacteriophage particles using Nanoparticle Tracking

Analysis

As virus-like particles DNA extraction did not detect viral DNA, an alternative means of quantify-

ing particles was attempted. Therefore, direct quantification of virus-like particles was attempted

with a nanoparticle tracking analysis (NTA) -based approach using NanoSight (NS) technology. The

NTA-based approach is based on utilising laser-illuminated optical microscopy for direct and real-time

visualisation of nanoparticles in liquid suspensions. The nanoparticles are detected and counted in

a few seconds or minutes as light-scattering centres moving under Brownian motion. This approach

has previously been used successfully to estimate concentrations of both eukaryotic viruses and bac-

teriophages (Anderson et al., 2011; Kramberger et al., 2012). L. micdadei NCTC 11371 was chosen

to be measured as it showed both the virus-like particles and is also suggested to harbour a putative

complete prophage.

Samples were induced using UV light as detailed in Section 2.8.4. UV light is another commonly

used means to induce prophages from bacterial genomes (Raya and Elvira, 2009). When tested on L.

micdadei NCTC 11371 was qualitatively found to produce more of the spherical and filamentous viral-

like particles (results not shown), although no DNA bands were still able to be observed following viral
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DNA extraction. After UV exposure cultures were then aliquoted in bijou tubes containing broth and

incubated at 37◦C for 72 hours with NS used to measure particle concentration at regular intervals.

The results of this can be found in figure 4.12.

A

B

Figure 4.12. Linear regression of particle concentration and size in the lysate of L.
micdadei NCTC 11371 following exposure to UV induction. (A) shows estimated particle
concentrations within the lysates using Nanosight measurement over time, while in (B) the mean size of
these particles is shown. Each line represents the different test conditions; induced L. micdadei NCTC
11371 lysate (green line), L. micdadei NCTC 11371 without induction (orange line), and the liquid
medium with no bacteria (blue line) (N = 3).

A greater positive correlation between number of particles and time was observed for cells that were

exposed to UV, increasing from ∼ 1 x 108 particles ml−1 to ∼ 5 x 108 particles ml−1 (Figure 4.12 A;

r2 = 0.546). In the absence of UV, particle concentrations also increased over time to a lesser extent,

from ∼ 1 x 108 particles ml−1 to ∼ 3 x 108 particles ml−1 (Figure 4.12 A). However, this was less

predictable than the increases seen in the UV treated cells (r2 = 0.29). BYE-α (Broth) remained

roughly the same as the original time point, with an increase of ∼ 0.8 x 108 particles ml−1 between

the first and last time points.

NS also allows estimation of particle size. However, particle size remained roughly consistent for each of
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the bacterial conditions tested. Mean particle size was found to maintain around 130 - 150 nm for both,

the non-treated and treated samples. Mean particle size was found not to be significantly different

between any of the examined conditions and the broth only sample at the end of the incubation (two

sample t-test, P = > 0.05; Figure 4.12 A).

4.5 Discussion

Despite the wide distribution and diversity of bacteriophages in the biosphere, some organisms still have

no known associated bacteriophages. This is the case for Legionella spp.. The present study aimed

to rectify this by isolating bacteriophages against Legionella spp., with the goal of characterising

them for use in future development of bacteriophage therapeutics and diagnostics. To begin this

process, the strains obtained in the previous chapter were used as hosts to screen the 108 samples

from environmental and man-made sourced described in section 2.3.1 for bacteriophages able to infect

Legionella spp. using sample enrichment. Sample enrichment is a commonly used methodology in the

isolation of bacteriophages, and has been applied successfully to isolate bacteriophages from a range of

sample sources including environmental samples such as sea and river water, soil, and even air samples,

as well as host-associated samples, like saliva and faeces (Hitch et al., 2004; Li et al., 2010; Viazis et al.,

2011; Yordpratum et al., 2011; Mattila et al., 2015; Magare et al., 2017). In their paper Lammertyn

et al. (2008) used only a single host strain L. pneumophila, NCTC 11192, for their enrichments of 34

water samples from around Belgium. Using this method they isolated a total of 4 bacteriophages, with

2 of these bacteriophages later found to infect a wide range of Legionella spp. isolates. Therefore, it

was believed that by using a wider strain collection (which included L. pneumophila NCTC 11192) and

a larger number of samples, the current study would have a greater chance of isolating Legionella spp.

bacteriophages.

This began promisingly, with reproducible zones of clearance observed for some but not all enriched

samples following spot testing. However, when plaque assays were used to try and isolate single plaques,

only one sample was found able to produce single plaques. This was also not reproducible, with no

single plaques observed even after multiple attempts under the same conditions and when using other

media. This is consistent with the observations of Lammertyn et al. (2008), as they observed from

their screening that 4/34 enrichments where able to produce zones of clearance by spot testing, but

only occasionally could single plaques be observed using plaque assays.

The reason for the inconsistency in plaque formation in the study by Lammertyn et al. (2008) and

our current study is unclear. Plaque formation can occur spontaneously though in some bacterial

strains. For instance, filamentous bacteriophage Pf of P. aeruginosa is capable of lytic superinfection

of the Pf lysogen, leading to plaque formation (Webb et al., 2003). This is not constantly the case
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though as lytic superinfection actually only occurs from a superinfection variant of Pf (SI Pf) that

develops within some mature cells, with SI Pf development also being linked to mutations in the mutS

mismatch repair gene (Rice et al., 2009; Hui et al., 2014). Mart́ınez and Campos-Gómez (2016) observed

that P. aeruginosa PAO1 lysogens with defective mutS genes were capable of producing spontaneous

plaques when plated, while WT strains did not produce any spontaneous plaques. Therefore, plating

of wild-type P. aeruginosa PAO1 could produce plaques infrequently, occurring when a spontaneous

mutants of with defective mutS is used to form the bacterial lawn. A similar mechanism could exist

in Legionella spp., which would explain the infrequency of observed plaques.

Bacteriophages belonging to the Caudovirales were identified following TEM analysis of extracted

single plaques, meaning it is possible that the plaques were due to the action of bacteriophages. To

examine this further, bacterial growth in liquid media was examined, to attempt to observe common

bacteriophage-associated lysis dynamics. For this, a total of 403 samples were concentrated into 14

sample groups by either tangential flow filtration using a 50 kDa filter unit or a 50 kDa Amicon filter.

Concentrated samples were then incubated with a culture of the target host in a microtitre plate, with

target bacterial density monitored in the wells every 15 minutes for 52 hours. It was expected that

any bacteriophages in the samples would be concentrated allowing bacteriophage replication to more

easily reach the ‘inundation threshold’, the concentration of bacteriophages required to begin causing

reductions in bacterial population density (Cairns et al., 2009).

Some reductions in bacterial density were observed for the initial round of incubation. However, further

passage of any sample that gave a reduction did not give any reduction in a second passage. This would

not make sense for a reduction caused by bacteriophages, as bacterial lysis in the first cycle would

indicate bacteriophage replication has occurred meaning increase bacteriophage titres that should then

also cause reductions in a second transfer. The presence of inhibitors or bacteriocins in the sample

may explain seeing only reductions in the first round but not the second, as the inhibitors/bacteriocins

would have been diluted out in the second transfer. This would also explain why only zones of clearance

were found during spot testing (Hockett and Baltrus, 2017). Bacteriocin-like substances found in water

samples have been shown to inhibit bacterial growth. For example, Means and Olson (1981) found that

bacteria isolated from potable water samples, such as Flavobacterium spp. and Moraxella spp. could

produce bacteriocins that were able to inhibit the growth of Coliforms. Many other water-associated

bacteria are known already to produce substances that can inhibit Legionella spp. growth. Corre

et al. (2018) found that of 273 bacteria isolated from freshwater environments 178 of them were able

to inhibit Legionella spp. growth, including by producing diffusible molecules and/or volatile organic

compounds, which might explain the observations in the present study.

As the isolation of free bacteriophages within the samples had not been successful, isolation of bac-

teriophages directly from bacteria was then attempted. This was believed to be a promising way to
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isolate bacteriophages against Legionella spp. as a putative prophage has previously been identified

within the genome of L. micdadei NCTC 11371 (Gomez-Valero et al., 2014). Isolating bacteriophages

directly from lysogenised target organisms can be extremely useful means of establishing a bacterio-

phage collection (Raya and Elvira, 2009). For example, Hargreaves et al. (2013) examined 27 strains of

Clostridium difficile isolated from estuarine systems in England and were able to isolate bacteriophages

from 20/27 (74 %) of these strains through induction, covering bacteriophages with distinct morpholo-

gies and genetic diversity. In the current study, the sensitivity of the 44 strains of Legionella spp.

collected in the previous chapter to the common inducing agents MitC and NFX was first examined

using a disk diffusion assay. Strains containing prophages can have a higher sensitivity to inducing

agents (Muschel and Schmoker, 1966; Selva et al., 2009), and therefore if a strain presented a larger

zone of inhibition around the disk then this may be a sign of prophage carriage. From this, eight

strains were identified with greater sensitivity than their counterparts to either MitC or NFX.

Growth curves with serial dilutions of the inducing agents were then conducted for these strains to

determine if the greater sensitivity also gave reductions in bacterial density. Prophage induction

leads to a reduction in bacterial density due to lysis of the host cell, and is commonly seen following

induction of bacteriophages in other organisms (Gillis and Mahillon, 2014), and reductions in density

were found for some of the eight strains tested. However, to examine if these reductions were due to

the action of induced prophages, inductions were repeated in larger volumes, and the resulting lysate

then concentrated and examined by TEM. No particle resembling common Caudovirales morphologies

were noted, but other potential virus-like particles with either a spherical or a ‘beads on a string’-

like morphology were observed. These particles appeared to increase in concentration over time in

induced samples, as measured by NS, possibly indicating that they are bacteriophage from within the

cells. Small spherical bacteriophages have been identified, such as the Cystoviridae, e.g. Pseudomonas

bacteriophage phi6 (Vidaver et al., 1973; Poranen et al., 2017). Cystoviridae are dsRNA viruses

(Poranen et al., 2017), and to date no integrating RNA bacteriophages have been identified, with

these viruses being described as ‘obligately lytic’ (Hobbs and Abedon, 2016). However, there have

been cases of a pseudolysogenic-like carrier state described for Cystoviridae (Cuppels et al., 1979;

Onodera et al., 1992).

Romantschuk and Bamford (1981) for example, examined cultures of Pseudomonas phaseolicola (now

known as Pseudomonas syringae pathovar phaseolicola) that had been exposed to phi6 in previous

passages and noted that these cultures were still able to produce viral particles. They found that

the level of viral release could be variable, but that virion release correlated with changes in bacterial

growth, i.e. low levels of phi6 release would allow higher growth, while higher phi6 release would give

lower growth rates. Romantschuk and Bamford (1981) also observed that passage of phage-carrier

colonies could maintain the carrier state for multiple passages but, unlike traditional Caudovirales

lysogeny, passage for multiple rounds could lead to loss of bacteriophages, meaning strains were no
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longer carriers. Similar dynamics have also been observed for another family of RNA viruses the

Leviviridae (Pourcel et al., 2017). Attempts to isolate DNA from the virus-like particles in the current

study were unsuccessful, even when a range of induction conditions were tested. Therefore, it is

possible that the particles observed in the current study may be novel RNA viruses. However, due to

time constraints this was not able to be investigated further and remains to be explored.

The ‘beads on a string’-like morphology of the other virus-like particles is not similar to any bac-

teriophages currently known, nor does it appear similar to any described cell-associated filamentous

particles that have been described for Legionella spp.. Currently described filamentous bacteriophage

families, such as the Inoviridae, or the archeal viruses belonging to the order Ligamenvirales, have

thinner filaments. The widths of the particles in these families are ∼ 10 nm for Inoviridae and ∼

25 - 30 nm for Ligamenvirales (Day, 2012; Prangishvili, 2012a,b), while those identified here have a

diameter of ∼ 50 nm. The length of the virus-like particles identified here, ∼ 6 µm, are also larger than

that observed for both the Ligamenvirales (∼ 0.75 - 2.5 µm) and even the largest Inoviridae (∼ 4 µm)

(Day, 2012; Prangishvili, 2012a,b). The presence of filamentous bacteriophages within bacteria is be-

lieved to be severely underestimated, with only a small proportion of such viruses having been isolated.

Roux et al. (2019) recently examined the prevalence of one filamentous virus family, the Inoviridae, in

the genomes of 56,868 bacteria and archaea, and 6,412 metagenomes and found that roughly 6 % of

bacterial and archaeal genomes while 35 % of metagenomes contained Inoviridae (Roux et al., 2019).

This can vary widely among bacteria though. Castillo et al. (2018) identified bioinformatically that as

many as 45 % of Vibrio spp. may contain Inoviridae-like prophages. Therefore, many other currently

unrecognised families of filamentous bacteriophages could also exist.

Interestingly, the dimensions of the ‘beads on a string’-like particles show similarity to the individual

spherical particles, as each ‘bead’ present on the longer filament is similar to those of the individual

spherical particles. It is possible then that the spherical virus-like particles could be an alternative

morphotype of the longer filaments. This again is something that has not been observed for bac-

teriophages, but is found in eukaryotic viruses. For instance, Influenza viruses are most commonly

observed as spherical virions, but are pleomorphic (Lamb and Choppin, 1983). They can exist with

either spherical, bacilliform, or filamentous morphologies, with the filamentous form able to be over

50 µm in length (Dadonaite et al., 2016). These viruses, like the Cystoviridae, are RNA viruses and

therefore, as mentioned further exploration of these particles as potential RNA viruses may prove more

successful in the future.

To conclude, attempts to isolate bacteriophages in this current study were unsuccessful. However,

induction of Legionella spp. strains did show possible evidence of pleomorphic RNA virus-like particles.

However, due to the time constraints in the current work this could not be examined further. While

physical isolation was not successful, bioinformatic screening of Legionella spp. for putative prophages
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was also conducted in parallel to this work, and will be discussed in the next chapter.
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5. Bioinformatic screening for putative prophage elements within

the genomes of Legionella spp.

5.1 Abstract

Bacteriophages are present throughout nature, in environmental samples, samples from man-made

systems, and in host-associated systems. They can exist either free in the environment, or within

bacteria, where they replicate passively along with the host as ‘prophages’. Prophages have been found

in over half of all sequenced bacteria, where they can make up as much as 20 % of a bacteria’s genome,

often by the presence of more than one prophage in a single bacterial genome. However, despite their

abundance throughout nature and within the genomes of other bacteria, no bacteriophages infecting

Legionella spp. are currently available for study in the literature. Due to this, and as previous

attempts to isolate bacteriophages infecting Legionella spp. from environmental samples and directly

from bacterial strains experimentally in the previous chapters using different approaches had proved

unsuccessful, the aim of this study was to obtain more information on Legionella spp. bacteriophages

using a bioinformatic approach. To do this, the genomes of 717 Legionella spp. belonging to 73

species were screened for putative prophages using a prophage program, PHASTER (PHAge Search

Tool Enhanced Release). From this analysis, 631 putative prophage-like elements were identified, with

11 potentially intact prophages. However, further examination of these 11 elements revealed that

although these regions did encode Microviridae proteins, these were likely φX-174 contaminants that

were present in the genomes due to poorly curated genomes being submitted to the public databases.

Of the other 620 elements identified, only a small number contained genes with potential functions

as bacteriophage structure-associated proteins, with these regions either only showing a single or very

few other structure-associated genes, meaning that they may not be bacteriophages, or that they are

elements that are so distinct from currently known bacteriophages that they cannot be confidently

identified yet.
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5.2 Introduction

Bacteriophages are obligate parasites of bacteria, with bacteriophage replication only possible following

infection of a target bacterial cell (Kutter, 2001). Their replication occurs mainly through either of

two cycles, the lytic and lysogenic cycles (Doss et al., 2017). In the lytic cycle, virus replication leads

to the eventual lysis of the host cell and the release of new progeny virions (Weynberg, 2018). In

the lysogenic cycle, bacteriophages remain within the cell following injection of their DNA, either by

integrating into the bacterial chromosome or by existing as episomes within the cytoplasm. These

bacteriophage elements are called prophages, and allow the virus to replicate passively during the

normal bacterial DNA replication processes (Doss et al., 2017).

Prophages are commonly found in bacterial genomes. In a study by Touchon et al. (2016), 2110 com-

plete bacterial genomes covering 1196 bacterial species were screened for the presence of prophages.

They found that 46 % of these genomes contained at least 1 prophage element. One possible expla-

nation of why ∼ 50 % of bacteria contain prophages is that these viruses act as a major sources of

genetic diversity between bacterial strains, and can contribute new characteristics to their host bacte-

ria, including fitness advantages; such as, antibiotic resistance and toxin production (Howard-Varona

et al., 2017). Prophages are also able to re-enter the lytic cycle following induction and excision, which

although leading to the death of the infected cell, can have benefits at the population level. For in-

stance, prophage release can modify the structure and diversity of bacterial communities surrounding

the lysogenised strains by lysing competitor bacterial strains also sensitive to the virus, eliminating

them from the environment and liberating nutrients from within the cells, which could aid in the

lysogenised population’s survival (Duerkop et al., 2012).

With isolation of bacteriophages infecting Legionella spp. from both environmental samples and

directly from bacterial isolates proving unsuccessful in the previous chapters, a bioinformatic approach

to detect prophages of Legionella spp. within the bacterial genomes was next used to try and identify

these viruses. Such studies have been used successfully previously to detect and genetically characterise

bacteriophages against a range of bacterial genera; such as, Helicobacter spp., Mycobactreium spp.,

and Streptococcus spp. (Tang et al., 2013; Fan et al., 2014, 2016). This approach has also been used to

identify potential prophages in the genomes of organisms where no bacteriophages have been isolated

experimentally. For instance, no bacteriophages have been isolated for Moraxella catarrhalis, yet

through the bioinformatic screening of 95 M. catarrhalis genomes Ariff et al. (2015) were able to identify

32 novel M. catarrhalis prophages likely belonging to the Siphoviridae family. Their attempts to isolate

M. catarrhalis bacteriophages were unsuccessful, and thus with no success in isolating prophages in the

current study, a bioinformatic process may elucidate potential prophage elements within Legionella spp.

genomes. Gomez-Valero et al. (2014) have previously used a bioinformatic approach to identify a
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putative prophage within one Legionella spp., L. micdadei NCTC 11371. They suggested the existence

of a putative full length prophage within the genome of L. micdadei NCTC 11371 based on finding a

region that encoded 73 proteins, from which 16 were bacteriophage-related proteins (e.g., bacteriophage

capsid, tail, and replication proteins) (Gomez-Valero et al., 2014). Therefore, in this chapter the aim

was to bioinformatically screen all available genome sequences for the Legionella spp. within the

GenBank database for the presence of prophage elements, to finally identify bacteriophages infecting

these organisms.

5.3 Bioinformatic identification of putative prophage-like ele-

ments across all Legionella spp..

With no bacteriophages able to be isolated by either the screening of samples, nor from the inductions of

individual Legionella spp. isolates, an alternative approach to identify Legionella spp. bacteriophages

was required. A bioinformatic approach was selected as there are numerous Legionella spp. genomes

available, covering a range of species. At the time of this work, a total of 717 genomes from 73

Legionella spp. were available within the GenBank database. The majority of these genomes, 581

(81.03 %) belonged to L. pneumophila, but as many other species had at least one genome available.

Characterisation of the complete set of 717 genomes would allow an increased chance of bacteriophage

identification, and also allow inter-species comparisons of prophage diversity to be examined.

To analyse the genomes, all of the Legionella spp. genomes were examined using the prophage finding

software PHASTER (Arndt et al., 2016). This software was the same used by Ariff et al. (2015) in

their approach for detecting prophages in M. catarrhalis. PHASTER is a web-based tool that predicts

prophage sequences within bacterial genomes and plasmids. It does this by comparing genes within a

bacterial genome to a database of bacteriophage genes from known free bacteriophages and prophages,

leading to predictions of prophage genes within a screened bacterial genome (Arndt et al., 2016). Each

identified putative prophage region is then given a completeness score, based on the number of known

bacteriophage genes/proteins identified within that genomic region. Putative prophages with a score

> 90 are considered ‘intact prophages’, those with a score of 60 - 90 are ‘questionable prophages’, and

those with scores < 60 are classified as ‘incomplete’.

From the 717 Legionella spp. genomes, PHASTER identified a total of 631 putative prophage elements,

with prophage identified within 40 of the 73 species (54.8 %) of Legionella (Supplementary table S9).

Of the identified regions, PHASTER classified 67.29 % as incomplete elements (605/631), 1.66 % as

questionable elements (15/631), and 1.22 % as potentially intact prophage (11/631) (Figure 5.1 A).

Although the majority of the identified prophage-like elements were classified as incomplete, their

overall median size, 13,185 bp, was still larger than the size of the smallest known dsDNA tailed
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A

B

Figure 5.1. Number, classification and size distribution of putative prophages within
Legionella spp.. Figure (A) shows the number of putative prophage identified by PHASTER within
717 Legionella spp. genomes. Coloured bars indicate the the number of these putative prophage
elements based on their PHASTER classifications. These are designated as intact (red), questionable
(green), incomplete (orange). The blue bar indicates the total number of Legionella spp. genomes
where no prophage were identified. Figure (B) shows the distribution of lengths of the putative
prophage identified within Legionella spp.

bacteriophage (Mycoplasma phage P1, ∼ 11.5 kbp). The putative prophage elements ranged in size

from 3,313 bp (in Legionellales bacterium UBA6786) to 141,545 bp (in L. pneumophila HO92620872),

(Figure 5.1 B). The GC contents of the identified elements were between 38.66 % and 44.75 %, with a

median GC content of 43.15 %, which is slightly higher than the average GC content of Legionella spp.

of ∼ 38.3%. Putative attachment sites were also identified for 353 of the 631 (54.22 %) prophage-like

elements (Supplementary table S9).

The number of putative prophage elements per species of Legionella was variable (Figure 5.2). Up to 6

putative prophage elements were found in a single genome, with two genomes containing this number,

L. pneumophila strain F-4198 and Legionella tunisiensis strain LegM. Although L. pneumophila F-

4198 and L. tunisiensis LegM contained the highest number of identified putative prophage elements,

all 6 of the elements found were classified as incomplete in L. pneumophila F-4198 genome, while 5
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of the 6 in L. tunisiensis LegM were classified as incomplete and the other element was classified as

questionable. The median number of putative prophage elements identified per genome was found to

be one. No strains contained more than one element that was classified as complete.

5.4 Examination of ‘intact’ putative prophage regions identi-

fied by PHASTER

PHASTER identified a number of potential prophage regions, with the majority classified as ‘incom-

plete’ elements. However, PHASTER did identify 11 putative ‘intact’ prophage elements among the

717 genomes of Legionella spp.. Therefore, to confirm this ‘intact’ classification, manual examination

of the gene content within these 11 regions was conducted. Manual examination would allow the

determination of if these regions likely did encode full bacteriophage proteins, if they instead encoded

partial bacteriophage that are missing key genes (i.e. are cryptic prophage), or if they were actually

not bacteriophages, instead being other recombinational elements or other false positive detections.

To do this, the elements classified as complete were first re-annotated using prokka and the Prokary-

otic Virus Orthologous Groups database ‘pVOGs’ (Grazziotin et al., 2017). The pVOGs database

contains groups of orthologous genes identified from known bacterial and archeal virus genomes across

multiple taxa. This database would act as a highly accurate database of bacteriophage genes, possibly

allowing identification of bacteriophage genes within the prophage region that was not annotated as

bacteriophages through comparison to the PHASTER database. The re-annotated regions were then

manually examined for common bacteriophage genes responsible for structural-associated functions;

such as, capsid, portal, and tail fibre proteins.

Table 5.1. L. pneumophila strains containing prophage elements identified as ‘intact’ by PHASTER

Strain

Length

of

region

Isolation source Country Reference

L. pneumophila 12 5223 5,397 Patient UK McAdam et al. 2014

L. pneumophila 12 5251 5,233 Patient UK McAdam et al. 2014

L. pneumophila 12 5329 5,670 Patient UK McAdam et al. 2014

L. pneumophila 12 5383 5,547 Patient UK McAdam et al. 2014

L. pneumophila 12 5415 3,955 Patient UK McAdam et al. 2014

L. pneumophila HO4020049 5,946 Patient UK McAdam et al. 2014

L. pneumophila HO80160261 3,3761 Environmental UK McAdam et al. 2014

L. pneumophila HO80160262 28,916 Environmental UK McAdam et al. 2014
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L. pneumophila HO80160263 8,077 Environmental UK McAdam et al. 2014

L. pneumophila HO92620872 141,546 Environmental UK McAdam et al. 2014

L. pneumophila Twr292 5,386 Ashiyu foot spa Japan Watanabe et al. 2015

Each of these 11 putatively intact prophages were found only in genomes of L. pneumophila, with a list

of these genomes given in Table 5.1. Putatively, intact prophage regions ranged in size from between

3,955 bp to 141,545 bp in length, with a median length of 5,670 bp. Manual examination of these

regions revealed that each of these putative prophage regions contained at least one annotation to a

bacteriophage ‘capsid’ gene. In particular, a gene annotated as virus orthologous group (VOG) 0173

was identified in all 11 of the putative intact prophage. VOG0173 corresponds to gpD, an external

scaffolding protein involved in capsid formation in members of the Microviridae family (Cherwa and

Fane, 2012; Grazziotin et al., 2017). Another capsid-associated VOG, VOG0176, was found in 10/11

of the putative complete prophage, and corresponds to gpF which is another protein encoded within

Microviridae that acts as the major capsid protein. Further examination of the genes within each of

these regions showed that they contain a number of genes associated with the Microviridae family,

including major and minor spike proteins, a DNA packaging protein, a DNA maturation protein, and

a DNA replication initiation protein.

As each putative intact prophage region contains numerous genes associated with Microviridae, it is

possible that these elements encode viruses within the Microviridae family. However, members of the

Microviridae family have genomes between ∼ 4.4 - 6.1 kb in length (Cherwa and Fane, 2012), and

while the median length of the identified regions was 5,670 bp, three of the putative prophage regions,

HO80160263 (8,077 bp), HO80160262 (28,916 bp), and HO92620872 (141,546 bp) were larger than any

known Microviridae. Re-examination of these three putative prophage regions showed that they likely

did encode smaller viruses. For the complete region in HO92620872, positions 1,724 - 122,253 contain

a number of genes (at irregular intervals) that encode various DNA binding/recombination genes but

no virus structural genes, possibly indicating that these are just recombinant DNA elements rather

than bacteriophages. Positions 126,790 - 132,044 though, contain all the Microviridae genes, meaning

this 5,254 bp region is likely the real ‘intact’ prophage region. The same was also true for HO80160262

and HO80160263 with a 5,490 bp and 5,092 region encoding all of the Microviridae-associated VOGs

in these genomes respectively.

In addition to this, by screening each of the ‘questionable’ and ‘incomplete’ elements for the VOG’s

found in the complete elements similar bacteriophage genes were also observed in L. pneumophila 12 5414.

This was assigned as a questionable prophage element by PHASTER with a length of 28,108 bp,

with the Microviridae-associated VOGs contained within a 6,563 bp region. No other Microviridae-

associated VOGs were found in any of the other PHASTER predicted prophage elements.
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5.4.1 Similarity between Microviridae identified in L. pneumophila and

other known Microviridae

With potential Microviridae identified in some of the L. pneumophila genomes in GenBank, the sim-

ilarity of these potential bacteriophage sequences to known Microviridae were then examined. To do

this, a set of phylogenetic trees were constructed for the potential L. pneumophila prophages and other

sequenced members of the Microviridae family. The Microviridae family consists of two subfamilies,

the Bullavirinae and the Gokushovirinae, each containing three genera. The Bullavirinae contain the

Alphatreviruses, e.g. Escherichia virus alpha3, the Gequatroviruses; such as, Escherichia virus G4,

and the Sinsheimerviruses, which include Escherichia virus φX174. The Gokushovirinae contain the

Bdellomicroviruses, including Bdellovibrio virus MH2K, the Chlamydiamicroviruses; such as, Chlamy-

dia virus Chp1, and the Spiromicroviruses, e.g. Spiroplasma virus SpV4 (ICTV, 2018). Comparison

of the identified putative prophages to other known, classified, Microviridae would then also allow pre-

diction/identification of which genera within the Microviridae family the putative prophage belonged

to. Therefore, for phylogenetic tree construction the sequences of the 7 bacteriophage structural genes

examined were compared between the 12 putative Microviridae prophages within the L. pneumophila

genomes and known Microviridae belonging to each genera; the accessions of the Microviridae genomes

used in these comparisons can be found table 5.2.

Table 5.2. Table of known Microviridae genomes used to construct the phylogenetic trees.

Strain Genus
NCBI accession

number

Enterobacteria phage alpha3 Alphatrevirus NC 001330.1

Bdellovibrio phage phiMH2K Bdellomicroviruses AF306496 1

Chlamydia virus Chp1 Chlamydiamicroviruses D00624.1

Enterobacteria phage G4 Gequatroviruses NC 001420.2

Spiroplasma virus SpV4 Spiromicroviruses M17988.1

Enterobacteria phage ID1 Sinsheimerviruses DQ079880.1

Enterobacteria phage MED1 Sinsheimerviruses KJ997912.1

Enterobacteria phage NC51 Sinsheimerviruses DQ079891.1

Coliphage φ-X174 Sinsheimerviruses NC 001422.1

Enterobacteria phage WA11 Sinsheimerviruses DQ079895.1

Phylogenetic analysis revealed that for each examined gene, all of the putative L. pneumophila prophage

elements were highly similar to each other. In terms of their groupings to the example genera, they
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Figure 5.3. Phylogenetic trees showing similarity between putative Microviridae iden-
tified in L. pneumophila genomes from GenBank and other known Microviridae. Figure
shows the phylogenetic relationships between the 12 Microviridae identified in L. pneumophila genomes
from GenBank and other known Microviridae. (A) shows a graphical representation of a Microviri-
dae particle. (B) shows a tree of similarities between minor spike proteins, (C) of DNA maturation
proteins, (D) of DNA replication initiation proteins, (E) of major capsid proteins, (F) of major spike
proteins, (G) of external scaffolding proteins, and (H) of DNA packaging proteins. The Microviridae
identified in L. pneumophila genomes are shown in black, while other Microviridae genera are shown
as follows: Alphatrevirus are in blue, Bdellomicroviruses are in orange, Chlamydiamicrovirus are in
pink, Gequatroviruses are in red, Spiromicroviruses are in purple, and Sinsheimerviruses are in green.

all grouped more closely to the Sinsheimerviruses, i.e. Escherichia virus φ-X174 (Figure 5.3). Further

comparison of gene organisations of the Sinsheimervirus φ-X174 to all 12 putative L. pneumophila

Microviridae showed identical gene organisation (Figure 5.4). At the DNA sequence level, overall av-
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erage nucleotide identify (ANI) across the entire prophage regions compared to φ-X174 revealed that

all of the identified prophages had > 99.7 % ANI to φ-X174.

This would indicate then that the 12 prophages identified in the L. pneumophila are likely contami-

nation of φ-X174 present within assemblies of the L. pneumophila genomes, not true L. pneumophila

bacteriophages. To examine this possibility further, the genome sequence of the L. pneumophila strains

found to contain complete prophages were re-downloaded from the JGI Integrated Microbial Genomes

and Microbiome (IMG/M) public database instead of GenBank. The JGI IMG/M database identifies

and removes φ-X174 contamination from sequence files following data submission, and therefore should

remove contaminants from files. Re-examination of the 12 L. pneumophila genomes obtained from the

JGI IMG/M using PHASTER this time, led to identification of no intact prophages. Therefore, the

‘complete’ prophage (and one ‘questionable’ prophage) initially identified from the GenBank genomes

were not from true bacteriophages but φ-X174 contamination within the submitted assemblies.

1
2
3
4
5
6
7
8
9

10
11
12
13

External scaffolding protein D

Capsid protein F

Minor spike protein H

DNA matura�on protein C

Protein K

DNA packaging protein J

Major spike protein G

DNA replica�on protein A

Internal scaffolding B

Lyase

Figure 5.4. Genome organisation of the Microviridae identified in L. pneumophila
genomes from GenBank. Figure shows the comparison of genome organisations for each of the Mi-
croviridae identified by PHASTER and φ-X174. Each line shows the organisation of one Microviridae
from each of the following L. pneumophila genomes, (1) 12 5223, (2) 12 5251, (3) 12 5329, (4) 12 5383,
(5) 12 5414, (6) 12 5415, (7) HO4020049, (8) HO801602161, (9) HO80160262, (10) HO80160263, (11)
HO92620872, (12) Twr292, and the genome of the reference Sinsheimervirus Escherichia virus φ-X174
(13). Each arrow is coloured by gene function, with colour and function indicated under the alignments.
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5.5 Examination of bacteriophage-related genes within ‘ques-

tionable’ and ‘incomplete’ elements detected by PHASTER

Since the Microviridae initially identified in the putative ‘complete’ prophages by PHASTER for the

717 Legionella spp. were all found to be φ-X174 contamination, both the questionable and incomplete

putative prophage-like elements that were detected by PHASTER were then re-annotated using pVOGs

and examined for the presence of bacteriophage-related structural genes. To do this, the pVOG

annotated regions were screened for common bacteriophage genes; such as, capsid, tail, terminase, and

integrase genes. Although some hits were identified, no complete set of these genes was observed in

any single prophage regions. Capsid-associated genes were found in 12 prophage elements (1.90 %),

plate-associated genes in 6 elements (1.11 %), tail-associated genes in 11 elements (1.74 %), portal-

associated genes in 1 elements (0.16 %), terminase in 7 elements (1.11 %), while integrases were found

in 372 of the elements (58.95 %).

The putative capsid-associated genes belonged to four VOGs; VOG0038, VOG0173, VOG0176, and

VOG4573. VOGs VOG0173 and VOG0176, are two of the Microviridae-associated VOGs observed in

the ‘questionable’ L. pneumophila 12 5414 element, and were thus ignored. VOG0038 corresponds to a

group of proteins found in Podoviridae that may encode a protein of unknown function within the viral

capsid. VOG4573 corresponds to a Clp protease which may be involved in the capsid maturation pro-

cess in members of the Caudovirales. VOG0038 was found in 6 Legionella spp. genomes all of which

were L. pneumophila, while VOG4573 was found in 5 genomes, 3 L. pneumophila, 1 L. tunisiensis

and an uncharacterised Legionellaceae. No putative prophage regions identified by PHASTER con-

tained more than one of these two capsid-associated gene clusters. Those prophage regions containing

VOG0038 also contained all of the putative bacteriophage plate-associated genes that were found, each

of which belonged to VOG0352 (Table 5.3).

Manual examination of the putative prophage regions containing hits to the capsid-associated genes

revealed hits to other bacteriophage VOGs. For example, the 14,401 bp putative prophage region in

L. pneumophila 2531STDY5467390 (classified as incomplete) which contained VOG0038 was found

to contain six other VOGs, including VOGs corresponding to bacteriophage structural genes. This

included VOG1086 which contains genes that may be associated with bacteriophage tail assembly, and

VOG0352 which corresponds to possible plate proteins (Table 5.3). The regions containing VOG4573

also showed hits to other VOGs but were mainly to genes involved in DNA interactions/replication.

The putative tail-associated genes belonged to three VOGs; VOG1086, VOG4588, and VOG4783.

VOG1086 corresponds to a set of hypothetical genes that possibly act as tail assembly-like protein,

VOG4588 contains genes that encode a minor tail protein in Siphoviridae and Myoviridae, while
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VOG4783 encodes a series of hypothetical proteins that may be tail accessory fibers in Siphoviridae.

Again no element contained more than one of these tail genes. VOG1086 was found in 6 Legionella spp

genomes, all of which were L. pneumophila. In fact all the isolates containing VOG1086 were also those

six L. pneumophila that contained the capsid-associated VOG0038. VOG4588 was found in three L.

pneumophila putative prophage regions and one L. spiritensis region. Most of the putative prophage

elements containing this VOG did not contain any other potentially structural-associated genes, but

did contain numerous VOGs with potential roles in DNA recombination, including multiple annotated

as being potential integrase genes (Table 5.3). Only one putative prophage region contained VOG4783,

that being a region in Legionellales bacterium UBA2469.

The sole portal-associated gene (VOG0254) was found in L. micdadei strain ATCC 33218, the strain of

L. micdadei Gomez-Valero et al. (2014) believed they had identified a prophage in. L. micdadei strain

ATCC 33218 also contained VOGs corresponding to an integrase gene (VOG0221), and 2 terminase

subunits (VOG0612 and VOG4544). The terminase small subunit ortholog group VOG0612 was

found in three other putative prophage regions other than L. micdadei strain ATCC 33218, another

L. micdadei strain, a L. fairfieldensis genome, and Legionellales bacterium UBA6500. The two L.

micdadei strains, ATCC 33218 and LMI were also the strains that contained a hit to VOG4544, which

contains correlates to a group of genes encoding a terminase large subunit. The other VOG found

in the putative prophage regions that was associated with terminases was VOG1517 which encodes a

putative terminase small subunit. This was found in L. pneumophila Lorraine alongside an integrase

gene.

This was the full extent of common key bacteriophage genes identified within the prophage ele-

ments predicted by PHASTER. While structural-associated genes were identified in only a handful

of prophage predictions, the remaining regions encoded a range of other VOG genes that are less

clearly bacteriophages in origin. These include genes encoding products such as glycosyltransferases,

methyltransferases, and restriction endonucleases that, although have been found within bacterio-

phages, are more bacterial-associated. This could possibly indicated that PHASTER has detected a

number of other transposable elements.

5.6 Investigation of the number of integrons within Legionella spp.

Apart from the described structural genes, a large number of integrases were also identified within the

screened genomes of Legionella spp. using PHASTER. Further examination of the putative prophage

elements containing these integrases revealed that, while also containing a number of other VOGs, most

did not contain any bacteriophage structural genes. Instead genes involved in other more bacteria-

associated functions were present in these elements. One possibility for this could be that these
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elements are not prophage elements but are instead other mobile genetic elements. One common

integrase containing mobile element found in bacterial genomes are integrons (Gillings, 2014), and

are found in as many as ∼ 10% of sequenced genomes (Boucher et al., 2007). No study to date has

examined the presence of integrons within Legionella spp., and therefore, to investigate if these elements

do exist in the genomes of Legionella spp., and whether the integrase-containing regions identified by

PHASTER may be integrons, the 717 Legionella spp. genomes in GenBank were screened for presence

of integrons within them using an integron identification tool, IntegronFinder (Cury et al., 2016).

cassette

attC{

{

A

attI

B D

CALINIn0

C

Complete

intI

1

2

Pc

PintI

Figure 5.5. Schematic representation of the three categories of integrons identified by
IntegronFinder. (A) shows the elements that compose an integron, a specific integron integrase gene
(intI, orange), a promoter (PintI ), an attI recombination site (red), and an array of gene cassettes
(blue, yellow and green) including a promoter (Pc) for the cluster of cassettes. (B-D) shows the three
classification of integron that can be identified using integron finder, (B) are complete integrons, which
include an integrase and at least one attC site, (C) are In0 elements that are composed of an integron
integrase but no attC sites, and (D) are the clusters of attC sites lacking integron-integrases (CALIN)
elements, and are composed of at least two attC sites. Figure was adapted from (Cury et al., 2016)

IntegronFinder is a program for the identification of integrons, genetic elements containing a site-

specific recombination system to integrate and transmit genes (Hall and Collis, 1995). This program

identifies integrons into three categories of elements; (i) the “complete integrons”, which contain intI

and at least one attC site (Figure 5.5 B), (ii) The “In0” elements, which includes only an intI with

no attC sites (Figure 5.5 C), and (iii) the “Cluster of attC site Lacking Integron-integrase (CALIN)”

elements, which include at least two attC sites with no intI (Figure 5.5 D).

IntegronFinder identified a total of 583 integron elements. However, no complete integrons were

identified, nor any In0 elements. Instead, each of the integron elements identified by IntegronFinder
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were from occurrences of isolated attC sites without nearby integrases, i.e. only CALIN elements were

found (Figure 5.6). Lengths of the CALIN integrons identified varied among Legionella spp. with

distances between attC sites also varying in length from 41 bp to 6,113 bp, with a median size of

79 bp. The largest number of these elements were found in L. pneumophila (50.6 %), which also

contained the largest number of genomes screened. Although the majority of CALIN integrons were in

L. pneumophila, the largest number of CALIN regions in a single genome were identified in some of the

uncharacterised Legionellales species, with Legionellales bacterium UBA7366 containing 19 elements,

and Legionellales bacterium UBA1524 containing 18 elements. In contrast, where integrons were found

other Legionella spp.; such as, L. londiniensis, L. rubrilucens, and L. saoudiensis among others showed

only one integron element in their genomes. No integron elements were identified in 27/73 species of

Legionella; such as, for L. gormanii, L. birminghamensis, and L. cherrii. The complete diversity in

number of CALIN elements identified in the Legionella spp. genomes can be found in figure 5.7 and

Supplementary table S10.
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Figure 5.6. The number of integron elements identified within all Legionella spp. genomes
in GenBank using IntegronFinder. Figure shows the number of the three types of integron
elements detected by IntegronFinder within Legionella spp., based on presence of an integrase gene
(intI ), an attI recombination site, and attC sites.

5.7 Discussion

Attempts in the current work to isolate bacteriophage infection Legionella spp. was unsuccessful; even

after screening large numbers of samples from environmental and man-made sources known to contain

Legionella spp.. This was also despite attempts to induce viruses from inside a range of Legionella spp.

isolates. This is strange as bacteriophages can frequently inhabit bacterial cells, either as elements
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Legionella adelaidensis
Legionella anisa

Legionella birminghamensis
Legionella bozemanae

Legionella brunensis
Legionella cherrii

Legionella cincinnatiensis
Legionella clemsonensis

Legionella drancourtii
Legionella drozanskii

Legionella dumoffii
Legionella endosymbiont

Legionella erythra
Legionella fairfieldensis

Legionella fallonii
Legionella feeleii

Legionella geestiana
Legionella gormanii
Legionella gratiana

Legionella hackeliae
Legionella israelensis

Legionella jamestowniensis
Legionella jordanis

Legionella lansingensis
Legionella londiniensis

Legionella longbeachae
Legionella maceachernii

Legionella massiliensis
Legionella micdadei
Legionella moravica
Legionella nautarum

Legionella norrlandica
Legionella oakridgensis

Legionella parisiensis
Legionella pneumophila
Legionella quateirensis

Legionella quinlivanii
Legionella rubrilucens

Legionella sainthelensi
Legionella santicrucis

Legionella saoudiensis
Legionella shakespearei

Legionella sp.
Legionella sp. 21-45-4

Legionella sp. 39-23
Legionella sp. 40-6

Legionella spiritensis
Legionella steelei

Legionella steigerwaltii
Legionella taurinensis

Legionella tucsonensis
Legionella tunisiensis

Legionella wadsworthii
Legionella waltersii

Legionella worsleiensis
Legionellaceae bacterium

Legionellaceae bacterium UBA2794
Legionellaceae bacterium UBA6148

Legionellales bacterium
Legionellales bacterium RIFCSPHIGHO2_12_FULL_35_11
Legionellales bacterium RIFCSPHIGHO2_12_FULL_37_14

Legionellales bacterium RIFCSPHIGHO2_12_FULL_42_9
Legionellales bacterium UBA1113
Legionellales bacterium UBA1524
Legionellales bacterium UBA2469
Legionellales bacterium UBA2653
Legionellales bacterium UBA4722
Legionellales bacterium UBA4759
Legionellales bacterium UBA5158
Legionellales bacterium UBA6500
Legionellales bacterium UBA6603
Legionellales bacterium UBA6786
Legionellales bacterium UBA7366
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integrated into the bacterial genomes, or by existing in the cytoplasm as episomes. These are called

‘prophage’ elements and are highly prevalent across bacterial genomes, in some cases making up ∼

20 % of a bacteria’s genome (Casjens, 2003). Examination of Legionella spp. genomes for prophages

bioinformatically has also shown their potential presence, when Gomez-Valero et al. (2014) showed

that a putative prophage may exist in the genome of one strain of L. micdadei. As bioinformatic

analysis had shown success previously and experimental had so far failed to give any bacteriophages,

in this chapter a bioinformatic approach was attempted to try and identify prophages within all of the

publicly available Legionella spp. genomes.

Bioinformatics approaches have been previously used to identify putative prophage elements within

the genomes of other bacterial species such as for, M. catarrhalis (Ariff et al., 2015), Mycobacterium

abscessus (Sassi et al., 2013), and Mannheimia haemolytica (Niu et al., 2015). These computer-based

studies can be highly accurate in predicting the existence of experimentally isolatable bacteriophages,

rather than just acting as theoretical estimation of a prophages existence. For instance, in the study

by Lorenz et al. (2016) a bioinformatic approach was initially used to identify prophage within the

genome of Vibrio campbellii strain ATCC BAA-1116. Bioinformatic analysis revealed the presence

of two putative Myoviridae within the bacterial genome, which was then confirmed experimentally in

their study after exposure of the bacteria to the inducing agent MitC let to the observation of two

sets of morphologically distinct Myoviridae particles along with enrichment of the predicted prophage

DNA within the induced lysate (Lorenz et al., 2016).

In the bioinformatic study by Gomez-Valero et al. (2014) analysis was conducted on only 11 Le-

gionella spp. genomes, covering five species, L. hackeliae (1), L. micdadei (1), L. fallonii (1), L. pneu-

mophila (7), and L. longbeachae (1). Therefore, to increase the chances of detecting Legionella spp.

bacteriophages in the current work, a larger Legionella spp. genome collection was used by exploring

prophage presence in all Legionella spp. genomes available within the GenBank database. This collec-

tion contained a total of 717 bacterial genomes, covering a total of 73 Legionella spp.. The presence of

prophages within the bacterial genomes was examined using PHASTER, a prophage prediction tool

that has been used successfully for identifying prophages in a number of bacterial species (Crispim

et al., 2018). For instance, the earlier described Lorenz et al. (2016) study actually used the previous

release of PHASTER, PHAST, to bioinformatically predict the prophage regions in V. campbellii.

PHASTER identifies potential prophage regions by comparison of coding sequences within the bacte-

rial genome to a database of known bacteriophages and their genes (Arndt et al., 2016), allowing it to

also make predictions on how complete an identified element is.

PHASTER identified 631 putative prophage elements within the 717 Legionella spp. genomes. Only 11

of the putative prophage elements were designated as potentially ‘intact’ regions, meaning they contain

a large number of genes corresponding to known bacteriophages. The median size of these predicted
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‘intact’ elements was 5,670 kb, ruling out the possibility that these elements were intact Caudovirales, as

the smallest known Caudovirales bacteriophage genome is 11.5 Kb belonging to Mycoplasma pulmonis

(Tu et al., 2001). Instead, this is similar to the complete genome size of members of the Microviridae

family, which have genomes ranging between ∼ 4 - 7 kb in size (Roux et al., 2012). Re-annotation

of the putative prophage identified by PHASTER using the pVOGs database, a well curate database

of bacteriophage genes, confirmed that these regions were likely Microviridae as numerous genes with

annotations to Microviridae VOGs were present in the ‘intact’ putative prophage elements. Alignment

of the 11 putative intact elements and an additional element classified as ‘questionable’ that contained

Microviridae VOGs to known reference genera of Microviridae showed that all of these were highly

similar to members of the Sinsheimervirus genus, particularly φX-174. These regions were eventually

confirmed to be likely φX-174 due to each element having an ANI of at least 99.7 % to φX-174 and

identical genome arrangements.

φX-174 DNA is commonly used as a quality and calibration control for Illumina sequencing runs due

to its relatively small genome size (Brandt and Albertsen, 2018). As it is commonly used as a control

in Illumina sequencing, one of the key good practice steps in the processing of reads from Illumina

sequencing runs is the removal of reads corresponding to φX-174 DNA (Wright et al., 2017). However,

despite this φX-174 is still often found within bacterial genomes in the public databases. For instance,

Mukherjee et al. (2015) examined 18,000 publicly available bacterial genomes for the presence of φX-

174 contamination. They found that > 5.5 % of these genomes were contaminated with φX-174,

and that ∼ 10 % of the contaminated genomes had actually been published in the literature. The

bioinformatic pipelines used in the studies found to contain φX-174 contamination in the current work

make no mention of the removal of φ-X174 in processing of their sequence data (McAdam et al.,

2014; Watanabe et al., 2015), and therefore it would not be unrealistic for the Microviridae to have

actually been introduced during the sequencing process and were not removed bioinformatically. This

would mean that the prophage elements found to be highly similar to φX-174 were just contaminants

that were not removed before read assembly and submission to the GenBank database. However, this

does indicate that the prophage methodology used in the current work is highly capable of identifying

prophages with similarities to known bacteriophages.

The majority of the putative prophage elements identified by PHASTER were classified as ‘incomplete’

elements. Further examination of these elements led to identification of some bacteriophage genes after

re-annotation by pVOGs, including those associated with bacteriophage structural proteins in a small

number of putative prophage regions. Although these elements were designated as incomplete or

questionable they could therefore actually be complete elements. This is because PHASTER’s score

designations are based on the similarity of each gene/protein to a known bacteriophage gene, and thus

obtaining a high score will depend on the presence of well-annotated viral genomes in its database.

With no characterised bacteriophages infecting Legionella spp. available in the literature, and thus

111



PHASTER’s database, PHASTER would be unable to recognise these genes meaning a low score would

be given to these regions if the Legionella spp. bacteriophages were distinct from those in its database.

Thus, although poorly scored for completeness, these incomplete or questionable regions may still be

complete prophage elements.

This database issue may also give an explanation of the overall high number of ‘incomplete’ elements

predicted by PHASTER. This is a limitation faced by all other widely used prophage identification

software e.g. PhiSpy (Akhter et al., 2012), Prophinder (Lima-Mendez et al., 2008), and PhageWeb

(de Sousa et al., 2018), as each rely on homology comparison to known viruses. Alternatively, these

elements could have been ‘intact’ elements at one point, but over time have become degraded within

the bacterial cell (Canchaya et al., 2003), and are now cryptic bacteriophages. Cryptic prophages are

common in bacteria (Wang et al., 2010), and are prophages that have become defective in some parts

of their genome meaning they are unable to form virulent particles (Bobay et al., 2014). However,

this scenario is unlikely to explain the high number of incomplete elements found in the current study

though due to the total abundance of incomplete vs intact elements. For example, in the study of Ariff

et al. (2015) investigating the presence of prophage in 95 M. catarrhalis genomes, they found that there

were ∼ 3 times more incomplete prophages than the either questionable or intact prophages. In the

current study, there were ∼ 23 times as many incomplete and questionable as intact prophages. This

would mean that either there is a ∼ 8 times greater selection for cryptic elements in Legionella spp.

compared to M. catarrhalis, or that Legionella spp. rarely undergo lysogeny with the intact and

questionable elements being signs of infections from many years ago, both of which are highly unlikely

scenarios.

Despite only a small number of prophage structural genes being identified within the questionable

and incomplete elements, a large number of integrases (372) were found. None of the element’s

that contained integrases contained bacteriophage structural genes, instead containing more bacterial-

associated genes. Therefore, to examine if these integrase containing elements were prophage-associated,

or from other transposable DNA elements, the presence of integrons, recombinational elements that

contain an integrase, was examined. Following analysis of all the genomes of Legionella spp., no com-

plete integrons, elements with both an integrase and at least one attC site, were found. Instead, a high

number of CALIN elements, integron elements that do not contain an integrase were found throughout

the Legionella spp. examined. The absence of integrase region identified by IntegronFinder but not

PHASTER could again be due to the databases being used, as IntegronFinder and PHASTER are

using different integrase-containing databases. If these are true CALIN elements, that do not overlap

with the prophage sequences, then the reason for the integron elements missing integrases could be

because integrons are continuously under selective pressure (Engelstädter et al., 2016), meaning these

integron elements were complete at some point but lost their integrases over the time.
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In conclusion, although all available Legionella spp. genomes within the public databases were screened

for prophage elements, no confident detections could be found. However, a number of potential

prophage-like elements containing common key bacteriophage genes were observed which may prove

useful in future studies attempting to isolate bacteriophages against Legionella spp..
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6. Concluding discussion

Bacteriophages are the viral predators of bacteria, and are important parts of the global microbiome,

where they can have important roles in regulating the numbers of bacterial populations (Koskella,

2013). Because of this ability, and their high level of specificity to only infect a small number of bacterial

hosts (Flores et al., 2011), bacteriophages are now becoming recognised as useful tools in the clearance

or detection of bacteria that are otherwise difficult to remove or identify (Salmond and Fineran, 2015).

For example, therapeutic use of bacteriophages to treat antimicrobial resistant organisms has already

been shown to be successful in cases, such as P. aeruginosa-associated graft infections (Chan et al.,

2018), Staphylococcus-associated diabetic ulcers (Fish et al., 2016), and chronic lung infections caused

by Achromobacter xylosoxidans (Hoyle et al., 2018). For bacteria that are challenging to detect,

bacteriophages have also been shown to be useful. For instance, Swift et al. (2013) developed a highly

accurate bacteriophage-based assay to detect Mycobacterium avium subsp. paratuberculosis in cattle

within 48 hours, a diagnosis that would normally have taken ∼ 16 weeks by culture of the organism.

Legionella spp. are aquatic bacteria that are normally found within environmental and man-made

water systems (Parthuisot et al., 2010; Kuroki et al., 2017). Legionella spp. are a significant healthcare

risk, as inhalation of water particles containing the bacteria can lead to legionellosis, a set of conditions

that can range from having mild flu-like symptoms, Pontiac fever, to a form of potentially fatal

pneumonia, Legionnaires’ disease (Fields et al., 2002; Bartram et al., 2007). These organisms can be

both difficult to remove and difficult to detect within environmental/man-made systems, as well as in

patients infected with the organism. For instance, in natural water and man-made systems containing

Legionella spp., treatments, such as exposure to high temperatures or chlorine-based bleaches are used

to try and eliminate the bacteria (Kim et al., 2002; Marchesi et al., 2016). However, through the

bacteria’s ability to grow within eukaryotic cells e.g. amoebae, and by forming biofilms, treatments

may often not be fully effective (Barker et al., 1992; Abdel-Nour et al., 2013; Falkinham, 2015). In

patient diagnosis, the Legionella urine antigen test is currently used to detect cases of Legionnaires’

disease (Lim et al., 2009). However, this test has been shown to only accurately detect infections

caused by L. pneumophila serogroup 1 (Burillo et al., 2017; Miller et al., 2018), while with infections

caused by all other non-pneumophilla Legionella species, and L. pneumophila serogroup 2 - 14 shown

114



to produce inconsistent results using this test (Helbig et al., 2003). The use of bacteriophages in

detection and elimination of Legionella spp. may be able to overcome these issues.

Although bacteriophages are widespread in nature, very little has been published on bacteriophages

infecting Legionella spp.. Only two studies in the literatures have mentioned the identification or

isolation of bacteriophages infecting Legionella spp.. In one of these studies, Lammertyn et al. (2008)

described the isolation of four bacteriophages from river water samples that were able to infect L.

pneumophila and in some cases other Legionella spp.. However, these isolated bacteriophages are no

longer able to be examined, as they were lost during further work with no stocks of these viruses still in

existence (personal communications, Elke Lammertyn). In the other study, Gomez-Valero et al. (2014)

found bioinformatically that there may be a prophage element within the genome of L. micdadei NCTC

11371 after finding 16 bacteriophage-related proteins (e.g., bacteriophage capsid, tail, and replication

proteins) within one ∼ 70 open reading frame long region. Therefore, there are currently no confirmed

bacteriophages in existence that are able to infect Legionella spp., meaning that if bacteriophage-based

treatments and diagnostics were to be developed, bacteriophages against these organisms would need

to be isolated. The present study aimed to rectify this by attempting to isolate bacteriophages against

Legionella spp..

However, before any attempts could be made to isolate bacteriophages infecting Legionella spp., it was

important to have a broad range of Legionella spp. isolates for use in the isolation process. Two sets

of samples, one consisting of 108 samples from various environmental and man-made sources around

the UK and other countries and another set of 154 sample from water and soil systems around the

Midlands, UK, were screened to try and isolate such a collection. A total of 18 strains of Legionella spp.

were isolated, all of which were L. pneumophila. Although this is only a small number, these results

were consistent with other studies. Dimitriadi and Velonakis (2014) collected only 6 Legionella spp.

isolates despite screening 100 water samples, while numerous other studies across a range of sampling

locations have also found similar results (Whiley and Taylor, 2016).

An additional 37 strains were able to be sourced from the collection of PHE, giving a total of 57 isolates

in the Legionella spp. collection, 45 being L. pneumophila. These L. pneumophila strains were found

to be made up of 20 serogroup 1 isolates, 24 serogroup 2 - 14, and 1 isolate that had a cross-reaction

with all three antibodies used to distinguish between serogroup 1, serogroup 2 - 14, and the other

Legionella spp.. Sequence-based typing further separated the collection of L. pneumophila isolated to

18 STs, from which 6 were novel STs that were uploaded to the EWGLI public database. The majority

of these strains belonged to ST337, which can be identified within hospital environments, but with

strains in this ST not frequently associated with causing disease. A number of ST59 isolates were also

in the collection, and previously members in this ST have directly associated with disease outbreaks

(Kozak-Muiznieks et al., 2014; Quero et al., 2018). Other STs found that have had members associated
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with disease outbreaks include ST36, ST1, ST8, and ST191 which have been associated with outbreaks

of legionellosis in the USA and UK (Harrison et al., 2009; Kozak-Muiznieks et al., 2014). By having

27 distinct Legionella spp. isolates (18 distinct STs of L. pneumophila plus an additional 9 different

species of Legionella), the current study should be 27x more likely to isolate bacteriophage than the

study of Lammertyn et al. (2008), who were able to isolate four Legionella bacteriophages using only

a single strain of L. pneumophila.

The low recovery levels from the screened samples could be due to factors, such as the presence

of anti-Legionella molecules produced by other organisms in the samples (Toze et al., 1990; Corre

et al., 2018) that are known to limit Legionella spp. growth. Alternatively Legionella spp. in some

of the samples could be in the VBNC state, where they are still viable but in a dormant state,

unable to be grown under laboratory conditions (Whiley and Taylor, 2016; Kirschner, 2016). Either

of these scenarios can be supported by the observations from qPCR of the second sample set to detect

Legionella spp. where, although no Legionella spp. were isolated from these samples, amplification of

Legionella spp. genes was found in 153/154 examined samples. This again is common, with the chance

of identifying Legionella spp. by qPCR often found to be likely than identifying these organisms by

culturing (Diederen et al., 2007; Parthuisot et al., 2010). Although identification of Legionella spp.

by qPCR does not aid in the isolation of new Legionella spp. strains, it could aid in the isolation of

bacteriophages. Bacteriophages are found in nearly all environments where their bacterial host exist

(Koskella et al., 2011; Brown-Jaque et al., 2016), and by having positive detection of Legionella spp.

in the samples by qPCR, this could be an indication that they also contain bacteriophages.

Sample enrichment is one of the common approaches that are used in the isolation of bacteriophages

against bacterial isolates (Li et al., 2010; Yordpratum et al., 2011). However, when the collected

samples were incubated with the assembled strain collection and examined for plaque formation on

solid media, a small number of samples produced only a zone of lysis, not single plaques. Only on

one occasion one sample, K2 from Kurdistan, Iraq, produced single plaques. This is consistent with

the observations of Lammertyn et al. (2008), who were infrequently and unreliably able to observed

single plaques formation, while zones of clearance were often found. As an alternative approach, the

screening of these samples was re-done to try and observe bacteriophage infection in liquid rather than

solid media using a well-assay (Millard, 2009). Although some reductions in bacterial density were

observed, further passage of the same samples did not give any reductions in a second round, which

is one of the distinct features of bacteriophage replication compared to other antimicrobials (Abedon,

2014), removing the possibility of finding potential bacteriophages within the samples. Therefore, the

initial reductions in bacterial density could be due to the presence of inhibitors or bacteriocins in the

samples that become diluted following passage to the next cycle, rather than bacteriophages, which

would also explain the presence of only zones of clearance and no plaque formation found with the tests

on solid media (Abedon, 2018). Therefore, although the qPCR indication of Legionella spp. in the
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collected samples might have been a promising indication that bacteriophages may be present within

the samples, enrichment of all samples for bacteriophages using the assembled strain collection proved

unsuccessful.

The assembled strain collection was then itself the focus of bacteriophage isolation efforts. Prophage

elements, bacteriophages that either integrated their DNA into the host chromosome or persist in the

cell cytoplasm following DNA injection, are common in bacteria with roughly half of sequenced bacteria

containing at least one prophage element (Touchon et al., 2016). These elements can often be induced

into the lytic cycle, creating and releasing new viruses into the environments after being exposed to

stress stimuli, such as antibiotics or reactive oxygen species (Canchaya et al., 2003). In other bacteria

where no bacteriophages have been isolated from sample enrichments, temperate bacteriophages have

been isolated from induction of bacterial strains. Hammerl et al. (2016) used common bacteriophage

inducers (MitC, UV, and heat) to examine a strain of Brucella inopinata, where they had identified a

prophage bioinformatically within its chromosome. This led to the isolation of temperate bacteriophage

BiPBO1 (Hammerl et al., 2016). This approach was thought to be promising since the presence of

a putative prophage within the genome of one isolate of L. micdadei had already been reported by

Gomez-Valero et al. (2014). Therefore, this method was then attempted to isolate bacteriophages

directly from the genomes of the diverse Legionella spp. strain collection assembled.

To begin, the sensitivity of the strains in the Legionella spp. collection to two commonly used inducing

agents, MitC and NFX, was examined to see if any of the isolates would potentially be prophage

carrier. As prophage carriage can lead to increased sensitivity to these inducing agents (Muschel and

Schmoker, 1966), any strains showing increased sensitivity to the inducing agents may be carrying

prophage. Eight strains showed greater sensitivity to these agents compared to all other isolates.

Retesting their sensitivity in a microdilution assay also showed that for some of these strains bacterial

density declined in the presence of certain concentrations of target inducer, potentially indicating the

lysis of bacteria following prophage release.

Following this, larger-scale induced lysates were then analysed using TEM, leading to the observation

of the presence of two morphologically distinct possible virus-like particles in the lysates. One particle

had a spherical shape between 58 - 70 nm in diameter, while the other had a filamentous morphology

of similar diameter, but with vastly varied length up to ∼ 6 µm. Other spherical bacteriophages

have been discovered, such as the Cystoviridae e.g. Pseudomonas bacteriophage phi6 (Vidaver et al.,

1973). Although the virus-like particles here are similar shapes to the Cystoviridae, the sperical virus-

like particles are smaller than the Cystoviridae, which are normally ∼ 85 nm in diameter (Poranen

et al., 2017). Also Cystoviridae are dsRNA viruses, that are normally believed to be obligately lytic,

although carrier states have been observed (Cuppels et al., 1979; Onodera et al., 1992). The filamentous

particles had a very unusual shape, appearing to be long filaments composed of individual repeating
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units in a ‘bead on a string’-like morphology, with the repeating units roughly the same size as the

spherical particles. No bacteriophage particle with this morphology has been reported, not even the

currently known filamentous bacteriophages. The ‘bead on a string’-like virus-like particles had a

diameter of ∼ 50 nm by between ∼ 500 nm - 6 µm in length, larger than any other known filamentous

bacteriophages/archeal viruses (e.g. the Inoviridae family of bacteriophage are ∼ 10 nm in diameter

and up to ∼ 4 µm in length, while the archeal Ligamenvirales are ∼ 25 - 30 nm in diameter and ∼

0.75 - 2.5 µm in length) (Day, 2012; Prangishvili, 2012a,b).

Although not similar to any known bacteriophages, if the spherical and filamentous particles are actu-

ally different morphotypes of the same virus then this is similar to some eukaryotic viruses, such as the

Influenza virus. Influenza viruses are pleomorphic viruses that can be seen as either spherical, bacil-

liform, or filamentous particles (Lamb and Choppin, 1983), with the dominant morphotype produced

related to environmental selection (Seladi-Schulman et al., 2013). The filaments of these viruses can

also get to extremely long lengths, > 50 µm (Dadonaite et al., 2016), far beyond that of the longest

filaments found in the Legionella spp. filamentous virus-like particles. When DNA was attempted to

be extracted from the Legionella spp. virus-like particles, even over a gradient of induction conditions,

no DNA was found within the viral fraction. Therefore, as the closest viruses in appearance to the

Legionella spp. virus-like particles are RNA viruses, the next logical step would be to examine these

particles to see if they encoded viral RNA. However, further characterisation of these particles could

not be conducted due to time restrictions.

In parallel to the experimental inductions to isolate prophages from the collection of Legionella spp.

strains, a bioinformatic approach was also used to try and detect viruses within publicly available

Legionella spp. genomes. A bioinformatic approach was believed to be a good alternative analy-

sis method process, due to it previously being used successfully to identify bacteriophages in other,

difficult, organisms. For instance, Dyson et al. (2016) had a similar lack of success in isolating bac-

teriophages for Gordonia alkanivorans, Gordonia alkanivorans malaquae, and Nocardia brevicatena

experimentally, so they examined the whole genome sequences of these organisms using a prophage

identification tool, PHAST. Using this tool they identified genes of bacteriophage origin in 83 % of the

bacterial genomes. In 26 % of the genomes PHAST had identified the presence of at least one poten-

tially complete prophage (Dyson et al., 2016). Thus, if bacteriophages were not going to be able to be

isolated experimentally, a bioinformatic approach may at least allow identification of potential future

targets. Gomez-Valero et al. (2014) had already utilised a bioinformatic approach to screen a total

of 11 Legionella spp. genomes to try and detect any putative prophages in their bacterial genomes.

This led to the identification of one potential prophage element in the genome of L. micdadei NCTC

11371. Therefore, to expand on their study, all available genomes within the GenBank database, 717

genomes in total, were analysed using an updated version of PHAST, PHASTER.

118



Upon screening of the 717 Legionella spp. genomes using PHASTER, 11 Legionella spp. genomes were

predicted to contain a prophage region that had been classified as potentially intact, while 15 regions

in bacterial genomes had been identified as questionable, and 605 as incomplete. Further analysis of

the 11 potentially complete prophage regions identified by PHASTER revealed that all of these regions

harboured genes encoding proteins belonging to the Microviridae family. Comparison of these to each

other, a questionable element found to contain Microviridae genes, and other known Microviridae,

revealed that all of the 12 Microviridae in the Legionella spp. genomes were identical to each other,

and φX-174. φX-174 is commonly used as a quality and calibration control for Illumina sequencing.

Removal of φX-174 reads from sequencing data is one of the first steps that should be conducted in the

quality control process for all genome sequencing data (Wright et al., 2017). However, a large number

of microbial genome sequences within the public databases are still contaminated with φX-174 from

them (Mukherjee et al., 2015). This is likely what has happened here, with PHASTER detecting this

contaminating sequence and noting it as a potential complete Legionella spp. prophages. However,

this does show that PHASTER would be able to find complete prophage elements within the analysed

genomes if they were present. With only questionable and incomplete elements identified other than

the φX-174 contamination, this could mean either of two possibilities. Either these elements have

now been ‘domesticated’ by their bacterial hosts to become cryptic bacteriophages that are missing

a number of key genes (Canchaya et al., 2003; Bobay et al., 2014) or, if any prophages are present

in the Legionella spp. genomes, they are then distinct from those bacteriophage sequences currently

available in the prophage databases.

In summary, a broad and diverse collection of Legionella spp. was obtained in this study and used

as both host strains for trying to isolate bacteriophages infecting Legionella spp. from environmental

samples, and as targets for prophage induction to release any prophages from their chromosomes. Al-

though attempts in isolating bacteriophages from environmental samples were unsuccessful, induction

of Legionella spp. strains did possibly give evidence of virus-like particles that may be RNA-based.

However, due to time restrictions these particles could not be investigated in further detail. Bioin-

formatic analysis of all available Legionella spp. genomes in the GenBank database to find potential

prophage also proved unsuccessful. However, although no prophage elements were detected confidently,

a number of genomes harboured genes with potential functions as bacteriophages, making these regions

a potential target for further investigation in the future.
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7. Future work

Although the current study was not successful in definitively isolating bacteriophages infecting Le-

gionella spp., a number of interesting observations and questions were noted that warrant future

study. Of most importance is the nature of the virus-like particles identified following induction of

the Legionella spp. strains. In particular, since attempts to isolate DNA from these particles were

unsuccessful in this study, do these particles contain RNA instead? This could be investigate by ex-

tracting and measuring the concentration of the viral RNA using gradients of induction agents just

as conducted in the current study for DNA extractions. Alternatively, epifluorescence microscopy

could be used (Ortmann and Suttle, 2009). This would allow visual detection of the presence of viral

DNA or RNA within the particles, confirming that they are not just empty particles. Also if so and

these particles do contain RNA, do both types contain the same RNA genomes? Finally, if RNA

genomes are detected, then these genomes could be sequenced and could act as the beginning of a

sequence database to investigate publicly available Legionella spp. RNA transcriptomes/total meta-

transcriptomes for potential new variants of these RNA viruses either in Legionella spp. or in other

organisms.

For experimental isolation of both Legionella spp. and Legionella spp. bacteriophages, could amoeba

or similar organisms assist in bacterial recovery? Do these amoeba act as reservoirs for bacteriophage?

(Magnet et al., 2015) group showed that the isolation of Legionella spp. can be improved in presence of

Acanthamoeba in screened samples, and could amoeba act as an environment that allows bacteriophages

to replicate in Legionella spp.? For this reason, does co-culturing with amoebae increase the chance of

identifying live Legionella-positive samples? and if so can this assist in the isolation of Legionella spp.

bacteriophages?

Also related to bacteriophage isolation, is a possible reason for the lack of bacteriophages being detected

during sample screening due to the presence of iron within the culturing media? Iron is one of the

factors that could have a detrimental effect on activity of bacteriophages (Sagripanti et al., 1993;

Penner et al., 2016). Therefore, could removing iron from the liquid and solid media in this study aid

in the isolation bacteriophages against Legionella spp.? Although Centers for Disease Control (CDC)

(2005) guidelines recommended that Legionella spp. growth considerably depends on the presence of
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L-cysteine-HCl and iron salts, a study by Barker et al. (1986) demonstrated that supplemented iron

had no considerable effect on growth of L. pneumophila. Therefore, this should not interfere with

bacterial growth and could be easily examined.

Finally, could shotgun metagenomic sequencing of induced lysates from Legionella spp. aid in the

detection of Legionella spp. prophages? As the PHASTER database, and those of all other homology-

based prophage finding tools, do not contain any sequences related to Legionella spp. they will con-

tinually struggle to detect ‘complete’ bacteriophages. However, shotgun metagenomic sequencing of

induced lysates would require no knowledge of the bacteriophages, with any induced prophages being

sequenced. These sequences would then begin to add to databases such as PHASTERs that will then

aid in prophage predictions.
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8. Supplementary Information

Table S1. Table of Media/Buffer/Reagents used in this study

Media/Buffer/Reagent

name
Composition

Cysteine (4 %) 0.4 g L-Cysteine hydrochloride monohydrate (Sigma)

Distilled water to 10 ml

Sterilise by filtration

Iron (2.5 %) 0.25 g Iron(III) pyrophosphate (Sigma)

Distilled water to 10 ml

Sterilise by filtration

MgCl2 (1 M) 40.66 g MgCl2 (Fisher)

Distilled water to 200 ml

Sterilise by filtration

CaCl2 (1 M) 29.40 g CaCl2 (Sigma)

Distilled water to 200 ml

Sterilise by filtration

BYE-α

(filter-sterilised)

Broth

4 g N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) Buffer

(Sigma)

1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by filtration

4 ml Cysteine (4 %)*
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Table S1. – Continued from overleaf

Media/Buffer/Reagent

name
Composition

4 ml Iron (2.5 %)*

* Added after filter-sterilisation

BYE-α (autoclaved)

Broth

4 g N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) Buffer

(Sigma)

1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave

4 ml Cysteine (4 %)*

4 ml Iron (2.5 %)*

* Added after autoclaving

BYE-α (charcoal +

filtration) Broth

4 g N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) Buffer

(Sigma)

1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

0.8 g Activated Charcoal (Sigma)

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise and remove charcoal by filtration

4 ml Cysteine (4 %)*

4 ml Iron (2.5 %)*

* Added after filter-sterilisation

BYE-α (charcoal +

centrifugation) Broth

4 g N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) Buffer

(Sigma)

1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

0.8 g Activated Charcoal (Sigma)
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Table S1. – Continued from overleaf

Media/Buffer/Reagent

name
Composition

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave

remove charcoal by centrifugation

4 ml Cysteine (4 %)*

4 ml Iron (2.5 %)*

* Added after centrifugation

BYE-α (with

charcoal) Broth

4 g N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) Buffer

(Sigma)

1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

0.8 g Activated Charcoal (Sigma)

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave

4 ml Cysteine (4 %)*

4 ml Iron (2.5 %)*

* Added after autoclaving

BYE-α Broth
4 g N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) Buffer

(Sigma)

1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave

4 ml Cysteine (4 %)*

4 ml Iron (2.5 %)*

* Added after autoclaving
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Table S1. – Continued from overleaf

Media/Buffer/Reagent

name
Composition

BYE-α Broth with

divalent cations

4 g N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) Buffer

(Sigma)

1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave

4 ml Cysteine (4 %)*

2 ml MgCl2 (1 M)*

2 ml CaCl2 (1 M)*

* Added after autoclaving

BCYE-α 1.2% Agar 4 g ACES Buffer (Sigma)

1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

4.8 g Agar bacteriological (VWR)

0.8 g Activated Charcoal (Sigma)

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave

4 ml Cysteine (4 %)*

4 ml Iron (2.5 %)*

* Added after autoclaving

BCYE-α 1.2% Agar

(without Charcoal)
4 g ACES Buffer (Sigma)

1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

4.8 g Agar bacteriological (VWR)

0.8 g Activated Charcoal (Sigma)
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Table S1. – Continued from overleaf

Media/Buffer/Reagent

name
Composition

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave

Remove the Charcoal by centrifugation

4 ml Cysteine (4 %)*

4 ml Iron (2.5 %)*

* Added after autoclaving and centrifugation

BCYE-α 0.4% Overlay

agar
0.625 g ACES Buffer (Sigma)

0.175 g Potassium Hydroxide (Fisher Scientific)

0.75 g Bacto™ Yeast Extract (BD Biosciences)

0.0625 g α-Ketoglutaric acid (Sigma)

0.25 g Agar bacteriological (VWR)

0.125 g Activated Charcoal (Sigma)

Distilled water to 60 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave

Remove the Charcoal by centrifugation

0.625 ml Cysteine (4 %)*

0.625 ml Iron (2.5 %)*

* Added after autoclaving and centrifugation

Legionella transparent

medium (LTM)
6.66 g Proteose peptone 3 (BD Biosciences)

0.44 g Bacto™ Yeast Extract (BD Biosciences)

4.44 g ACES buffer (Sigma)

0.11 g Iron (Sigma)

0.44 g α-Ketoglutarate (Sigma)

7.55 g Agar bacteriological (VWR)

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave
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Table S1. – Continued from overleaf

Media/Buffer/Reagent

name
Composition

1.77 ml 10% Cysteine* (Sigma)

1.4 ml 1M Potassium Hydroxide* (Fisher Scientific)

44.44 ml 20% Bovine serum albumin (BSA) fraction-V* (Sigma)

* Added after autoclaving

BCYE-α 1.2% Agar 4 g ACES Buffer (Sigma)

with catalase 1.12 g Potassium Hydroxide (Fisher Scientific)

4.8 g Bacto™ Yeast Extract (BD Biosciences)

0.4 g α-Ketoglutaric acid (Sigma)

4.8 g Agar bacteriological (VWR)

Distilled water to 400 ml

Adjust pH to 6.9 with HCl

Sterilise by autoclave

4 ml Cysteine (4 %)*

4 ml Iron (2.5 %)*

250 U ml−1 catalase (Sigma)*

* Added after autoclaving

SM Buffer 5.8 g NaCl (Fisher)

2 g MgSO4·7H2O (Fisher)

50ml 1M Tris HCl (pH 7.5)

Distilled water to 1 L

Sterilise by autoclave

50 X TAE buffer 484 g Tris-base (Fisher)

Dissolve in 1.6 L distilled water

200 ml 0.5 M Ethylenediaminetetraacetic acid (EDTA) (Sigma)

114.2 ml Glacial Acetic Acid (Fisher)

Distilled water to 2 L

Dilute 50 fold in distilled water before use
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Table S7. Table of samples were used in well assay

Samples Group No. Source

Sample 1 All the Midlands’ positive samples for wzm genes

Sample 2 All the environmental miscellaneous samples

Sample 3 All the Midlands’ positive samples for mip genes

Sample 4 All the Midlands’ positive samples for ssrA genes

Sample 5
Tap water sample from University of Leicester, positive for wzm

genes

Sample 6 Tap water sample from Leicester General Hospital, Leicester

Sample 7 Environmental water samples from Nigeria

Sample 8 Water samples from cooling tower

Sample 9 The Midlands water sample negative for Legionella spp.

Sample 10
Environmental water sample from Bath, UK, positive for mip

genes

Sample 11
Environmental water sample from Public Health England,

positive for Legionella spp.

Sample 12
Environmental water sample from Uganda, East Africa, treated

with chloroform

Sample 13
Environmental water sample, from Uganda, East Africa, no

treatment

Sample 14 Swage sample from London, UK
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S., Rodier, M.-H., Soreau, S., Wallet, F., and Héchard, Y. (2011). Efficiency of water disinfectants

against Legionella pneumophila and Acanthamoeba. Water research, 45(3):1087–94.

Dyson, Z. A., Brown, T. L., Farrar, B., Doyle, S. R., Tucci, J., Seviour, R. J., and Petrovski, S. (2016).

Locating and Activating Molecular ‘Time Bombs’: Induction of Mycolata Prophages. PLOS ONE,

11(8):e0159957.

266



Edelstein, P. H. (2007). Urine antigen tests positive for Pontiac fever: implications for diagnosis and

pathogenesis. Clinical infectious diseases : an official publication of the Infectious Diseases Society

of America, 44(2):229–31.

Edelstein, P. H. and Edelstein, M. a. (1989). WIN 57273 is bactericidal for Legionella pneumophila

grown in alveolar macrophages. Antimicrobial Agents and Chemotherapy, 33(12):2132–2136.

Edelstein, P. H., Hu, B., and Edelstein, M. A. C. (2005). In vitro and intracellular activities of

LBM415 (NVP PDF-713) against Legionella pneumophila. Antimicrobial agents and chemotherapy,

49(6):2533–5.

Edelstein, P. H., Snitzer, J. B., and Bridge, J. A. (1982). Enhancement of recovery of Legionella pneu-

mophila from contaminated respiratory tract specimens by heat. Journal of clinical microbiology,

16(6):1061–5.

Engelhardt, T., Sahlberg, M., Cypionka, H., and Engelen, B. (2011). Induction of prophages from

deep-subseafloor bacteria. Environmental microbiology reports, 3(4):459–65.
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Fernández, L., Rodŕıguez, A., and Garćıa, P. (2018). Phage or foe: An insight into the impact of viral

predation on microbial communities. ISME Journal, 12(5):1171–1179.

Fields, B. S., Benson, R. F., and Besser, R. E. (2002). Legionella and Legionnaires’ Disease: 25 Years

of Investigation. Clinical Microbiology Reviews, 15(3):506–526.

Fiers, W., Contreras, R., Duerinck, F., Haegeman, G., Iserentant, D., Merregaert, J., Min Jou, W.,

Molemans, F., Raeymaekers, A., Van den Berghe, A., Volckaert, G., and Ysebaert, M. (1976).

Complete nucleotide sequence of bacteriophage MS2 RNA: primary and secondary structure of the

replicase gene. Nature, 260(5551):500–7.

Fish, R., Kutter, E., Wheat, G., Blasdel, B., Kutateladze, M., and Kuhl, S. (2016). Bacteriophage

treatment of intransigent diabetic toe ulcers: a case series. Journal of Wound Care, 25(Sup7):S27–

S33.

Flemming, H.-c., Neu, T. R., and Wozniak, D. J. (2007). The EPS matrix: the ”house of biofilm cells”.

Journal of bacteriology, 189(22):7945–7.

Flesher, a. R., Kasper, D. L., Modern, P. a., and Mason, E. O. (1980). Legionella pneumophila: growth

inhibition by human pharyngeal flora. The Journal of infectious diseases, 142(3):313–7.

Flores, C. O., Meyer, J. R., Valverde, S., Farr, L., and Weitz, J. S. (2011). Statistical structure of

host-phage interactions. Proceedings of the National Academy of Sciences of the United States of

America, 108(28):E288–97.

Fogg, P. C. M., Colloms, S., Rosser, S., Stark, M., and Smith, M. C. M. (2014). New applications for

phage integrases. Journal of molecular biology, 426(15):2703–16.

268



Fortier, L.-C. and Sekulovic, O. (2013). Importance of prophages to evolution and virulence of bacterial

pathogens. Virulence, 4(5):354–65.

Fraser, D. W., Tsai, T. R., Orenstein, W., Parkin, W. E., Beecham, H. J., Sharrar, R. G., Harris,

J., Mallison, G. F., Martin, S. M., McDade, J. E., Shepard, C. C., and Brachman, P. S. (1977).

Legionnaires’ Disease. New England Journal of Medicine, 297(22):1189–1197.

Fu, K. P. and Neu, H. C. (1979). Inactivation of beta-lactam antibiotics by Legionella pneumophila.

Antimicrobial agents and chemotherapy, 16(5):561–4.

Furfaro, L. L., Payne, M. S., and Chang, B. J. (2018). Bacteriophage Therapy: Clinical Trials and

Regulatory Hurdles. Frontiers in cellular and infection microbiology, 8(October):376.

Gaia, V., Fry, N. K., Afshar, B., Lück, P. C., Meugnier, H., Etienne, J., Peduzzi, R., and Harrison, T. G.

(2005). Consensus sequence-based scheme for epidemiological typing of clinical and environmental

isolates of Legionella pneumophila. Journal of Clinical Microbiology, 43(5):2047–2052.

Gaia, V., Fry, N. K., Harrison, T. G., and Peduzzi, R. (2003). Sequence-based typing of Legionella

pneumophila serogroup 1 offers the potential for true portability in legionellosis outbreak investiga-

tion. Journal of clinical microbiology, 41(7):2932–9.

Gao, L.-Y. and Abu Kwaik, Y. (2000). The mechanism of killing and exiting the protozoan host

Acanthamoeba polyphaga by Legionella pneumophila. Environmental Microbiology, 2(1):79–90.
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Guerrieri, E., Bondi, M., Sabia, C., de Niederhäusern, S., Borella, P., and Messi, P. (2008). Effect

of bacterial interference on biofilm development by Legionella pneumophila. Current microbiology,

57(6):532–6.

Hall, R. M. and Collis, C. M. (1995). Mobile gene cassettes and integrons: capture and spread of genes

by site-specific recombination. Molecular microbiology, 15(4):593–600.

Hall-Stoodley, L., Costerton, J. W., and Stoodley, P. (2004). Bacterial biofilms: from the Natural

environment to infectious diseases. Nature Reviews Microbiology, 2(2):95–108.
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