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ABSTRACT
The intracellular pathogen Legionella pneumophila thrives in both natural and man-made
water habitats where it replicates inside freshwater amoebae. L. pneumophila follows a
developmental cycle as it grows in amoebae. The actively-multiplying intracellular
replicative forms (RFs) differentiate into highly virulent mature infectious forms (MIFs)
late in the amoeba infection, and are then released extracellularly. L. pneumophila
accidentally infects susceptible humans causing the non-communicable Legionnaires’
disease (LD). MIFs play a central role in the life cycle of L. pneumophila and are thought
to be responsible for the transmission of LD. Early reports demonstrated that MIFs were
poorly produced inside human macrophages, suggesting that the L. pneumophila progeny
from human macrophages has fitness and infectivity disadvantages. Direct comparisons
of the L. pneumophila progenies from amoebae and human macrophages have
demonstrated that the progeny from amoebae is more morphologically differentiated,
resistant to antibiotic challenges, and able to adhere to and initiate infections in host cells
than the progeny from macrophages. Analysis of the transcriptomic and proteomic
profiles of L. pneumophila inside different hosts has revealed a specific set of genes that
are upregulated during differentiation of L. pneumophila into MIFs inside freshwater
protozoa but not inside human macrophages, suggesting that these genes may be required
for the full differentiation of L. pneumophila and, therefore, for the transmission of LD to
susceptible humans. Since the expression of the gene [pg669, which encodes a putative
a-amylase, was upregulated in amoebae (highest level of upregulation among the tested
genes) and inside Tetrahymena ciliates, but not inside human macrophages, the role of
Ipg1669 in the differentiation of L. pneumophila into MIFs was investigated. An isogenic
Ipg1669 deletion mutant did not display defects in morphological differentiation, in vitro
(BYE broth) or in vivo (A. castellanii or U937 human macrophages) growth when
compared to its parent strain, suggesting that the gene Ipg/669 is not essential for the
intracellular differentiation of L. pneumophila. Collectively, these findings demonstrate
that L. pneumophila can reach different developmental end points in different hosts and

could also provide a clue for the lack of transmission of LD among humans.
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CHAPTER 1: INTRODUCTION

1.1. Legionella pneumophila is an environmental human pathogen

Legionella pneumophila is a Gram-negative bacterium that inhabits freshwater
environments, such as lakes and ponds, as an intracellular pathogen of freshwater
amoebae (Rowbotham, 1986; Fields et al., 2002). L. pneumophila, along with other
bacteria, amoebae and protozoa can also colonize many anthropogenic (man-made) water
systems, such as hot tubs, cooling towers, air conditioners, and spas. When aerosols from
contaminated water sources are inhaled by susceptible humans, L. pneumophila can
infect alveolar macrophages and cause an atypical pneumonia known as Legionnaires’
disease (LD) (Fraser et al., 1977; Horwitz, 1983; Horwitz, 1983). LD is acquired mainly
by inhalation of Legionella-contaminated aerosols and not transmitted from person to
person (i.e. not communicable); therefore L. pneumophila is considered an environmental
pathogen (Fields et al., 2002). The accidental human infection is a dead end for L.
pneumophila replication. Human hosts act neither as a reservoir nor a viable vector for
transmission of legionellae, rendering any infection futile. The lack of LD transmission

among humans remains with no satisfactory explanation to date.

1.2. Legionellosis

Infections with Legionella result in legionellosis. Legionellosis can present
clinically as a more severe atypical pneumonia known as Legionnaires’ disease (LD) or
as milder flu-like illness known as Pontiac fever, which is usually self-limited (Fraser et
al., 1977; McDade et al., 1977; Glick et al., 1978). Legionellosis has emerged in the
second half of the 20™ century as a result of the human alteration of the environment.
Therefore, in its early stages after its discovery L. pneumophila fulfilled the definition of
an emerging human pathogen. Legionellosis is mostly associated with man-made aquatic
systems where water can reach higher temperatures, and accounts for 2-15% of
community-acquired pneumonia cases that require hospitalization in the United States
(Marston et al., 1994).

LD is a severe multi-organ syndrome which develops within 2 to 10 days

following exposure to legionellae. Symptoms of LD include fever, non-productive cough,



headache, myalgias, rigors, dyspnea, diarrhea, and delirium (Tsai et al., 1979). LD was
first recognized after the massive outbreak in Philadelphia, PA in 1976, where 182 cases
and 29 deaths occurred among the participants of the Pennsylvania Division of The
American Legion convention (Fraser et al., 1977; Brenner et al., 1979). Earlier reports
suggested that person-to-person transmission was unlikely and demonstrated that the
younger, more immunocompetent hotel employees were immune to the disease (Fraser et
al., 1977). A few months later, McDade et al. successfully isolated L. pneumophila and
demonstrated its role as the causative agent of the outbreak (McDade et al., 1977) .
Pontiac fever is a mild flu-like, usually self-limiting form of legionellosis. It was first
documented in 1968 in Pontiac, Michigan where employees of and visitors to the Health
Department developed a self-limited febrile condition, which lasted for 2-5 days and
resolved without further complications. L. pneumophila was retrospectively identified as
the etiological agent for this condition ten years later (Glick et al., 1978).

The factors which determine whether Legionella spp. will cause Legionnaires'
disease (LD) or Pontiac fever remain unclear. Outbreaks of either LD or Pontiac fever are
usually reported (Den Boer ef al., 1998; Luttichau et al., 1998; Garcia-Fulgueiras et al.,
2003). However, simultaneous outbreaks of both Pontiac fever and LD are rarely seen
(Girod et al., 1982; Thomas et al., 1993; Benin ef al., 2002). The same Legionella species
can cause both diseases, although some species e.g. L. micdadei seem to be more often
associated with mild clinical symptoms (Goldberg ef al., 1989; Fallon & Rowbotham,
1990; Fields et al., 2001). Rowbotham has previously suggested that Pontiac fever may
result from a hypersensitivity reaction to amoebae (Rowbotham, 1980; Rowbotham,
1986), which occurs when humans inhale vesicles from infected amoebae containing
Legionella spp. He postulated that such reaction would activate macrophages and thereby
inhibit the multiplication of legionellae in lung tissues (Rowbotham, 1980; Rowbotham,
1986). It has also been suggested that the competence of the host immune system may
also play a role in determining the clinical outcome following exposure to Legionella spp
(Girod et al., 1982).

LD does not usually occur in healthy immunocompetent adults, but occurs mostly
among immunocompromised individuals; therefore L. pneumophila is considered an

opportunistic human pathogen. The typical risk factors for LD include age (with geriatric



individuals usually over 65 having increased susceptibility), smoking status, chronic
obstructive pulmonary disease, alcohol intake, and immune suppression through
immunocompromising diseases or immunosuppressive drugs (Stout & Yu, 1997; Fields
et al., 2002). The average mortality of LD has been confirmed to be about 15-20% of
hospitalized cases (Edelstein & Meyer, 1984; Guerin, 1992; Roig & Rello, 2003). In the
USA, the case-fatality rate was recorded as up to 40% in nosocomial cases, compared
with 20% among people with community-acquired legionellosis (CDC, 1997).

Although 53 Legionella species containing 73 serogroups have been identified
(Luck, 2010), 90% of the LD cases in North America and Europe are caused by L.
pneumophila, with serogroup 1 responsible for over 84% of the cases worldwide
(Marston et al., 1997; Yu et al., 2002; Muder & Yu, 2002). Legionella bozemanaii and
Legionella micdadei are the next most common etiological agents of LD. Together; they
account for ~ 2-7 % of Legionella infections worldwide (Muder & Yu, 2002). The rest of
the cases (10%) are caused by other L. pneumophila serogroups and other Legionella
species such as L. longbeachae (Yu et al., 2002). L. longbeachae, the leading cause of
legionellosis in Australia, has been found in potting soil, and is transmitted to susceptible
humans through exposure to commercial potting soil (Steele et al., 1990 a,b). Legionella-
like amoebal pathogens (LLAPs) are obligate intracellular bacteria that are closely related
to Legionella spp. and may also account for a number of respiratory diseases (Marrie et
al.,2001).

Legionnaires’ disease (LD) has been associated with worldwide major outbreaks.
In addition to the original outbreak that took place in Philadelphia, PA in 1976 (Fraser et
al., 1977; Brenner et al., 1979), other major outbreaks took place in Melbourne
Aquarium, Australia in 2000 (Greig et al., 2004), Lens, France in 2003-2004(Nguyen et
al., 2006), and the Netherlands flower show in 1999 (Den Boer ef al., 2002; Lettinga et
al., 2002). The world’s largest LD outbreak took place in Murcia, Spain in 2001 with 449
confirmed cases (Garcia-Fulgueiras et al., 2003). A surveillance carried out by the
European Legionnaires’ Disease Surveillance Network (ELDSNet) and coordinated by
the European Center for Disease Prevention and Control (ECDC) revealed that a total of

6296 cases of LD of which 438 deaths were reported in Europe in 2010 (Beaute et al.,



2013). In 2012, a severe cooling tower-associated outbreak of LD was reported in
Edinburgh, Scotland with 50 confirmed cases and 3 deaths (McCormick et al., 2012).
LD has a limited prevalence in Canada, with an average of 75 cases reported
annually (Reimer ef al., 2010). A cross-Canada study has demonstrated that the rate of
LD that requires hospital admission, based on urinary antigen testing, was higher in
Halifax than the other tested sites (Marrie et al., 2003). A major LD outbreak in Canada
took place in Toronto in 2005 and resulted in 127 cases and 21fatalities (Gilmour et al.,
2007). Another major outbreak took place in Quebec City in 2012, resulting in 181
reported cases including 13 fatalities. (Levesque et al., Conference abstract, Canadian

journal of infectious diseases and medical microbiology, Spring 2013).

1.3. L. pneumophila, protozoa and human transmission

It has been hypothesized that L. pneumophila first became an intracellular parasite
through its interaction with amoebae (Molmeret ef al., 2005), therefore understanding the
interaction between amoebae and L. pneumophila in the natural environment is crucial to
our understanding of L. pneumophila pathogenesis.

Protozoa provide the natural habitat for intracellular growth and multiplication of
L. pneumophila, which increases the counts of legionellae into high levels and
subsequently allows for the delivery of large infectious bacterial doses to susceptible
humans resulting in the transmission of LD (Fields et al., 1990).

Protozoa can also act as Trojan horses to provide protection for L. pneumophila
against environmental stresses, which can protect L. pneumophila from eradication by
chemical disinfectants (Barbaree ef al., 1986; King ef al., 1988). This may explain why
elimination of legionellae from water systems is often difficult. For example, the
resistance of amoebae to monochloramine could explain the high resistance of L.
pneumophila to monochloramine in the presence of amoebae in water systems (Thomas
et al.,2004).

Intracellular growth of L. pneumophila inside protozoa also induces the virulence
traits and primes the bacteria for infection of new hosts. Compared to in vitro-grown L.
pneumophila, amoeba-grown bacteria are highly resistant to chemical disinfectants,

treatment with biocides and harsh environmental conditions, such as fluctuation in



temperature, osmolarity, pH, and exposure to oxidizing agents (Barker ef al., 1992; Abu
Kwaik et al., 1997). Amoeba-grown L. pneumophila are also more infectious to
mammalian cells (Rowbotham, 1986; Cirillo et al., 1994; Cirillo et al., 1999) and more
infectious to and lethal in mice. Interestingly, infection with mice with a co-culture of L.
pneumophila and amoebae resulted in severe lung pathology and higher bacterial counts
in the mouse lungs (Brieland et al., 1996; Brieland et al., 1997; Brieland et al., 1997).
The above findings suggest that the legionellae-protozoa interactions not only
serve as a shelter for L. pneumophila against environmental stress, but also induce the

virulence traits that make L. pneumophila ready to infect new hosts (Greub & Raoult,

2004).

1.4. Developmental cycle and differentiation of L. pneumophila

In the microbial world, resources are almost universally limited and are competed
for by billions of organisms. To cope with the environmental fluctuations such as changes
in temperature, osmolarity and nutrient availability, bacteria often modify their
physiology, and sometimes undergo morphological adaptations through differentiation.
Examples of microbial differentiation include fruiting body formation by Myxococcus
xanthus (Zusman et al., 2007), spore formation by species of Bacillus and Clostridium
(Paredes et al., 2005), and alternation between replication and transmission by the
intracellular pathogens Coxiella burnetti (Voth & Heinzen, 2007), Chlamydia
trachomatis (Abdelrahman & Belland, 2005), and Legionella pneumophila (Swanson &
Hammer, 2000; Faulkner & Garduno, 2002; Molofsky & Swanson, 2004). Much of our
current understanding of the life cycle of L. pneumophila has been built upon the
pioneering work conducted by Rowbotham, who studied the interaction of L.
pneumophila with freshwater amoebae (Rowbotham, 1980; Rowbotham, 1983;
Rowbotham, 1986), and M. Horwitz, who studied the interaction of L. pneumophila with
macrophages (Horwitz & Maxfield, 1984).

In its natural life cycle, L. pneumophila alternates between two main
morphological forms; the replicative form (RF) and the mature infectious form (MIF).
RFs are replicating, non-flagellated and sodium-resistant forms. MIFs, which may also be

referred to as transmissive forms or cyst-like forms (CLFs), are the progenies that emerge



from L. pneumophila infections of different host cells (Figure 1.1.). MIFs were
previously named mature intracellular forms because they were formed only as a result of
intracellular growth or intracellular residence. However, since MIFs are primarily found
in extracellular compartments and are naturally responsible for initiating new host cell
infection, the change of their name to mature infectious forms was implemented. MIFs
are non-replicating, flagellated, sodium-sensitive, and stress-resistant forms that are
capable of evading phagosome-lysosome fusion and infecting host cells (Garduno et al.,
2002; Faulkner & Garduno, 2002) . Similarly, two distinct forms are seen during growth
in vitro, with the exponential phase of growth, analogous to the replicative phase, and the
post-exponential phase of growth analogous to the transmissive phase (Byrne &
Swanson, 1998). Stationary phase forms (SPFs) are salt sensitive, motile, resistant to
osmotic stress, cytotoxic, infectious to mouse macrophages, and able to escape
degradation by the host lysosomes. On the other hand, exponential phase forms (EPFs)
do not display these features (Byrne & Swanson, 1998).

1.4.1. The central role of MIFs in the life cycle of L. pneumophila

MIFs are unique forms and play a central role in the life cycle of L. pneumophila.
For instance, MIFs have a unique ultrastructure. Rowbotham provided the first
microscopic evidence to demonstrate that the progeny of L. pneumophila that comes from
infected amoebae displays a unique morphology (Rowbotham, 1986). Morphological
differentiation of L. pneumophila in protozoa was also reported in early studies (Katz,
1978; Katz et al., 1979; Rodgers, 1979; Hammerschlag, 2002). Direct correlation of the
morphological changes to the developmental cycle has been investigated through the
ultrastructural analysis of L. pneumophila progeny from HeLa cells by electron
microscopy (Faulkner & Garduno, 2002). MIFs have an electron-dense cytoplasm largely
occupied by poly-B-hydroxybutyrate (PHB) inclusions, thickened cell-wall architecture,
unapparent periplasm, and a multi-laminated envelope of intracytoplasmic membranes
formed via invagination of the cytoplasmic membrane. These distinct features are unique
to MIFs and are thought to enhance their resistance to various stresses (Faulkner &

Garduno, 2002).
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Figure 1.1. The developmental cycle of L. pneumophila is integrated into its life
cycle.

L. pneumophila attaches to and invades A. castellanii where it undergoes replication in
ribosome-coated vacuoles that associate with the endoplasmic reticulum. Following
replication of the replicative forms (RFs), L. pneumophila differentiates into mature
infectious forms (MIFs). RFs and MIFs differentiate into each other via various
intermediate forms. MIFs are released into the environment where they can once again
infect fresh amoebae and start over the whole process. MIFs can also be packaged into
pellets by Tetrahymena ciliates. MIFs produced in amoebae or packaged by ciliates can
infect human alveolar macrophages and transmit Legionnaires’ disease (LD). Human

infections are a dead end of L. pneumophila transmission (Garduno, 2007).



In addition to the unique morphology, MIFs produced in HeLa cells and SPFs (the
analogous in vitro forms) show distinct physiological and biochemical characteristics
(Garduno et al., 2002). MIFs are more infectious to L.929 cells, metabolically dormant,
more resistant to rifampin and gentamicin challenges, and to detergent lysis than SPFs
(Garduno et al., 2002). These observations suggest that MIFs represent distinct
differentiated forms of L. pneumophila that can survive in the environment for long
periods of time, maintain the life cycle in the natural environment, and infect susceptible
humans (Skaliy & McEachern, 1979; Schofield, 1985; Lee & West, 1991; James et al.,
1999). Once inside the host cells, MIFs differentiate back into RFs in the nutrient-rich
intracellular environment. Whether MIFs are the ultimately differentiated forms of L.
pneumophila still remains to be investigated.

Comparative protein analysis (2-dimentional protein gels) of the two forms has
demonstrated that MIFs produced in HeLa cells display a different protein profile. The
20-kDa protein MagA has been shown to be enriched in MIFs, compared to SPFs, and
has been suggested as a protein marker for the development of MIFs (Faulkner &
Garduno, 2002; Hiltz et al., 2004; Faulkner et al., 2008). Since flagellation and full
motility of L. pneumophila occur in the transmissive phase (Heuner ef al., 1999), the
flagellin FlaA protein has been suggested as a marker for the expression of the virulent
phenotype of L. pneumophila (Byrne & Swanson, 1998; Heuner et al., 2002). However,
these markers are unable to distinguish between MIFs and SPFs; therefore, there is still
need for better markers that are more specific to MIF formation.

It has not been studied to date whether L. pneumophila progeny produced in
different hosts share the same characteristics. In contrast to the progeny produced in
HelLa cells, the progeny from human macrophages (the primary target cells during human
infections) was morphologically undifferentiated and did not have high levels of MIFs
(Garduno et al., 2002), suggesting that L. pneumophila may reach different levels of
differentiation inside different host cells. This could provide a clue for the lack of
transmission of LD from person to person. Differentiation is a key factor in the survival
and transmission of L. pneumophila (Molofsky & Swanson, 2004). The changes in L.
pneumophila gene expression associated with the formation of MIFs (Molofsky &

Swanson, 2004) suggest that MIFs are a truly differentiated form of L. pneumophila and



not just a physiological state that is formed as a result of exposute to different stresses

(see section 1.5.).

1.4.2. Role of Tetrahymena ciliates in the life cycle of L. pneumophila.

Tetrahymena ciliates inhabit freshwater environments where they normally engulf
bacteria into their intracellular vacuoles and digest them as a source of food. However, L.
pneumophila cells resist the digestion inside the ciliates and maintain their viability
within the food vacuoles.

Tetrahymena ciliates can support the intracellular growth of L. pneumophila,
depending on the incubation temperature (Barbaree et al., 1986). L. pneumophila can
grow in Tetrahymena pyriformis at 35°C, which is considered a marker for its virulence
(Fields et al., 1986) but it is unable to grow in the same ciliate at 25°C (Fields et al.,
1984). The T. pyriformis ciliates begin to expel the Legionella-containing pellets at 6
hours after infection, with maximum production of pellets following 2 days of incubation
(Hojo et al., 2012). L. pneumophila is also unable to replicate inside Tetrahymena vorax
at 20-22°C (Smith-Somerville ef al., 1991).

The ciliate Tetrahymena tropicalis (that has been used throughout my PhD
project) is commonly found in freshwater environments. It does not support replication of
L. pneumophila but has been shown to effectively package legionellae (following
incubation for 1-2 hours) into pellets that may contain up to 100 legionellae surrounded
by outer membrane fragments (McNealy et al., 2002; Faulkner et al., 2008; Berk et al.,
2008). The legionellae-laden pellets are of a respirable size and could be infectious to
protozoa and susceptible humans (Rowbotham, 1980; McNealy et al., 2002; Faulkner et
al., 2008; Berk et al., 2008). Pellets of legionellae are more resistant to gentamicin and
are able to maintain their viability in nutrient-limited environments for longer periods
than in-vitro grown L. pneumophila (Koubar et al., 2011). These findings suggest that
Tetrahymena ciliates could play a role in the transmission of LD to susceptible humans.
Feeding of T. tropicalis with SPFs triggers a rapid (within ~ 1 hour) and direct
development of MIFs (directly from SPFs without replication intermediates), suggesting
that SPFs and MIFs are developmentally linked (SPFs are immature MIFs) and that

Tetrahymena ciliates may serve as a differentiation model to identify the signals that



trigger the development of MIFs and study the genes that are actively transcribed during
L. pneumophila differentiation into MIFs (Faulkner et al., 2008).

1.5. Overview of the regulatory network of L. pneumophila differentiation

The regulatory network that governs the differentiation cycle in L. pneumophila
between RFs and MIFs is not well understood. The current understanding of the
differentiation process is based mainly on the transition between replicative and
transmissive phases in vitro. Regulation of L. pneumophila differentiation is a
complicated process that involves regulation of gene expression through two-component
systems, small non-coding RNA, and alternative sigma factors.

Based on in vitro studies that have compared exponential phase forms (EPFs) and
SPFs of L. pneumophila, it is known that the conversion from replicative to transmissive
forms is triggered in response to amino acid deficiency and perturbation in fatty acid
biosynthesis (Molofsky & Swanson, 2004; Edwards et al., 2009), which result in
accumulation of the intracellular alarmone (p)ppGpp (Byrne & Swanson, 1998; Hammer
& Swanson, 1999; Swanson & Hammer, 2000). The observation that complete
differentiation of L. pneumophila into MIFs occurs in the intracellular environments

(inside host cells), but not in vitro, may suggest that additional signals are also required.

1.5.1. Signals that trigger L. pneumophila differentiation

Depletion of amino acids results in limited protein synthesis and accumulation of
uncharged transfer RNA (tRNA) molecules, which are then detected by the ribosome-
associated RelA synthase (ppGpp synthetase). RelA converts guanosine triphosphate
(GTP) or guanosine diphosphate (GDP) to guanosine-3°,5 - bispyrophosphate (ppGpp)
(Hammer & Swanson, 1999). Perturbation in fatty acid biosynthesis affects SpoT, a
bifunctional enzyme which can both synthesize and hydrolyse ppGpp in response to the
intracellular levels of fatty acids (Dalebroux et al., 2009; Dalebroux et al., 2010)
(Figure 1.2.).

RelA is not essential for L. pneumophila growth in macrophages. An L.
pneumophila relA mutant can grow and spread efficiently in A/J primary mouse

macrophages. However, SpoT is essential for L. pneumophila transmission in both A/J
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Figure 1.2. Differentiation in L. pneumophila is triggered by metabolic changes.
Differentiation of L. pneumophila into transmissive forms is triggered by low levels of
amino acids or fatty acids. In response to such metabolic changes, the proteins RelA and
SpoT, respectively, synthesize the alarmone ppGpp. The subsequent interaction of ppGpp
with the two-component regulatory system LetA/LetS induces differentiation of RFs to
MIFs. When nutrients are abundant, the bifunctional SpoT (which also has a ppGpp
hydrolase activity) can degrade ppGpp to induce germination from MIFs to RFs. RFs can

then actively multiply until nutrients become limited (Edwards ef al., 2009) .
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bone marrow- derived mouse macrophages and in vitro cultures. spoT is not essential for
L. pneumophila growth when relA is deleted. It is possible to obtain a re/4 mutant or a
relA/spoT double mutant, but not a spo7 mutant alone. This could be because
accumulation of ppGpp, due to the lack of the degrading activity of SpoT, results in
cytotoxic effects (Dalebroux et al., 2009) . A relA/spoT double mutant is killed during
entry to and exit from A/J primary mouse macrophages. Complementation of the
relA/spoT double mutant with rel4 only does not increase the bacterial counts beyond 24
hours post-infection, while complementation of the double mutant with spoT restores
growth to parent strain levels. These data indicate that regulation of the ppGpp
homeostasis is critical for L. pneumophila differentiation (Dalebroux et al., 2009;
Dalebroux et al., 2010) .

The accumulation of (p)ppGpp in the bacterial cytosol stimulates the LetAS-
RsmYZ-CsrA system to express the transmissive traits. The LetAS-RsmYZ-CsrA system
consists of the LetA/LetS two-component system, small non-coding RNAs RsmY and

RsmZ and the RNA-binding protein CsrA (Sahr et al., 2009; Rasis and Segal, 2009).

1.5.2. LetA/LetS two-component system

LetA/LetS (Legionella transmission activator and sensor, respectively) is the most
important and best characterized two-component system (TCS) in L. pneumophila.
LetA/LetS is a homolog of the GacA/GacS (Pseudomonas aeruginosa) and BarA/UvrY
(E. coli) two-component systems which are global regulators of gene expression. The
mechanism by which ppGpp activates the LetA/LetS system and its co-activator LetE is
still unknown (Dalebroux et al., 2009; Dalebroux et al., 2010). Once LetS is activated, it
phosphorylates LetA, which is the downstream signal effector (Figure 1.3.). L.
pneumophila letA and letS mutants are non-motile, sodium resistant, non-cytotoxic and
less capable of infecting primary mouse macrophages (Hammer et al., 2002; Gal-Mor &
Segal, 2003). The L. pneumophila letA mutant displays low expression levels of fla4
(flagellin-coding gene) from flaA-gfp constructs, has no intracellular growth defect in
HL-60 human macrophages, but has a severe intracellular growth defect in 4. castellanii

(Gal-Mor & Segal, 2003).
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Figure 1.3. A model of the regulatory network governing differentiation of L.
pneumophila from replicative to transmissive forms.

During the transmissive phase, amino acid starvation and fatty acid starvation triggers the
production of the alarmone (p)ppGpp. The changes in (p)ppGpp levels are sensed by the
sensor kinase LetS which then phosphorylates LetA. Phosphorylated LetA binds
upstream of the small ncRNAs RsmY and RsmZ and activates their transcription. CsrA
binds to its mRNA targets and inhibits their translation during bacterial replication. The
presence of RsmY and RsmZ titrates CsrA away from its targets, which then enables
translation of the mRNAs, thus expressing the transmissive phenotypes. In contrast,
flagellum synthesis does not seem to be dependent on the RsmYZ-CsrA pathway but is
controlled by the LetA/LetS TCS (Sahr et al., 2009).
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The letA mutant is more sensitive to oxidative and acidic stresses when grown to
the post-exponential (and not to the exponential) phase. The L. pneumophila letA mutant
has a 2-fold decrease in the expression of 7posS, suggesting that /et is required for the
maximal expression of rpoS and the stationary-phase stress response. The reduced
infectivity of letA mutants in A. castellanii may suggest that LetA regulates the
expression of virulence genes (Hammer et al., 2002; Molofsky & Swanson, 2004).

The LetA/LetS system belongs to a family of signal-transducing proteins that utilize a
four-step phosphorelay system to regulate gene expression and exhibit a rheostat-like
behaviour. Histidine 307 of the LetS protein is the primary site of phosphorylation
required to activate LetA (Edwards e al., 2010). Additionally, substitution of the
threonine residue at position 311 of LetS with methionine generates an L. pneumophila
mutant (T311M mutant) which displays delayed gene expression of the flagellar regulon
and numerous other loci compared to wild-type bacteria, suggesting that histidine 307
and threonine 311 residues are necessary for LetS function (Edwards et al., 2010).

In addition to the LetA/LetS system, several other TCSs are involved in the regulation of
the differentiation of L. pneumophila. LqsR, the response regulator of the LqsS/LqsR
system, controls the genes involved in virulence, motility and cell division, suggesting a
role for LgsR in the transition from the replicative to the transmissive phases. The
expression of the LqsS/LgsR system is regulated by RpoS and LetA (Tiaden ef al., 2007).
The PmrA/PmrS system is a global regulator implicated in the intracellular growth of L.
pneumophila and in the regulation of its Dot/Icm type IV protein secretion system (Al-

Khodor et al., 2009) (Figure 1.3.).

1.5.3. Regulation by small non-coding RNA

CsrA (carbon storage regulator A) is an RNA-binding protein which binds to the
RNA transcripts encoding the virulence traits of L. pneumophila and represses their
translation during bacterial replication. Activation of the LetA/LetS system relieves the
CsrA repression and induces the expression of L. pneumophila virulence traits (Hammer
& Swanson, 1999; Hammer et al., 2002; Molofsky & Swanson, 2003) (Figure 1.3.).
L. pneumophila encodes two small non-coding RNAs (sRNAs); RsmY and RsmZ

(Repressors of stationary phase metabolites) that are involved in the regulation of its
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differentiation. The expression of rsmY and rsmZ increases from exponential phase to
post-exponential phase by 3.1 and 6.8 fold respectively (Sahr et al., 2009).
Overexpression of rsmY or rsmZ increases the expression of transmissive genes during
exponential growth. RsmY and RsmZ bind to CsrA. A single mutant has no (4rsmY) or
little (4rsmZ) effect on L. pneumophila virulence, but an rsmY/Z double mutant has a
high resistance to sodium, less pigment production, and displays a severe growth defect
in A. castellanii or human THP-1 macrophages, suggesting that RsmY and RsmZ have an
additive function (Sahr ef al., 2009; Rasis & Segal, 2009).

RsmY and RsmZ bind to CsrA. RpoS and LetA regulate the expression of rsmY
and rsmZ in a growth phase-dependent manner. Mutation of /et4 reduces the expression
of rsmY and rsmZ by three- and two-fold respectively. In the stationary phase, LetA
becomes phosphorylated and directly binds to its predicted binding box upstream of rsmY
and rsmZ and activates their expression (Quon et al., 1998). RsmY and RsmZ then
sequester CsrA and relieve its repressor effect on the expression of L. pneumophila
virulence traits (Sahr ef al., 2009). Therefore, RsmY and RsmZ represent the link
between CsrA system and LetA/LetS regulation (Figure 1.3.).

1.5.4. Alternative sigma factors

Analysis of the L. pneumophila genome has identified six sigma factors: RpoD
(6°, 6%, RpoE, RpoH (c°%), RpoN (c°*), RpoS (6°/6°), and FliA (¢**) (Chien et al.,
2004). Several of the L. pneumophila sigma factors have been implicated by genetic
analysis to regulate subsets of virulence traits (Bachman & Swanson, 2001; Molofsky et
al., 2005). RpoS, RpoN and FliA are associated with bacterial differentiation. RpoS is
required for sodium sensitivity, maximal expression of flagellin, and lysosomal evasion,
but it is not important for other virulence traits (Bachman & Swanson, 2001). Flagellation
and full motility of L. pneumophila occur only in the transmissive phase. Therefore, it is
expected that flagellum synthesis is regulated by the same mechanisms that allow L.
pneumophila to switch from the replicative to the transmissive phase (Heuner et al.,
1999). Several reports have demonstrated that the expression of the virulent phenotype of
L. pneumophila is linked to the flagellar regulon and motility (Rowbotham, 1986;
Pruckler et al., 1995; Bosshardt et al., 1997; Gao et al., 1997; Byrne & Swanson, 1998;
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Heuner et al., 2002). RpoS, LetA, LetE, and probably cyclic-di-GMP (c-di-GMP) levels
may have important regulatory influence on motility in L. pneumophila (Sahr et al.,
2009) (Figure 1.3.).

L. pneumophila has a single polar flagellum, which is composed of one major
subunit, FlaA (Elliott & Johnson, 1981; Ott et al., 1991; Heuner et al., 1995). The
flagellum mediates the invasiveness and cytotoxicity of L. pneumophila to macrophages
(Dietrich et al., 2001; Hammer et al., 2002). Moreover, the bacterial flagellin is sensed by
non-permissive mouse macrophages, resulting in killing of the bacterial cell via
activation of the cytosolic Naip5 (Bircle) receptor (Ren ef al., 2006; Molofsky et al.,
2006). FliA (6*®) is required to activate the transcription of flaA in L. pneumophila. The
promoter sequence of flad has the typical consensus sequence of 6> (Heuner ef al.,
1995). An L. pneumophila fliA mutant is non-flagellated, and the addition of the fli4 gene
in trans restores the expression of flaA (Heuner et al., 2002). Expression of L.
pneumophila flaA gene in E. coli requires the presence of the E. coli 6°® (Heuner et al.,
1995; Heuner ef al., 2002). FliA of L. pneumophila can restore the flagellation and
motility in an E.coli fliA mutant (Heuner ef al., 1999). An L. pneumophila fliA mutant
displays intracellular growth defects in Dictyostelium discoideum and mouse bone
marrow-derived macrophages (Heuner et al., 2002; Hammer et al., 2002), suggesting that
FliA may play a role in the full fitness of L. pneumophila.

L. pneumophila expresses its flagellar genes as a transcriptional hierarchy
comprised of at least three steps. The first level of the flagellum regulatory cascade is
regulated by the alternative sigma factor RpoN (6°*) together with the transcriptional
activator protein FleQ. Putative o°* promoter sites have been found upstream of most of
the flagellar operons, suggesting that RpoN and its activator protein FleQ may regulate
these operons (Heuner & Steinert, 2003). Both rpoN and fleQ mutants are non-flagellated
and express very small amounts of the flagellin (FlaA) protein (Jacobi et al., 2004;
Albert-Weissenberger ef al., 2010). RpoN and FleQ activate the expression of fleN, fliM,
fleSR and other genes which participate in the synthesis of the flagellum basal body and
hook (Jacobi et al., 2004). FliA controls the last step of flagellum synthesis, including
flaA expression (Heuner & Steinert, 2003; Bruggemann et al., 2006). The activity of FliA
is controlled by FIgM protein, an anti-c>® factor. FIlgM binds to FliA and prevents the
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activation of FliA-dependent gene expression. Consequently, once the flagellum hook-
basal body structure is built, FigM is exported to relieve the repression of FliA so that the
flagellum synthesis can be completed (Hughes et al., 1993; Aldridge et al., 2003).

It should be noted that L. pneumophila rpoS and letA mutants, which are
differentiation-deficient, do not grow in amoebae and are completely digested in the
ciliate 7. tropicalis. However, these mutants grow well in HeLa cells and macrophages
(Hales & Shuman, 1999; Gal-Mor & Segal, 2003; Lynch et al., 2003; Abu-Zant et al.,
2006; Faulkner et al., 2008) suggesting L. pneumophila is under strong selective pressure
to differentiate inside protozoa, but not in mammalian cells. This may support the
hypothesis that L. pneumophila does not complete its developmental program in cultured
macrophages, since human cells are accidental hosts and not permissive for the

completion of the life cycle of L. pneumophila.

1.6. L. pneumophila intracellular trafficking and replication

The intracellular events that lead to L. pneumophila internalization, replication
and exit from amoebae are similar to those in human alveolar macrophages, monocytes,
and alveolar epithelial cells, suggesting that the infection mechanisms used by L.
pneumophila are conserved between hosts (Swanson & Hammer, 2000; Garduno, 2007).
Following its internalization into host cells, L. pneumophila modifies the organelle
trafficking of host cells, avoids fusion with the host lysosomes and resides in a unique
compartment known as the Legionella-containing vacuole (LCV). These processes are
chiefly mediated by the secreted effectors of the Dot/Icm system. The LCV does not
acquire many of the classical markers of the endocytic pathway, including Rab5 for early
endosomes, Rab7 for late endosomes (small GTPases that regulate the endocytic
membrane-trafficking interactions) and LAMP-1(lysosome-associated membrane protein
1) for lysosomes (Wieland ef al., 2004; Sauer et al., 2005). The LCV does not undergo
acidification and maintains a pH value of ~ 6.1 (Horwitz & Maxfield, 1984). Instead, the
LCV recruits mitochondria, ribosomes and small vesicles derived from the endoplasmic
reticulum (ER) and/or Golgi apparatus (Kagan & Roy, 2002; Robinson & Roy, 2006) and
remodels the LCV to an ER-like vacuole. The ability of L. pneumophila to escape from

lysosomal fusion is a hallmark of its pathogenesis. Bacterial mutants which are deficient
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in this capability are essentially avirulent (Horwitz, 1987). L. pneumophila replicates
actively inside the LCV and eventually ruptures the LCV membrane and lyses the host
cells to initiate a new round of infection (Hubber & Roy, 2010). The Dot/Icm system is
essential for the virulence of L. pneumophila. Phagosomes containing dot/icm mutants do
not exhibit altered organelle trafficking in the host cells and acquire lysosomal markers

(Coers et al., 1999; Clemens et al., 2000; Lu & Clarke, 2005).

1.6.1. L. pneumophila internalization

Uptake of L. pneumophila into amoebae occurs through the characteristic, yet
uncommon coiling phagocytosis (Bozue & Johnson, 1996; Venkataraman et al., 1998)
and other mechanisms that resemble receptor-mediated endocytosis or macropinocytosis
(processes more involved than coiling phagocytosis) (Fields ef al., 1993; Abu Kwaik,
1996; Venkataraman et al., 1998), suggesting that different amoebae may use different
mechanisms to internalize L. pneumophila. Uptake of legionellae by H. veriformis is
mediated by galactose/N-acetylglucosamine (Gal/GalNAc) lectin, which serves as a
receptor for L. pneumophila (Venkataraman et al., 1997). Binding to the Gal/GalNAc
receptor induces tyrosine dephosphorylation, resulting in the disruption of the host
cytoskeleton and entry of L. pneumophila by a form of receptor-mediated endocytosis
(King et al., 1991; Venkataraman ef al., 1997). The bacterial factor that binds to the
amoebal Gal/GalNAc lectin has not been identified yet.

Uptake of L. pneumophila into macrophages occurs through coiling phagocytosis
(Horwitz, 1984), conventional phagocytosis (Horwitz & Silverstein, 1981; Payne &
Horwitz, 1987, Steinert et al., 2002) and macropinocytosis (Watarai et al., 2001).
Although L. pneumophila is taken up by similar mechanisms in both amoebae and human
macrophages, some differences in the uptake of L. pneumophila by both hosts still exist.
Inhibition of actin polymerization by cytochalasin D inhibits the uptake of L.
pneumophila by human macrophages (but not by H. vermiformis), suggesting that actin
polymerization is important for the uptake of L. pneumophila by human macrophages. In
addition, inhibition of host protein synthesis by cycloheximide inhibits uptake of L.
pneumophila by H. vermiformis (but not by human macrophages) suggesting that host
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proteins play a more important role in the uptake of L. pneumophila into amoebae (Fields

et al.,2002).

1.6.2. Inhibition of lysosome fusion with the LCV

L. pneumophila vacuoles do not fuse with the lysosomes, remain non-acidic, and
do not acquire endocytic markers such as LAMP-1, Rab5 and Rab7. Instead, they acquire
endoplasmic reticulum (ER) markers (Wieland et al., 2004; Sauer et al., 2005). However,
another study demonstrated that the LCVs in A/J mouse bone marrow-derived
macrophages did acquire LAMP-1 and matured into acidic phagosomes (pH 5.6) after 18
hours of infection. Pharmacological inhibition of LCV acidification inhibits bacterial
replication, suggesting that the LCV may act differently in different hosts (Sturgill-
Koszycki & Swanson, 2000). The establishment of the unique LCV depends primarily on
the Dot /Icm type IV secretion system.

The ability of the LCV to avoid fusion with the host lysosomes is not absolutely
dependent on bacterial viability, the Dot/Icm system, or the bacterial active protein
synthesis (Horwitz, 1983; Joshi et al., 2001), suggesting that bacterial surface factors also
may be involved. HtpB-coated latex beads display delayed fusion with lysosomes (Chong
et al., 2009). The Sel-1 repeat-containing LpnE, EnhC and IidL proteins are also involved
in manipulating the organelle trafficking of the host cell and avoiding lysosomal fusion
(Newton et al., 2007). Latex beads coated with LPS-rich outer membrane vesicles
collected from both L. pneumophila and dotA mutants are also able to inhibit phagosome-

lysosome fusion (Fernandez-Moreira et al., 2006).

1.6.3. Recruitment of mitochondria to the LCV

The LCV membrane associates with mitochondria and many small secretory
vesicles as early as 15 to 30 minutes post-infection, and becomes surrounded by
mitochondria 4 hours post-infection (Horwitz, 1983; Kagan & Roy, 2002). LCVs
containing avirulent do#/icm mutants do not recruit mitochondria or smooth vesicles
(Horwitz, 1987; Marra et al., 1992). The Legionella protein HtpB is involved in
mitochondria recruitment to the LCV. HtpB-coated beads attract mitochondria to human

macrophages and Chinese hamster ovary (CHO) cells (Tilney et al., 2001; Chong et al.,
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2009). The significance of mitochondrial recruitment and association with the LCV in the

pathogenesis of L. pneumophila still remains to be determined.

1.6.4. Remodelling of the LCV into an ER-derived replicative organelle

The LCV intercepts early secretory vesicles prior to their transport through the
ER-Golgi intermediate compartment (ERGIC) (Horwitz, 1983; Tilney et al., 2001; Kagan
& Roy, 2002). The membranes of these vesicles contact with and fuse along the surface
of the LCV, which is then followed by exchange of membranes between the two
compartments (Tilney ef al., 2001). Analysis of the host factors recruited to the LCV
reveals that the ER is the source of these secretory vesicles (Swanson & Isberg, 1995;
Abu Kwaik, 1996; Tilney et al., 2001; Robinson & Roy, 2006; Ingmundson & Roy,
2008). The LCV becomes studded with ribosomes and surrounded by the ER, and then L.
pneumophila starts replication inside the LCV (Horwitz, 1983; Swanson & Isberg, 1995;
Lu & Clarke, 2005).

1.6.5. Bacterial egress from host cells

L. pneumophila exits infected host cells in two stages: first, by induction of
apoptosis during the early stages of infection (Gao ef al., 1998; Hagele et al., 1998),
followed by induction of necrosis through its pore-forming activity, ultimately resulting
in osmotic lysis and egress of the bacteria (Byrne & Swanson, 1998; Alli et al., 2000). It
should be noted that L. pneumophila induces apoptosis in infected macrophages and
alveolar epithelial cells but not in amoebae (Hagele et al., 1998; Gao et al., 1998; Gao &
Kwaik, 2000). The pore-forming ability of L. pneumophila is essential for its egress from
the host cells. L. pneumophila mutants termed rib (release of intracellular bacteria) are
able to evade phagosome-lysosome fusion and replicate inside the host cells, but get
trapped inside the host cells due to lack of pore-forming ability (Gao & Kwaik, 2000; Alli
et al., 2000; Zink et al., 2002). Eventually, rib mutants will induce apoptosis in host
macrophages, but not in protozoan hosts. This phenotype of »ib mutants was found to be
associated with a truncated IcmT protein. Complementation of ib mutants with a
functional icmT gene restores the bacterial ability to form pores and exit the host cells

(Molmeret et al., 2002; Molmeret et al., 2002; Bitar et al., 2005).
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1.7. The Dot/Icm system

The Dot/Icm (defect in organelle trafficking/intracellular multiplication) type IVB
protein secretion system is the single most important virulence factor of L. pneumophila.
It was identified by two independent genetic studies (Marra et al., 1992; Berger & Isberg,
1993), which may explain why some genes are named dot, some are named icm, and
some other genes have both names (e.g. icmE = dotG).

The Dot/Icm system consists of 26 genes located in two separate regions of the L.
pneumophila genome. These proteins assemble into a translocation apparatus that allows
bacteria to inject effectors into the infected host cells (Sexton & Vogel, 2002). L.
pneumophila secretes a great number of Dot/Icm effectors. So far, 275 experimentally-
confirmed effectors have been identified using bioinformatic analysis (e.g. presence of
eukaryotic domains or sequence motifs identified from earlier effectors) and biochemical
assays (e.g. translocation assays, protein-protein interactions and yeast genetic screening)
(Luo & Isberg, 2004; Burstein et al., 2009; Heidtman ef al., 2009; Zhu et al., 2011). This
large number of effectors is consistent with the observation that deletion of a single
effector rarely results in significant effects on the virulence traits of L. pneumophila,
suggesting that Dot/Icm effectors have functional redundancy (Ninio & Roy, 2007).

Dot/Icm effectors have diverse structures. However, most proteins are unique to
Legionella and do not show significant homology to other proteins (Zhu et al., 2011).
The individual functions of the majority of the effectors are unknown, although a few
have been identified. Some functions include vacuolar remodelling, endosome-lysosome
fusion avoidance, and endoplasmic reticulum recruitment (Ensminger & Isberg, 2009).
The Dot/Icm system may support the entry of L. pneumophila into host cells. An icmT
mutant (unable to encode one of the inner membrane components of the Dot/Icm
apparatus) displays decreased uptake by mouse macrophages and 4. castellanii, which
could be restored by co-infection with wild-type bacteria (Hilbi et al., 2001).
Overexpression of dot4 (which encodes one of the inner membrane components of the
Dot/Icm apparatus) enhances L. pneumophila invasion of U937 human macrophages and
early establishment of LCVs. These findings suggest that upon contact with the host
cells, the Dot/Icm system translocates effectors that participate in the entry process either

by altering host cellular signals triggered during uptake, or directly by interacting with
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the host cell receptors (Segal ef al., 1999; Hilbi et al., 2001; Watarai et al., 2001,
Molofsky & Swanson, 2004). The Dot/Icm effectors are also important for remodelling
of the LCV. The LCV is actively remodelled and acquires markers of the ER, such as
calnexin and Bip within minutes of its formation, indicating that LCV interacts with the
ER network (Luo, 2012). Host regulators, such as Rab1l and Arf-1 (ADP-ribosylation
factor) that are important in the vesicular trafficking from ER and Golgi to the
phagosome (ER-Golgi trafficking), are found on LCVs containing wild-type bacteria but
not dot/icm mutants (Kagan & Roy, 2002; Kagan et al., 2004).

RalF was the first identified L. pneumophila Dot/Icm effector. RalF is a guanine-
nucleotide exchange factor (GEF), which mediates the recruitment of the host GTPase
protein Arf-1(ADP ribosylation factor) to the LCV (Nagai et al., 2002). Although the
function of Arfl is essential for LCV formation and fusion with ER-derived vesicles
(Kagan & Roy, 2002; Robinson & Roy, 2006), ral/F mutants are still capable of evading
the endocytic pathway and generating the LCV in protozoa and macrophages (Nagai et
al., 2002).

Rab-1 is another GTPase that is targeted by Dot/Icm effectors. SidM (substrate of
Icm/Dot transporter M) or DrrA (Defect in Rabl1 recruitment A) specifically recruits
Rabl to the LCV membranes (Kagan et al., 2004). SidM/DrrA-mediated recruitment of
Rab1 onto the LCV is enhanced by the Dot/Icm effector LidA (Machner & Isberg, 2006;
Murata ef al., 2006) and can be switched off by two effectors, SidD and LepB (Tan &
Luo, 2011; Neunuebel et al., 2011). Although Rab1 is important for LCV biogenesis,
drrA mutants display no growth defects in A/J primary mouse macrophages (Machner &
Isberg, 2006).

The Dot/Icm effector SidK can prevent acidification of the LCV through
interaction with the vacuolar H'-ATPase, which regulates the phagosomal pH. Once
translocated into the host cells, SidK can specifically inhibit v-ATPase activity by
binding to a VatA subunit and preventing ATP hydrolysis (Xu ef al., 2010). Macrophages
loaded with SidK are defective in phagosome acidification and less able to digest the
internalized non-pathogenic bacteria (Xu et al., 2010).

Dot/Icm effectors can also modulate the host immune defences. Infection by

Legionella triggers the classical TLR-dependent immune responses (Archer et al., 2009)

22



and activates caspasel by the Naip5/Bircle involved in the detection of flagellin released
into the host cytosol by the Dot/Icm transporter (Vance, 2010). Microarray analyses with
bacterial flagellin mutants using macrophages derived from mice defective in the TLR
pathways have revealed important roles for the Dot/Icm system in the induction of
several innate immunity pathways, including the NF-kB pathway (Losick & Isberg, 2006;
Shin et al., 2008; Fontana et al., 2011).

Dot/Icm-dependent activation of NF-kB signalling in mammalian cells is a
sustained response in both human macrophages and alveolar epithelium (Losick &
Isberg, 2006; Abu-Zant et al., 2007; Bartfeld et al., 2009). NF-kB activation is important
for bacterial intracellular growth. Activation of certain NF-kB-controlled anti-apoptotic
genes decreases the apoptotic death of host macrophages and provides sufficient time for
intracellular bacterial replication.

LegK1 and LnaB are Dot/Icm effectors that activate signaling of the host NF-«xB.
They were identified through NF-«xB luciferase reporter screening using HEK 293T cells
(Ge et al., 2009; Losick et al., 2010). Interestingly, legK mutants, /naB mutants, and
legK/InaB double mutants do not show defects in the NF-kB signaling and viability of
A/J mouse primary macrophages or in the intracellular bacterial growth (Ge et al., 2009;
Losick et al., 2010).

SidF and SdhA are actively expressed inside human macrophages and may play a
role in counteracting the host apoptotic response (Laguna ef al., 2006; Banga et al., 2007,
Faucher et al., 2011). Mouse macrophages infected with a sidF' mutant display increased
apoptosis and death. The L. pneumophila sidF mutant displays a significant decrease in
replication inside A/J mouse primary macrophages, but not inside human macrophages or
D. discoideum (Banga et al., 2007). L. pneumophila sdhA mutants display significant
growth defects in A/J primary mouse macrophages and less significant defects in D.
discoideum. Macrophages infected with sdhA mutants display increased apoptosis, more

drastic than sidF’ mutants (Laguna et al., 2006).

1.8. Transcriptome analysis of L. pneumophila inside different hosts
The life cycle of L. pneumophila involves two distinct habitats, an extracellular

freshwater environment and an intracellular infection vacuole inside host cells. To
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survive in both environments, L. pneumophila alternates between MIFs and RFs. To
reach these distinct forms, L. pneumophila undergoes changes in its gene expression
during differentiation. Genes induced during the replicative phase (in vitro or inside host
cells) generally promote bacterial multiplication, and encode components of metabolic
pathways and cell division (Bruggemann et al., 2006). However, as nutrients become
limited, metabolism slows down. Instead, transmissive traits (in vitro or inside host cells)
predominate, including genes that encode the flagellar machinery, virulence factors
translocated by the Dot/Icm secretion system (Cirillo ef al., 1999; Conover et al., 2003;
Luo & Isberg, 2004; Shohdy et al., 2005; Campodonico et al., 2005), as well as Dot/Icm-
independent virulence factors, e.g. the enhanced entry proteins (Enh). Therefore, the
genes upregulated later in the life cycle of L. pneumophila are expected to promote
transmission and manipulation of new host cells and prepare the bacterium for the next
round of infection.

Differentiation is an essential process for L. pneumophila and is directly related to
its ability to infect both protozoa and mammalian hosts. Therefore, analysing the genetic
expression of L. pneumophila inside amoebae and human macrophages could improve
our understanding of the incomplete differentiation of L. pneumophila into MIFs inside
macrophages and may help explain why LD is only acquired from the environment and

cannot be transmitted from person to person.

1.8.1. The control of differentiation in L. pneumophila is not yet fully understood.

There are deficiencies in our current understanding of the differentiation process
in L. pneumophila. For instance, 23 of the L. pneumophila genes upregulated during
replication inside amoebae and more than 90 genes upregulated later during
differentiation into transmissive forms (MIFs) are hypothetical with no similarity to
database entries (Bruggemann et al., 2006). Furthermore, 8 of the 10 most highly induced
L. pneumophila genes in human macrophages have no assigned functions (Faucher et al.,
2011).

The current understanding of the differentiation cycle in L. pneumophila is based
mainly on in vitro growth models. It has been understood that SPFs are the in vitro

transmissive forms, and therefore were used to study the differentiation mechanisms in L.
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pneumophila (Byrne & Swanson, 1998). The extent to which the current understanding
corresponds to the differentiation process in the intracellular environments is not
completely understood.

Gene expression studies have revealed dissimilarity of the genetic expression
when L. pneumophila grows in vitro (BYE broth) or in vivo (inside host cells). For
instance, about 84% of the replicative phase genes and 77% of the in vivo transmissive
phase genes characterized in amoebae are also upregulated in the exponential and the
post-exponential phases in broth, respectively (Bruggemann et al., 2006). Likewise,
comparison of the changes in gene expression in L. pneumophila at post-exponential
phase (transmissive forms in vitro) and inside human macrophages (transmissive forms in
vivo) to exponential phase forms yields different outcomes, suggesting that the
correlation between the in vivo MIFs and the in vitro SPFs is limited (Faucher ef al.,
2011). However, similarities in the gene expression profiles in vivo and in vitro may
suggest that there are specific genes that could be essential for the L. pneumophila

differentiation process in both environments.

1.8.2. Changes in the gene expression of L. pneumophila inside A. castellanii

To gain insight into the molecular mechanisms controlling the differentiation of L.
pneumophila inside its natural host, Briiggemann et al. (Bruggemann et al., 2006) have
analysed the global changes in gene expression profiles of three clinical L. pneumophila
strains (Philadelphia, Paris and Lens) in 4. castellanii using microarray analysis.
Briiggemann ef al. (Bruggemann et al., 2006) have analysed the changes in gene
expression of L. pneumophila at multiple time points (8, 11, and 14 hours postinfection)
inside A. castellanii. The changes in the gene expression of L. pneumophila at 8 hours
reflect the replicative traits, the changes at 11 hours reflect the early transmissive traits,
and the changes at 14 hours reflect the late transmissive traits. The genes that are
upregulated at both 11 and 14 hours reflect the general transmissive traits. Interestingly,
the three L. pneumophila strains exhibit similar expression profiles, suggesting that the
regulatory networks that govern L. pneumophila differentiation are conserved

(Bruggemann et al., 2006) (Figure 1.4.).

25



Sugars 7 Myo-inositol 7 Protain secrailon

Glucoamylase ?
Glyogen, starch ? Oxidative stress
(sod, kat, ahp)
Oligopeptides
Threonine
Tyrosine H* NADH dehydrogenase
Glycine
= Fumarate reductase
Serine
Cytochrome reductase

Histidine

Alanine Cytochrome o oxidase

Cytochrome d oxidase
Amino acids 0,
Cytochrome ¢ oxidase

2

H*
H

3H"  ATP synthase
H

*  Cytochrome d oxidase
02

Type IV pilus Serine Arginine

Figure 1.4. Transcriptome changes during the biphasic life cycle of L. pneumophila
inside A. castellanii.

Transcriptome analysis demonstrates the transcriptional changes that occur during the
differentiation of RFs (pink background) into MIFs (cyan background) in A. castellanii.
Main replicative traits are: amino acid and oligopeptide transporters, sugar transporters,
glycolysis and the Entner-Doudoroff (ED) pathway, oxidative stress response proteins,
and the replication, transcription and translation machinery.

Important transmissive traits are: flagellum biosynthesis, invasion-associated traits (e.g.
EnhABC), GGDEF/EAL proteins, type IV pilus biosynthesis, synthesis and degradation
of polyhydoxybutyrate (PHB), and the Dot/Icm effectors (Bruggemann et al., 2006).
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According to microarray analysis, L. pneumophila genes that are induced during
replication include the ones encoding factors that promote replication such as amino acid
transporters, enzymes of the tricarboxylic acid (TCA) cycle, components of the electron
transport chain, and some virulence associated factors like CsrA. During replication of L.
pneumophila in amoebae, genes involved in amino acid degradation pathways are
upregulated. Upregulation of several aminopeptidases and proteinases indicates that the
pathogen is able to scavenge host proteins (Bruggemann et al., 2006). Eventually, as
nutrients and oxygen become scarce, genes involved in bacterial replication are down-
regulated and the genes involved in the transmissive phase are up-regulated, including
genes encoding Dot/Icm-secreted effector proteins, genes involved in flagellar
biosynthesis, genes encoding EnhABC, LetE, integration host factor (IHF), several
uncharacterized transcriptional regulators and two-component systems, and many other
virulence factors (Bruggemann et al., 2006).

Interestingly, L. pneumophila also appears to catabolize carbohydrate-derivatives
in the replicative phase. The gene cluster which encodes the Entner-Doudoroff pathway
(Ipg0416- Ipg0418, Ipg0420), the genes which encode a putative glucokinase (/pg0419)
and a sugar transporter ([pg0421) are all upregulated during replication in amoebae
(Bruggemann et al., 2006). The expression of the eukaryotic-like glucoamylase (/pg0422)
in vivo could allow L. pneumophila to exploit carbohydrates in amoebae. In addition, four
out of five genes predicted to encode myo-inositol catabolism proteins are upregulated in
vivo. Together, the transcriptional profile of L. pneumophila inside amoebae suggests that
carbohydrates could be used as sources of carbon and energy (Bruggemann et al., 2006).

A family of regulators that possess GGDEF or EAL motifs (GGDEF/EAL
proteins) was also up-regulated during the transmissive phase in amoebae (Bruggemann
et al., 2006). GGDEF/EAL proteins regulate the intracellular levels of the second
messenger cyclic di-guanosine monophosphate (c-di-GMP) through their diguanylate
cyclase and phosphodiesterase activities (D'Argenio & Miller, 2004; Romling et al.,
2005). GGDEF/EAL proteins regulate the transition between motile and sessile bacteria
found in biofilms when nutrients are limited (Romling & Amikam, 2006). In S. enterica,
mutation in an EAL-domain protein has decreased bacterial resistance to oxidative stress

and accelerated its killing by mouse macrophages (Hisert et al., 2005). The roles of
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GGDEF/EAL proteins in L. pneumophila are yet to be determined.

1.8.3. Changes in the gene expression of L. pneumophila inside human macrophages

Faucher et al. (Faucher ef al., 2011) have analysed the changes in the gene
expression of L. pneumophila during intracellular infections of THP-1 macrophages at
multiple time points (0, 6, and 18 hours postinfection: Ty, T, and T;s, respectively) by
microarray analysis. Ty is considered an early time point of infection where the bacteria
are still adapting to the intracellular environment. At T, the bacteria are actively growing
inside macrophages (replicative forms) and by T;s, the bacteria should stop replicating
and start to lyse the host cells (transmissive forms) (Faucher ef al., 2011).

Analysis of gene expression of L. pneumophila inside human macrophages
revealed that genes encoding amino acid biosynthesis and transport systems involved in
amino acid transporters and iron uptake are induced during intracellular growth. Genes
involved in catabolism of glycerol are induced during intracellular growth, suggesting
that glycerol could be used as a carbon source inside macrophages. Iron transport systems
are upregulated, including genes involved in legiobactin production (/btAB) and iron
acquisition (ira4B). Indeed, the /btAB locus is one of the most highly induced L.
pneumophila genes inside macrophages. Genes involved in glycolysis are not
differentially regulated inside human macrophages. Genes encoding the components of
ED pathway are not upregulated either, suggesting that carbohydrate metabolism is not
important for L. pneumophila inside human macrophages.

Several two-component systems, including PmrA/PmrB (Zusman et al., 2007),
CpxR/CpxA (Altman & Segal, 2008), and LetA/LetS (Hammer ef al., 2002), are involved
in the regulation of virulence factors of L. pneumophila and are differentially expressed
during infection of human macrophages. The cpxR and cpxA4 genes are significantly
induced at T and Ts, and are therefore likely to function late in infection. Although the
pmrA gene encoding the response regulator is not upregulated inside human
macrophages, the pmrB gene encoding the cognate sensor kinase is significantly
repressed at early time points (T¢ and T). In contrast, the gene encoding the LetS sensor
is induced inside cells, but the gene encoding its cognate transcription activator, LetA is

repressed. The LetA/LetS system controls the expression of two small RNAs (RsmY and
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RsmZ), which, in turn, control the activity of CsrA, a global regulator that represses the
expression of post-exponential traits during exponential growth (Molofsky & Swanson,
2003; Forsbach-Birk et al., 2004; Rasis & Segal, 2009; Sahr et al., 2009). This may
provide clues to the incomplete differentiation of L. pneumophila inside human
macrophages.

Sigma factors also regulate gene expression in response to stress or other
environmental signals. The rpoD gene encoding the vegetative sigma factor 6”* is
repressed during growth inside human macrophages compared to the exponential phase.
The rpoS gene encoding ¢° is strongly induced. The gene rpoH is strongly induced at Tg
and T,g inside human macrophages.

Phagocytes usually use multiple strategies to kill bacteria. These strategies
include acidification of the phagosome, production of reactive oxygen and nitrogen
species, and production of antimicrobial peptides (Flannagan et al., 2009). However,
infection of macrophages with L. pneumophila prevents the formation of ROS (Harada et
al., 2007), which may explain why genes involved in oxidative stress adaptation such as
sodB, sodC are not induced during intracellular growth in macrophages (Faucher et al.,
2011). Legionella also expresses a number of proteases and peptidases during
intracellular growth, which could degrade the antimicrobial peptides produced by the host
cell (Faucher ef al., 2011).

1.8.4. Changes in the gene expression of L. pneumophila inside Tetrahymena ciliates
Tetrahymena tropicalis ciliates have been proposed as a model to study the
differentiation of L. pneumophila into mature infectious forms (MIFs). While the
development of MIFs inside amoebae usually takes about 3 days and is preceded by
bacterial replication, Tetrahymena ciliates offer the experimental advantage of rapid
(within ~ 1 hour) and direct development of SPFs into MIFs ciliates in the absence of
bacterial replication (Faulkner et al., 2008). However, the genetic expression of L.
pneumophila inside Tetrahymena ciliates has not been studied yet. My PhD project is the
first study to report the global changes in L. pneumophila transcriptome inside
Tetrahymena ciliates using microarray analysis. Since the development of MIFs inside

Tetrahymena ciliates has been observed as early as 30 minutes post-ingestion (Faulkner
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et al., 2008), I set out to study the changes in gene expression of L. pneumophila
following 30 minutes of internalization in Tetrahymena ciliates compared to SPFs
incubated in the infection medium (Tris-buffered Osterhout’s Solution; TBOS) for the
same period to identify the genes that may be activated early during the differentiation
process. The results of my project will also test the validatity of Tetrahymena ciliates as a

model to study the differentiation of L. pneumophila into MIFs.

1.8.5. Comparison of L. pneumophila gene expression in amoebae and macrophages
Analysis of the gene expression profiles of L. pneumophila inside amoebae and
human macrophages could improve our understanding of the incomplete differentiation
into MIFs inside human macrophages, and may help explain why LD is only acquired
from the environment and not transmitted among humans. However, direct comparison of
the changes in gene expression of L. pneumophila inside amoebae and human
macrophages has not been done yet. Global gene expression profiles of L. pneumophila
were studied using microarray analysis, which still requires further confirmation by qRT-
PCR analysis (Morey et al., 2006). In addition, the two studies had different designs and

targetted different time points during intracellular infections.

1.9. Metabolism of L. pneumophila

L. pneumophila grows in vitro, in buffered yeast extract (BYE) broth or on
buffered charcoal yeast extract (BCYE) agar. The composition of both BCYE agar and
BYE broth is described in section (2.1.1.). L. pneumophila is a fastidious organism and
requires a unique combination of nutrients (which represent the nutrients available inside
the host cells) in the laboratory media (Fields et al., 2002). Very little is currently known
about the nutritional environment within the LCV. Investigation of the nutrient
requirements of L. pneumophila in vitro (using laboratory media) might give us a clue for
the nutritional requirements inside LCV. Nutrients required for the intracellular
multiplication of L. pneumophila inside the LCV may also serve as signals that can
trigger the germination of MIFs into RFs. In vitro studies in broth cultures suggest that L.
pneumophila mainly depends on amino acids as a primary source of carbon, nitrogen, and

energy.
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1.9.1. Amino acids

Early reports demonstrated that L. pneumophila requires the presence of arginine,
isoleucine, leucine, methionine, serine, threonine, valine, cysteine, and glutamic acid to
replicate (George et al., 1980; Tesh & Miller, 1981; Tesh et al., 1983), with glutamate
serving as the principal energy source (Weiss & Westfall, 1984). This may suggest that L.
pneumophila has to acquire these amino acids inside LCV from the host cells. In fact,
cysteine supplementation is not required for L. pneumophila growth inside macrophages,
mammalian cells or amoebae, suggesting that L. pneumophila obtains cysteine and other
essential amino acids from host cells (Wieland ef al., 2005). The cysteine requirement of
L. pneumophila and its inability to utilize the oxidized form cystine may impose an
intracellular lifestyle (where cysteine is available) in the natural freshwater environment,
and may also guarantee that MIFs do not differentiate into non-infectious RFs outside the
host cells (Ewann & Hoffman, 2006). Interestingly, genome sequencing revealed that L.
pneumophila has genes required for the synthesis of cysteine and methionine, suggesting
that L. pneumophila may not be auxotrophic for these amino acids under certain
conditions (Cazalet et al., 2004; Chien et al., 2004).

The importance of amino acids for L. pneumophila replication has been supported
by the discovery of a phagosomal transporter (Pht) family. Pht transporters are amino
acid transporters which belong to the major facilitator superfamily. They are important
for the ability of L. pneumophila to differentiate in broth cultures and replicate inside
primary mouse macrophages (Sauer ef al., 2005; Chen et al., 2008).

PhtA, a threonine transporter, is the first member of the Pht family to be
characterized. L. pneumophila pht4 mutants are unable to replicate in A/J primary mouse
macrophages, mainly because of the inability of bacteria to differentiate into the
replicative forms inside LCV. This replication defect is restored by in trans genetic
complementation of phtA or by the addition of excess threonine in the infection medium
(Sauer et al., 2005). Bioinformatic analysis has demonstrated that L. pneumophila
possess 11 Pht paralogues, including PhtA. L. pneumophila strain Lens also has a strain-
specific Pht, PhtL (Chen et al., 2008). Interestingly, several other intracellular human

pathogens, including Chlamydia, Coxiella, and Francisella possess pht genes, indicating
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that this may be a common mechanism for acquisition of nutrients by vacuolar pathogens
(Chen et al., 2008).

The putative L. pneumophila valine transporter, PhtJ, is required for the
differentiation and optimal multiplication of L. pneumophila inside U937 human
macrophages. PhtJ mutants display 100- and 1000-fold growth deficiency inside human
macrophages at 24 and 48 hours post-infection, respectively. However, PhtJ is not
required for the intracellular growth of L. pneumophila inside A. polyphagia and H.
vermiformis (Gao et al., 1998; Harb & Abu Kwaik, 2000).

SLCIAS is a neutral amino acid transporter located on the surface of LCV.
Expression of the s/c/a5 gene is upregulated inside MM6 human monocytes.
Pharmacological inhibition of the transporter and RNA silencing of slc/a5 gene can
block the intracellular replication of L. pneumophila inside MM6 human monocytes
(Wieland et al., 2005). This suggests that in addition to their ability to provide essential
nutrients, phagosomal transporters can also assess the nutrient supply in the environment

and provide a signal for replication.

1.9.2. Iron

In addition to amino acids, other lines of evidence suggest that growth of L.
pneumophila inside the host cells is also dependent on iron.

Iron, an essential nutrient for most bacteria, exists in a dynamic equilibrium between the
soluble ferrous (Fe*") and the insoluble ferric (Fe**) forms. Many studies have
highlighted the importance of iron for L. pneumophila virulence and replication by
exposing L. pneumophila bacteria to iron-limiting conditions in vitro (Reeves et al.,

1981; James et al., 1995). Earlier studies investigating growth requirements of L.
pneumophila have revealed its need of unusually high amounts of iron for optimal growth
(Johnson et al., 1991).

Iron is also important during intracellular replication of L. pneumophila.
Monocytes and macrophages that have been treated with an iron chelator do not support
L. pneumophila replication, and this inhibitory effect can be reversed by the addition of
iron to the medium (Gebran et al., 1994; Viswanathan et al., 2000). IFN-y can restrict the

intracellular growth of L. pneumophila by downregulation of transferrin receptors in the
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host cells and thereby maintaining low intracellular levels of iron (Byrd & Horwitz, 1989;
Byrd & Horwitz, 2000). Furthermore, the expression level of transferrin receptors in
mouse and human macrophages are correlated with the extent to which they are
permissive to L. pneumophila infections. Low levels of expression of transferrin
receptors are associated with higher resistance to L. pneumophila intracellular growth
(Gebran et al., 1994; Byrd & Horwitz, 2000).

L. pneumophila mutants that display defects in iron acquisition are also defective
in infectivity of human macrophages, suggesting that L. pneumophila may require an
effective iron transport mechanism to utilize iron from the host cells (Pope et al., 1996).
Given that a source of iron is essential for L. pneumophila replication, it is not surprising
that the bacterium has developed regulatory mechanisms to obtain iron from the
environment and from host cells (Cianciotto, 2007).

L. pneumophila produces Fur, a protein that can control gene expression in
response to changes in iron concentrations. Fur is a transcriptional regulator which is
activated under iron-limited conditions. Several Fur-regulated L. pneumophila genes that
play a role in macrophage infections have been identified (Hickey & Cianciotto, 1994).
For instance, a mutation in the Fur-regulated gene, frgA4, which encodes a homologue of
the siderophore-producing aerobactin synthetase in E. coli, displays an 80-fold growth
defect in U937 human macrophages (Hickey & Cianciotto, 1997).

Our understanding of the acquisition of iron by L. pneumophila was greatly
improved following the discovery that the bacterium secretes a siderophore (legiobactin)
under iron-limiting growth conditions (Liles ef al., 2000). Representative strains from all
L. pneumophila serogroups and other Legionella species also display siderophore activity
in the presence of low amounts of iron (Starkenburg et al., 2004). The production and
export of legiobactin have been linked to the genetic locus /btAB. LbtA is the predicted
siderophore synthetase, and LbtB is a member of the major facilitator superfamily of
multidrug efflux pumps and is likely responsible for the export of legiobactin (Allard et
al.,2006). The genes [btA or [btB are essential for the production of legiobactin. L.
pneumophila IbtAB mutants display growth defects under low-iron conditions in vitro but
do not display growth defects in mouse and human macrophages, H. vermiformis and

alveolar epithelium. However, the /bt4 mutant is severely attenuated in the intratracheal

33



infection of A/J mice. In addition, co-infection experiments demonstrate that legiobactin
produced by wild-type L. pneumophila can rescue the growth defects of /b4 mutants in
trans, suggesting that legiobactin is required for optimal intrapulmonary infections
(Allard et al., 2009).

Once the iron-siderophore complex is internalized across the outer membrane, it
is likely acted upon by pyomelanin, which has ferric reductase activity, to produce
ferrous iron (Chatfield & Cianciotto, 2007), which is then transported across the inner
membrane by the ferrous iron transporter, FeoB (Cianciotto, 2007). The gene feoB is
important for growth of L. pneumophila in vitro and for intracellular infections of H.
vermiformis and human macrophages under low-iron conditions. An L. pneumophila feoB
mutant shows modest growth defects following pulmonary infection of A/J mice (Robey
& Cianciotto, 2002).

In addition to these mechanisms, other factors may also be important for the
ability of L. pneumophila to acquire iron. The iraAB locus (for iron acquisition /
assimilation) encodes a putative iron transporter. Deletion of ira4 significantly impairs
growth of L. pneumophila inside human macrophages and guinea pigs. iraB also
contributes to growth of L. pneumophila under iron-limiting conditions in vitro
(Viswanathan et al., 2000). The cytochrome ¢ maturation (ccm) locus, which is essential
for intracellular multiplication, is also important for growth under low-iron conditions in
vitro and inside amoebae and human macrophages (Viswanathan et al., 2002; Naylor &
Cianciotto, 2004).

L. pneumophila also produces McoL, a multicopper oxidase, which is essential for
aerobic extracellular growth under low-iron conditions or when ferrous iron is the only
available iron source (Huston et al., 2008). McoL is not important for the intracellular
growth of L. pneumophila in H. vermiformis and U937 human macrophages. Therefore, it
is suggested that McoL may protect L. pneumophila against the toxic effects of utilizing
ferrous iron during aerobic growth, rather than aiding iron acquisition (Huston ef al.,
2008).

Overall, these findings indicate that amino acids and iron availability are required

for of L. pneumophila growth in vitro and in vivo.

34



1.9.3. Carbohydrate metabolism

It has been generally understood that carbohydrate metabolism is unimportant to
L. pneumophila. According to early growth studies of L. pneumophila in broth cultures,
amino acids were considered the major source of carbon and energy with no effect of
glucose on the growth of the bacterium (Pine ef al., 1979; Tesh et al., 1983). In fact, in
vitro growth studies also suggest that the differentiation of L. pneumophila into
transmissive forms is mainly triggered by deficiency of amino acids in the growth
medium (Molofsky & Swanson, 2004). However, the nature of the energy and carbon
sources utilized by intracellular L. pneumophila is not well understood.

Recently, several reports have suggested that L. pneumophila is able to
metabolize carbohydrates, which could serve as a source of carbon and energy when
amino acids become deficient. Early reports have demonstrated that L. pneumophila has a
weak starch-hydrolysing activity (Hebert et al., 1980; Morris ef al., 1980; Thorpe &
Miller, 1981). The four available genome sequences of L. pneumophila (Lp) [Lp
Philadelphia (Cazalet et al., 2004; Chien et al., 2004), Lp Paris, Lp Lens (Cazalet et al.,
2004; Chien et al., 2004), and Lp Corby (Glockner ef al., 2008)] show that the L.
pneumophila genome contains genes that code for all proteins of the Embden-Meyerhof-
Parnas (EMP) pathway, the complete ED, and the pentose phosphate (PP) pathway.
Microarray analysis has demonstrated that genes involved in carbohydrate metabolism
are upregulated during infections of A. castellanii (Bruggemann et al., 2006). The
expression of a genetic locus which codes for components of the ED pathway (/pg0416-
Ipg0418, Ipg0420), a sugar transporter YwtG ([pg0421) and a glucoamylase GamA
(Ipg0419) is upregulated during replication inside amoebae suggesting that L.
pneumophila can catabolize starch or glycogen stored by amoebic hosts (Bruggemann et
al., 2006). Protein analysis has also revealed that the majority of proteins upregulated in
SPFs in vitro were related to carbohydrate and lipid metabolism (Hayashi et al., 2010).
Together, these findings suggest that L. pneumophila may utilize carbohydrates as energy
sources when amino acids become limited.

Studies have reported that glucose could be metabolized by L. pneumophila,
mainly through the Entner-Doudoroff (ED) and/or pentose phosphate pathways, rather
than glycolysis (Tesh ef al., 1983; Weiss & Westfall, 1984; Eylert et al., 2010; Harada et
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al.,2010). The ED pathway is a NADPH-producing mechanism which is commonly used
for sugar assimilation (Peekhaus & Conway, 1998). NADPH is usually generated from
endogenous glucose or glucose-6-phosphate. L. pneumophila possesses six genes,
organized together in a single locus (the zwf operon), that are responsible for metabolism
of glucose by the Entner-Doudoroff (ED) pathway (Harada ef al., 2010). All these genes
were upregulated during the replication of L. pneumophila inside amoebae (Bruggemann
et al., 2006), but not in human macrophages (Faucher et al., 2011). Interestingly, analysis
of the metabolism of *C-labelled glucose by L. pneumophila has revealed that the "*C-
label is found in various amino acids and in the energy and carbon storage compound
poly-3-hydroxybutyrate (PHB) (Eylert et al., 2010).

Carbohydrate analysis of 4. castellanii trophozoites indicates that carbohydrates
make up over 30% of their dry weight, and therefore can provide a significant source of
nutrition. A. castellanii contains various sugar moieties such as high levels of galactose
and glucose and small amounts of mannose and xylose (Dudley et al., 2009). It is very
likely that L. pneumophila is able to utilize host carbohydrates for replication or
differentiation when amino acids become scarce since L. pneumophila has established an
obligate intracellular relationship with amoebae through evolution (Molmeret ef al.,
2005).

Although a body of evidence suggests that L. pneumophila can utilize
carbohydrates, L. pneumophila mutants that are defective in carbohydrate metabolism do
not seem to have intracellular growth defects. For instance, L. pneumophila gamA
mutants, which are deficient in glucoamylase, do not display growth defects in vitro and
inside amoebae or human macrophages (Herrmann et al., 2011). An L. pneumophila Zwf
mutant, deficient in glucose-6-phosphate dehydrogenase, is slowly outcompeted by the
parent strain in successive rounds of infection in 4. castellanii (Eylert et al., 2010).
However, the L. pneumophila mutant that lacks the entire genetic locus that codes for the
ED pathway enzymes displays growth defects in A549 alveolar epithelium, A/J mouse
peritoneal macrophages and the amoeba Acanthamoeba culbertsoni, but grows normally
in vitro (Harada et al., 2010). Taken together, these data suggest that despite being not
necessary for in vitro growth, carbohydrates could be utilized during the intracellular

growth of L. pneumophila. It is already known that virulence and differentiation of L.
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pneumophila are under the control of amino acid and fatty acid metabolism (Hammer &
Swanson, 1999; Edwards et al., 2009). It is therefore likely that carbohydrate metabolism

can influence the virulence and differentiation of L. pneumophila as well.

1.10. Study hypotheses and objectives

Previous studies have suggested that MIFs are poorly produced during L.
pneumophila infections of human macrophages (Garduno et al., 2002; Faulkner &
Garduno, 2002). Since MIFs are thought to be the infectious forms of L. pneumophila
that can transmit LD to susceptible humans, this observation may have potential impact
on our understanding of the transmission of LD. Therefore, I set out to test the hypothesis
that L. pneumophila progeny from human macrophages is less differentiated and has
fitness and infectivity disadvantages compared to L. pneumophila progeny produced in
protozoa in the natural freshwater environment.

Although the global changes in gene expression of L. pneumophila at multiple
time points during infection of amoebae (Bruggemann et al., 2006) and human
macrophages (Faucher ef al., 2011) have been reported using microarray analysis, a
direct analysis of gene expression between the two hosts has not been reported. I set out
to test the hypothesis that L. pneumophila upregulates certain sets of genes in protozoa
but not in human macrophages. These genes could be associated with the complete
differentiation of L. pneumophila. A list of genes that are upregulated during infection of
amoebae, but not human macrophages can improve our understanding of L. pneumophila
differentiation in the natural environment and may help explain why LD is only acquired
from the environment and can not be transmitted from person to person. Proteomic
analysis of the L. pneumophila progeny from amoebae and human macrophages would
support the transcriptome analysis.

Tetrahymena tropicalis is a freshwater ciliate that can package L. pneumophila MIFs
into infectious pellets (Berk ef al., 2008). Feeding of Tetrahymena ciliates with SPFs of
L. pneumophila triggers a rapid (within ~ 1 hour) and direct (directly from SPFs without
replication intermediates) into MIFs (Faulkner et al., 2008). Therefore, I set out to test the
hypothesis that Tetrahymena ciliates may serve as a differentiation model to identify the

signals that trigger the development of MIFs and study the changes in gene expression
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during L. pneumophila differentiation from SPFs to MIFs. Therefore, comparison of L.
pneumophila gene expression inside Tetrahymena ciliates and amoebae would test this
hypothesis.

According to the aforementioned findings and rationale, the specific objectives of my
research project are:

1. To compare the L. pneumophila progeny produced in amoebae and the L.
pneumophila progeny produced in human macrophages according to their
morphological differentiation, environmental fitness, and ability to infect host cells.

2. To study the changes in L. pneumophila gene expression inside amoebae, human
macrophages and Tetrahymena ciliates.

3. To assess the role of one of the identified genes (from objective 2) in L. pneumophila

differentiation.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Bacterial strains and growth conditions

All bacterial strains used in my thesis project are described in Table 2.1.

2.1.1. L. pneumophila
L. pneumophila strains were routinely prepared from crude lysates of infected 4.
castellanii monolayers and kept frozen at -80°C. Frozen stock aliquots were grown on
buffered charcoal yeast extract (BCYE) agar (Pasculle ef al., 1980) for 3 to 5 days at
37°C in a humid incubator. BCYE was made up of the following ingredients per litre; 10
g yeast extract, 1 g (2-[2-amino-2-oxoethyl]-amino) ethanesulfonic acid (ACES) buffer, 1
g a-ketoglutaric acid, 16 g agar, 1.5 g activated charcoal. The pH of the medium was
adjusted to 6.85-6.95 using 6 N KOH. Following autoclaving, 0.4 g L-cysteine (filter
sterilized, pH was adjusted to 6-7 with 1 N KOH) and 0.025 % ferric pyrophosphate
(filter sterilized) were added to the medium. Plain BCYE was used to grow strain 2064,
whereas strains Lp1-SVir and JR32 were grown on BCYE supplemented with 100 pg/ml
streptomycin. When required, the following antibiotics were added to the culture medium
for selection: kanamycin (Kan) 25 pg/ml, and chloramphenicol (Cm) 5 pg/ml.

L. pneumophila strains were also grown in buffered yeast extract (BYE) broth at
37°C, with agitation (200 rpm) in a New Brunswick C25KC shaker incubator. BYE was

based on the same formulation of BCYE, but charcoal and agar were omitted.

2.1.2. Escherichia coli

Escherichia coli strains were grown on Luria-Bertani (LB) agar or in LB broth at
37°C with agitation (200 rpm) in a New Brunswick C25KC shaker incubator. LB agar
was made up of the following ingredients per litre: 5 g yeast extract, 10 g tryptone, 10 g
sodium chloride, and 16 g agar. LB broth was based on the same formulation, with the
exception of agar. When required, the following antibiotics were added to the culture

medium: ampicillin (Amp) 100 pg/ml, Kan 50 pg/ml, and Cm 20 pg/ml.
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Table 2.1. Bacterial strains used in this study

:l(;l:l:;(;:) Characteristics Reference
L. pneumophila
(Hoffman
Qo R A spontaneous streptomycin-resistant etal,
Lpl-Svir Sm Philadelphia-1 virulent strain
1989)
C (Fernandez
serogroup 1 (OLDA) clinical isolate from
2064 the sputum of LD patient in Halifax, Nova etal,
Scotia 1989)
o (Sadosky
Salt sensitive isolate of AMS511 (AMS11:
JR32 Sm® Philadelphia 1, serogroup 1, restriction etal.,
deficient, modification positive) 1993)
IR32-GFP Sm®,Cm", | JR32 constitutively expressing GFP from fﬁ) rilg
Kan® plasmid pMMB207-Km14-GFP }
Nasrallah
JR32-RED SmR CmR JR32 constitutively expressing DsRed from fﬁ)gg
plasmid pSWO001 Nasrallah
R r | JR32 isogenic mutant that has amyA gene .
TR32 AamyA Sm’, Kan replaced with Km" cassette This study
R ~. R
gs&iﬁ;";% 1;1} A) IS(r;lnf,{Cm > | AamyA carrying pMMB:amyA This study
JR32 AamyA SmR CmR
(pMMB:amyA- Kanﬁ > | AamyA carrying pMMB:amyA-His This study
HiSG)
E. coli
F—®80 AlacZAM15 A(lacZY A-argF)U169
DH5a supE44 hsdR17 recAl endA1 gyrA96 thi-1 Clontech

relAl
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2.2. Hosts Infected with L. pneumophila

2.2.1. Culture and infection of Acanthamoeba castellanii

Acanthamoeba castellanii trophozoites (a gift from David Spencer, Dalhousie
University) were maintained at room temperature (by subculture) in Neff’s medium.
Neff’s medium was made up of the following ingredients per litre: 15 g glucose, 7.5 g
yeast extract, 7.5 g proteose peptone #3, 2 mM KH,PO4, 1 mM MgSQOy, 0.05 mM CaCl,,
0.1 mM ferric pyrophosphate, and 1% filter-sterilized multivitamin mix (containing, per
liter: 1 mg of thiamine hydrochloride, 0.2 mg of d-biotin, and 1pug of vitamin B,)
(Cursons et al., 1980). A. castellanii cultures were routinely collected and stored in sterile
tap water at room temperature to form dormant cysts. Cysts were then used to start new
cultures in fresh complete Neff’s medium. Modified Neff’s medium was used to prepare
A. castellanii for L. pneumophila infections. Modified Neff’s medium was based on the
same formulation of Neff’s medium, but yeast extract, proteose peptone, and the
multivitamin mix were omitted.

Before infection with L. preumophila, A. castellanii trophozoites in suspension
were counted by direct microscopy in a Neubauer hemocytometer and were added to 25-
cm? cell culture flasks (Falcon-BD Biosciences Canada, Mississauga, ON), using about
10° trophozoites per flask, and incubated overnight at 37°C until a confluent monolayer
(about 10° trophozoites) is formed. The growth medium was then removed by pipetting
and trophozoites were kept in modified Neff’s medium until infected with legionellae.
Plate-grown L. pneumophila cells were scraped from BCYE agar plates, washed and
resuspended in modified Neff’s medium to an optical density of 1 unit, which
corresponds to 1.9 + 0.98 x 10° legionellae/ml. Optical density was measured at a
wavelength of 620 nm (ODgyg) using UNICO UV-2100 spectrophotometer (Dayton, NJ).
The correct amount of this bacterial suspension was added to A. castellanii trophozoites
to reach a final bacteria:amoeba ratio of 10:1. Infection was allowed to proceed for ~ 3

days at 37°C, and the resulting progeny was then purified.
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2.2.2. Culture of Tetrahymena tropicalis ciliates and feeding experiments

The ciliate 7. tropicalis was originally isolated from a cooling tower biofilm and
donated by Sharon Berk (Berk et al., 2008). It was first identified as a species of the
genus Tetrahymena within the T. mobilis-T. tropicalis group, based on the DNA
sequence of its gene encoding the small subunit rRNA. The species was determined
according to the DNA sequence of a fragment of the gene encoding the mitochondrial
cytochrome ¢ oxidase (CO1) (Berk et al., 2008).

T. tropicalis was maintained in axenic culture as lines A, B, and C according to
the procedures previously outlined (Berk ef al., 2008). Line C T. tropicalis ciliates were
grown in Plate Count Broth (PCB) at room temperature (RT) in the dark. PCB was made
up of the following ingredients per litre; 5 g yeast extract, 10 g tryptone, 2 g glucose
(adjusted to pH 7 with 1 M KOH). To prepare 7. tropicalis for feeding experiments with
L. pneumophila, the ciliates were gradually transferred into Tris-Buffered Osterhout’s
Solution (TBOS). TBOS was prepared from 100x stock solutions. 100x TBOS was made
up of the following ingredients per litre: 10.5 g NaCl, 0.23 g KCI, 0.1 g CaCl,, 0.4 g
MgSOy,, 0.85 g MgCl,. After diluting from the 100x stock, the pH of the medium was
adjusted to 7 by the addition of 0.121 g of Tris base. TBOS was then sterilized either by
autoclaving or filter sterilization.

In preparation for feeding experiments with legionellae, 7. fropicalis ciliates were
grown in PCB and then were gradually transferred into increasing concentrations of
modified Tris-Buffered Osterhout’s solution, pH 7 (TBOS). Ciliates were pelleted by
centrifugation at 500 x g for 10 min at room temperature using a Universal 32R
centrifuge (Hettich, Concord, Ontario), and then resuspended into PCB-to-TBOS
transitions of 75% PCB/25% TBOS, 50% PCB/50% TBOS, and 25% PCB/75% TBOS,
with the bacteria-ciliate mixture kept in the dark for 10 minutes in between
centrifugations. Ciliates were eventually transferred into 100% TBOS, fixed with Lugol’s
iodine for 5 min, counted by direct microscopy using a Fuchs-Rosenthal hemocytometer
(Bright Line), which is twice as deep as the Neubauer hemocytometer. Ciliates were
added to 6-well plates (Falcon-BD Biosciences Canada, Mississauga, ON) at 5x10*
ciliates/ml and kept overnight in 100% TBOS before infection with legionellae. Plate-

grown L. pneumophila cells were scraped from BCYE agar plates, washed and

42



resuspended in TBOS to an ODgy of 1 unit (1.9 + 0.98 x 10’ legionellae/ml), and added
to the enumerated ciliates to reach a final bacteria:ciliate ratio of 1000:1. The ciliate-
bacteria mixture was incubated for 24-48 hours at room temperature and the resulting

pellets of MIFs were then purified.

2.2.3. Culture and infection of mammalian cell lines

2.2.3.1. Human U937 and THP-1 cells

Human U937 cells (a gift from Dr. Andrew Issekutz, Dalhousie University) and
THP-1 derived macrophages (a gift from Dr. Robert Anderson, Dalhousie University)
were routinely cultured in 25-cm” flasks (Falcon-BD Biosciences Canada, Mississauga,
ON), as a suspension of undifferentiated cells, in complete RPMI-1640 medium (Gibco-
Invitrogen Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) (Gibco),
2 mM L-glutamine (Gibco), 100 U/ml penicillin, and 100 pg/ml streptomycin, and
incubated at 37°C in a humid incubator in the presence of 5% CO..

U937 or THP-1 cells in suspension were washed with RPMI-1640 medium,
resuspended in complete RPMI-1640, and enumerated in a Neubauer hemocytometer
(Bright Line) by direct microscopy. To prepare U937 and THP-1 cells for infection with
legionellae, they were induced to differentiate into adherent, macrophage-like cells using
phorbol 12-myristate 13-acetate (PMA, sigma) by activation of mitogen-activated protein
kinase (MAPK) (Chi Dug Kang et al., 1996).

Macrophages in suspension were counted by direct microscopy in a Neubauer
hemocytometer, pelleted and resuspended in complete RPMI-1640 medium containing
60 ng/ml phorbol-12-myristate 13-acetate (PMA, Sigma), and transferred to 25-cm’
flasks, (Falcon-BD Biosciences Canada, Mississauga, ON) at 9 x 10° — 1.5 x10° cells per
flask. Plate-grown L. pneumophila cells were washed, resuspended in PBS to an ODg; of
1 unit (1.9 + 0.98 x 10’ legionellae/ml), and then added to the enumerated U937 or THP-
1 monolayers to a final bacteria:cell ratio of 50:1. Flasks were then centrifuged at 500 x g
for 10 min at room temperature, using a Universal 32R centrifuge (Hettich, Concord,
Ontario), to maximize the contact of bacteria with the monolayers, and then incubated for

3 hours at 37° C in 5% CO,, to allow the infection to proceed. Monolayers were then

43



washed and incubated in RPMI-1640 medium supplemented with 10% FBS and 2 mM
glutamine, but without antibiotics. Infection was allowed to proceed for 3 days at 37 ° C,

and the resulting MIFs were then purified.

2.2.3.2. Mouse L929 cells

Mouse L1929 cells were routinely grown at 37°C with 5% CO, in 25-cm” flasks
(Falcon-BD Biosciences Canada, Mississauga, ON) containing minimal essential medium
(MEM) (Gibco) supplemented with 10 % fetal bovine serum (FBS), 100 U/ml penicillin,
100 pg/ml streptomycin. In preparation for infection assays, L929 cells were detached by
trypsinization using trypsin-EDTA (0.25% trypsin, 0.1% EDTA), suspended in complete
MEM and enumerated by direct microscopy. Then, 1929 cells were transferred to 24-
well plates at about 5x10° cells/well, and allowed to attach and form a monolayer

overnight at 37°C.

2.2.3.3. Human HelLa cells

HeLa cells were routinely cultured at 37°C with 5% CO, in 25-cm” flasks
(Falcon-BD Biosciences Canada, Mississauga, ON) containing minimal essential medium
(MEM) (Gibco) supplemented with 10 % newborn calf serum (NCS), 100 U/ml
penicillin, 100 pg/ml streptomycin (Garduno et al., 1998). Monolayers of HeLa cells
were grown until confluent and then removed from the flasks by trypsinization using
trypsin-EDTA (0.25% trypsin, 0.1% EDTA). Cells were counted using a Neubauer
hemocytometer (Bright Line) and seeded into 75-cm” flasks at about 10° cells/flask, and
allowed to attach and form a monolayer overnight at 37°C. HeLa cells were then infected
with L. pneumophila using an inoculum of 10® plate-grown legionellae in about 1 ml of
MEM, following the basic steps described above for macrophages. All infections were
monitored using THY-100 inverted microscope (Olympus Canada) until host cell lysis

and (or) free legionellae-containing vacuoles were clearly observed.

2.3. Purification of L. pneumophila progenies from infected host cells
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2.3.1. Purification of L. pneumophila progenies from infected cells

The bacterial progenies of L. pneumophila produced in A. castellanii, HeLa, U937
or THP-1 cells were purified from the lysates of infected cells by high-speed
centrifugation in a density gradient of Percoll as previously described (Garduno et al.,
1998). Supernatants of wasted cultures of infected cells, containing released MIFs
together with host cell debris, were centrifuged at 4020 x g for 10 min using a Universal
32R centrifuge (Hettich, Concord, Ontario), and the resulting pellet was resuspended in 1
ml of 0.05% Triton-X 100 in sterile ddH,0O, and vortexed for 1 min at maximum speed
(16060 % g), using a Heraeus Biofuge Pico centrifuge, to release any remaining
intracellular bacteria. The resulting suspension was mixed with 5 ml of MEM and 3 ml
of isotonic Percoll, placed in a 9-ml high-speed polycarbonate centrifuge tube, and
centrifuged at 20,000 x g for 10 min, no brakes at 4°C using an Avanti J-E centrifuge
(Beckman Coulter, California, USA). The self-forming density gradient typically yielded
two bands. The top band (1.051 to 1.061 g/ml) contained mainly cell debris, and the
bottom band (~1.074 g/ml) contained free MIFs. MIFs recovered from the bottom band
were washed twice, by centrifugation, in ddH,O to remove any residual Percoll and then

examined by light microscopy.

2.3.2. Isolation and mechanical disruption of legionellae-laden pellets

The ciliate-bacteria mixture was centrifuged at 500 x g for 10 min in 15-ml
conical centrifuge tubes (Falcon). Live ciliates were then allowed to swim back into
suspension before removing the supernatant. This operation was repeated three times.
Alternatively, the ciliate-bacteria mixture was allowed to stand overnight in 15 ml Falcon
tubes at room temperature until two layers were visible. Most of the pellets sank down to
the bottom layer while 7. tropicalis ciliates were present in the top layer. The upper layer
was discarded and the bottom layer was pelleted at 500 x g for 10 min at room
temperature to collect the pellets, resuspended in Osterhout’s solution, and then examined
by light microscopy. To release the legionellae contained inside the pellets, pellets were
mechanically sheared by repeatedly passing a very dense suspension of pellets between
two 1 ml insulin syringes, with a gauge 22 needle connected to a gauge 27 needle, at least

30 times (Berk & Garduno, 2013).
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2.4. Characterization of L. pneumophila progenies from infected cells

2.4.1. Transmission electron microscopy (TEM)

Samples of Percoll-purified L. pneumophila progeny from the various infected
cells or ciliate-produced pellets were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate
buffer, postfixed in 1% osmium tetroxide in ddH,O, in-bloc stained with aqueous uranyl
acetate, dehydrated in increasing concentrations of acetone, infiltrated in epoxy resin,
hardened, and ultrathin sectioned as previously described (Faulkner & Garduno, 2002).
Thin sections post-stained with uranyl acetate and lead citrate were observed in a JEOL
JEM-1230 transmission electron microscope using an accelerating voltage of 80 kV.
Images were captured digitally (as TIFF files) with an Hamamatsu ORCA-HR high
resolution (2K by 2K) camera (Hamamatsu Photonics, Hamamatsu, Japan). To quantify
the proportion of bacterial cells showing the typical ultrastructural features of MIFs
(Faulkner & Garduno, 2002), multiple sections from each sample were observed and
random areas from each section were photographed. At least 100 sectioned bacterial
cells per sample were examined for the presence of 3 typical ultrastructural features of
MIFs (Faulkner & Garduno, 2002): inconspicuous periplasm, straight and thickened outer
membrane and presence of large inclusions. The statistical significance of differences in

the proportion of MIFs among samples was calculated using the two-proportion test.

2.4.2. Stress-resistance assays

Survival following exposure to antimicrobial agents was determined through
CFU/ml counts (by dilution-plating) performed before and after exposure to each agent.
For antibiotic challenges, legionellae were suspended in MEM (Gibco) containing
different concentrations of gentamicin (5, 20 or 100 pg/ml) or ciprofloxacin (25 pg/ml)
for 3 hours. For chlorine challenges, legionellae were suspended in sterile ddH,O
containing 1 or 5 ppm of chlorine for 30 minutes. All challenges were done using a
bacterial cell suspension adjusted to an optical density (ODgy0) of 0.1 units and incubated
at 37°C. CFUs were counted after incubation of agar plates for 3 to 5 days at 37°C, and
results were reported as percent survival in relation to the initial number of CFU/ml (time

zero counts = 100% before challenges).
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Susceptibility to lysis in sodium dodecyl sulphate (SDS) (10 mg/ml in 10 mM
Tris, pH 7.5) was tested by making legionellae suspensions with an ODgyo of 1 unit (1.9 +
0.98 x 10’ legionellae/ml) and measuring the optical density at regular intervals. A graph
of ODg¢y versus time (lysis curve) was made and the minutes required for each

suspension to reach one-half of the initial ODg;o was reported as the detergent lysis index.

2.4.3. Intracellular growth experiments

U937-derived macrophages, 4. castellanii, and 1.929 cells were seeded in 24-well
plates (Falcon-BD Biosciences Canada, Mississauga, ON) at about 5x10° cells/well.
Purified L. pneumophila progeny produced in either A. castellanii trophozoites or U937-
derived macrophages were added to fresh monolayers of U937-derived human
macrophages, A. castellanii trophozoites, and L1929 cells to reach a bacteria:cell ratio of
50:1, 10:1, and 10:1, respectively. The inoculated plates were centrifuged at 500 x g for
10 minutes at room temperature, using a Universal 32R centrifuge (Hettich, Concord,
Ontario), to promote initial bacterial contact with the monolayers. Following a 3-hour
incubation at 37°C in a humid incubator at 5% CO,, monolayers were washed vigorously
three times with PBS to remove free bacteria. Monolayers were then examined by light
microscopy to make sure that the integrity of the monolayer was not compromised. This
was considered the zero time for intracellular growth. Since early results demonstrated
that the progeny produced in amoeba could have a potential advantage in a gentamicin
challenge, the gentamicin treatment used to kill extracellular bacteria was omitted from
the infection protocol. At 24 and 48 hours post-infection, 3 wells per sample of infected
cells were processed for CFU enumeration by lysing the host cells and dilution-plating of
the lysates. Monolayers of U937 macrophages and L929 cells were lysed in 1 ml of
ddH»0, and amoebae monolayers were lysed in 1 ml of ddH,O containing 0.05% Triton
X-100. Results were reported as means + standard deviations of three independent
experiments, each run in triplicate, and the analysis of statistical significance was done

using the 2-way ANOVA test.
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2.4.4. Attachment experiments

For the attachment-only experiment, the same infection protocol described in
section (2.4.3.) was followed, but the experiment was stopped at the time zero point (after
3-hour incubation with the bacterial inoculum and the 3 washes to remove free bacteria).
Three wells were processed per sample by lysing the host cell monolayers and dilution-
plating the lysates as described above. Results were reported and data were analysed as

described before in section (2.4.3.).

2.4.5. Competition assays

The progeny of L. pneumophila strain JR32 produced in both amoebae (carrying
pMMB207-Km14-GFPc plasmid that constitutively expresses GFP) and U937-derived
macrophages (carrying pSWO001 plasmid that constitutively expresses dsRed-Express)
were tested (Mampel et al., 2006). MIFs produced in both hosts were assayed in direct
competition for their ability to infect monolayers of A. castellanii trophozoites and U937-
derived human macrophages. For the competition assay, trophozoites and PMA-
activated macrophages were first added to 12-well plates (Falcon-BD Biosciences
Canada, Mississauga, ON) at ~ 10° cells/well and allowed to form monolayers overnight.
To prepare the bacterial inocula, MIFs were purified from either 4. castellanii
trophozoites or U937 macrophages in Percoll gradients as previously described in section
(2.3.4), standardized by adjusting their ODg,¢ to 1 unit, mixed in equal proportion (1 part
of green-fluorescent MIFs from amoeba and 1 part of red-fluorescent MIFs from
macrophages), and added to reach a final bacteria:cell ratio of 10:1 for trophozoites, and
50:1 for macrophages. Infections were performed as above (section 2.4.3). Prior to
lysing the infected cells at the indicated time points, fluorescence images were captured
from random fields of each well in a THY-100 inverted microscope (Olympus Canada)
using an Evolution QEI digital video camera (Media Cybernetics Inc.). Fluorescence was
measured using 485 nm excitation and a 510 nm emission spectrum for GFP and 554 nm
excitation and 586 nm emission spectrum for DsRed-Express. The number of cells
infected by MIFs produced in amoebae (showing green fluorescence) or by MIFs
produced in U937 macrophage-like cells (showing red fluorescence), as well as cells with

a mixed infection (combined red and green fluorescence) or non-infected cells (not
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fluorescent) were scored using the Image Pro Plus image analysis software (Media
Cybernetics Inc). The percentages of each type of cells were calculated, and results were
shown as mean + standard deviation from three independent experiments, each run in
triplicate. After cells were lysed at the indicated time points, CFU counts were
performed by dilution-plating on BCYE agar supplemented with 5 pg/ml
chloramphenicol (for total counts of JR32 carrying pMMB207-Km14-GFPc or pSW001),
or 25 ng/ml kanamycin (for selection of JR32 carrying pMMB207-Km14-GFPc).

Results were shown as mean = standard deviations of CFU/well from three independent
experiments, each run in triplicate. The analysis of statistical significance was done using

the 2-way ANOVA test.

2.4.6. Plaque assays

A plaque assay was performed as originally described (Fernandez et al., 1989),
except the gentamicin treatment step was omitted. Mouse L929 cells were grown and
maintained in MEM as previously described (section 2.2.3.2.). Approximately 5x10°
cells were added to each well of a 24-well tissue-culture plate (Falcon-BD Biosciences
Canada, Mississauga, ON). Plates were then incubated overnight until confluent
monolayers were formed. Monolayers were washed six times with PBS to remove the
antibiotics in the infection medium. Plate-grown L. pneumophila cells were harvested,
standardized to an ODgy¢ of 0.5 in PBS, and then serially diluted 10-fold in 900 pl of
MEM supplemented with 10% FBS, without antibiotics. Immediately after removing the
culture medium from L929 monolayers, 400 pl of each dilution (six per strain) were
added to duplicate wells. Plates were then subjected to centrifugation (500 x g, 10
minutes, room temperature) and incubated for 90 min at 37°C in a CO; incubator
adjusted to 5% CO,. Monolayers were washed six times with PBS before the addition of
1 ml of 0.6% agarose in MEM supplemented with 10% FBS, 2 mM glutamine, and
0.225% sodium bicarbonate. Cells were then incubated for 4-5 days at 37°C in a humid
incubator in presence of 5% CO,.

To determine the viable count of each inoculum (cfu/ml), 50 pl of each serial
dilution were spread on BCYE plates (cfu/ml). After four days, each monolayer was

fixed using 1 ml 4% formaldehyde in PBS and then incubated for 24 hours at room
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temperature. PBS/formaldehyde solution was removed, agarose plugs were carefully
removed with a spatula, and the monolayers were stained for 20 min with 1% crystal
violet in 20% ethanol. Excess stain was removed by washing the wells gently with
ddH,O0, and the plates were left for 10 min to air dry. Plaques in the monolayer were
counted and plaquing efficiency was calculated according to the formula: plaquing

efficiency = (number of plaques formed / viable count of the corresponding inoculum) x

100.

2.4.7. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

L. pneumophila Lp1-Svir progeny produced in A. castellanii trophozoites or
U937-derived human macrophages were centrifuged at 16060 x g for 2 min and the
pelleted cells were mechanically lysed (via bead beating) with 100-pm diameter
zirconia/silica beads (BioSpec Products) at 4800 rpm for 45 seconds using a mini-bead
beater (BioSpec Products, Bartlesville, OK USA). The whole cell lysate supernatant
(100 pl) was then mixed with 100 pl of 2x sample buffer containing 5-10 % [-
mercaptoethanol and placed in boiling water for 5 min. The solubilized proteins were
then separated in a 12% acrylamide gel using a Protean-II vertical slab gel apparatus
(Bio-rad). Electrophoresis was performed at 10 mA/stacking gel and 20 mA/separating
gel in 1% running buffer. Running buffer was prepared from 10X stocks, which contained
the following ingredients per litre: 30.27 g Tris, 144.15 g glycine, 10 g SDS.

Coomassie staining was performed to visualize the separated protein bands as
follows: gels were submerged in Coomassie stain (0.25 % w/v Coomassie Brilliant Blue
R-250 in 50 % [v/v] methanol and 10 % [v/v] acetic acid) for 1 hour, destained in
destaining solution I (50% [v/v] methanol, 10 % [v/v] acetic acid) for 1 hour, then
destained in destain solution II (5 % [v/v] methanol, 7 % [v/v] acetic acid) for 1 hour, and
finally washed in ddH,O for 20 min. All incubations were done with gentle agitation
using a VWR rocking platform-model 200 (Marshall Scientific, NH, USA).

Silver staining of protein gels was done as previously described by Blum et al.
(Blum et al., 1987), conducting all incubations with gentle agitation using a VWR
rocking platform-model 200 (Marshall Scientific, NH, USA). Briefly, gels were fixed

overnight at 4°C in a 50 % (v/v) methanol, 10 % (v/v) acetic acid solution. Following
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overnight incubation, gels were immersed in 50% methanol solution for 15 min, and
washed 5x5 min each in ddH,O. Gels were sensitized with 0.2 g/L sodium thiosulfate for
1 min, followed by 2x1 min washes in ddH,O, and then immersed in a freshly-prepared
and chilled 2 g/L silver nitrate solution for 25 min. Gels were developed with a freshly-
prepared developing solution of 3% sodium carbonate, 0.025% formalin until the desired
staining intensity was achieved. Stain development was stopped by the addition of 14 g/L
EDTA sodium salt for 10 min, and then washed 2x1 min with ddH,0.

Stained protein gels were scanned wet in an EPSON ES-1200C scanner equipped
with a transparency unit EU-13 (Seiko Epson Co., Nagano, Japan) to produce digital
TIFF images. Bands that were consistently unique to the lanes of MIFs produced in
amoebae (from at least 3 independent protein extractions) were cut out from the gels with
a sharp scalpel blade (a new blade was used for each band) and sent to the Mass
Spectrometry and Proteomics core facility at Dalhousie University for standard protein
identification (which involved digestion with trypsin, separation of tryptic peptides by

HPLC, and an MS-MS tandem analysis of the separated peptides).

2.5. Molecular techniques

2.5.1. Isolation of L. pneumophila genomic DNA

Genomic DNA was isolated from L. pneumophila grown overnight in BYE broth
at 37°C with agitation (200 rpm) in a New Brunswick C25KC shaker incubator. Bacterial
cells were pelleted by centrifugation at 4,020 % g at room temperature for 6 min, using a
Universal 32R centrifuge (Hettich, Concord, Ontario), and resuspended in 600 pl of Tris-
EDTA (TE) buffer (10 mM Tris-HCI pH 7.6 and 1 mM EDTA pH 8). Six pl of 10% SDS
and 1.3 pl of 30 mg/ml ribonuclease (RNase) (Sigma) were added, and samples were then
mixed and incubated at 37°C for 30 min. Proteinase K (Fermentas) (8 ul) (10 mg/mL in
50 mM Tris-HCI pH 8.0 and 1 mM CaCl,) was added followed by incubation of the
samples at 50-55°C for 45 min. The mixture was extracted 2-3 times with
phenol/chloroform 1:1 (v/v) and then extracted with chloroform. Between each extraction
step, samples were subjected to centrifugation (15,000 % g, 10 min, 4°C) and the top

aqueous layers were transferred to clean microcentrifuge tubes. The extracted genomic
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DNA was precipitated with 0.1 volumes of 5 M sodium chloride and 2 volumes of 95%
ethanol and then kept overnight at -20°C. Precipitated DNA was washed with ice-cold
70% ethanol, and air dried (for ~ 10 min) and then resuspended in 100 pl molecular-
grade H,0, and quantified by measuring the absorbance at 260 nm (Aj40) using UNICO
UV-2100 spectrophotometer (Dayton, NJ). DNA samples were then kept at -20°C until
used. All centrifugation steps were carried out using a Heraeus Biofuge Pico centrifuge
set at the highest speed (16060 % g). The quality of the isolated DNA was assessed by
measuring the Azeo:Azgo ratio (DNA samples with a ratio of 1.8-2 were used in further
experiments) and by using the isolated DNA as a template to amplify DNA fragments
through PCR reactions.

2.5.2. Isolation of L. pneumophila RNA

RNA isolation was performed as previously described (Sahr et al., 2009). All
reagents were prepared using molecular grade (DNase-free, RNase-free) water or using
DEPC (diethyl pyrocarbonate)-treated water. Fresh gloves were also worn to avoid
contamination of the reaction mixtures with RNase enzyme. RNA was isolated from L.
pneumophila grown in BYE broth to exponential (ODgyg 1.1) and post-exponential
(ODga9 2.5-3) phases, L. pneumophila obtained 8 hours (mainly replicative forms) and 3
days (the final progeny from infected amoebae) following infection of 4. castellanii
monolayers, L. pneumophila obtained 3 days after infection of human U937-derived
macrophage monolayers (the final progeny from infected macrophages), L. pneumophila
obtained 30 minutes after feeding of Tetrahymena ciliates, and L. pneumophila stationary
phase forms (SPFs) grown in BYE broth and then transferred to TBOS for 30 min.
Briefly, all samples were pelleted by centrifugation at 16060 x g for 2 min. Pellets of L.
pneumophila cells were then resuspended in a resuspension solution (1 part 20% glucose
+ 1 part 25 mM Tris), EDTA (0.5 M) and mechanically lysed by beating twice with 100-
um diameter zirconia/silica beads (BioSpec Products) at 4800 rpm for 50 seconds at 4°C
using a mini-bead beater (BioSpec Products, Bartlesville, OK USA). Samples were
placed on ice between beatings. Following beating, RNA was extracted in trizol (Gibco),
and then a series of chloroform/isoamyl alcohol (24:1) purification steps were conducted

as previously described (Sahr et al., 2009). Isopropanol was added to the supernatants
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containing nucleic acids and samples were kept overnight at -20°C. RNA-containing
pellets were then washed with 70% ethanol and allowed to dry for about 10 min at room
temperature and were resuspended in 50 pl of molecular-grade water.

To increase the concentration of the isolated RNA, an optional part of the protocol
was carried out. Anhydrous ethanol (150 ul) and sodium acetate (3 M, pH 5.2) (5 ul)
were added to each sample and samples were kept overnight at -20°C. Samples were
washed in ice-cold 70% ethanol. RNA pellets were allowed to dry and were resuspended
in 50 pl of molecular grade water. All centrifugation steps were carried out at 4°C using a
Heraeus Biofuge Pico microcentrifuge at the highest speed (16060 % g). The quality of
the isolated RNA was assessed by measuring the Ajgo:Azgo ratio (RNA samples with a
ratio of 1.8-2 were used in further experiments) and by running an aliquot on a 2%

agarose gel.

2.5.3. Polymerase chain reaction (PCR)

PCR amplifications were performed in a T-personal thermal cycler (Biometra,
Germany) using Taqg DNA polymerase (New England Biolabs) or Platinum Pfx DNA
polymerase (Invitrogen) according to the manufacturer’s instructions. For PCR reactions
using Taq DNA polymerase, the following standard conditions were used unless
otherwise indicated: 94°C (5 min), followed by 30 cycles of 94°C (30 sec), 55°C (30
sec), and 72°C (for 1 min per kb of the PCR amplification product), and a final extension
step at 72°C for 10 min. For PCR reactions using Pfx DNA polymerase, the following
standard conditions were used unless otherwise indicated: 94°C (5min), followed by 30
cycles of 94°C (15 sec), 55°C (30 sec), and 68°C (for 1 min per kb of the PCR
amplification product) and a final extension step at 68°C for 10 min. Primers used for
PCR experiments (Table 3) were designed using NCBI Primer-BLAST program
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi? ORGANISM=9606 & INPUT _
SEQUENCE=NM_001618.3&log$=seqvies_box_primer) or PrimerQuest program
(http://www.idtdna.com/Scitools/Applications/Primerquest/).

All primers were synthesized commercially by Integrated DNA Technologies,
Inc. (Coralville, IA). PCR primers were reconstituted in 10 mM concentration using

molecular-grade water, and then used for PCR experiments.
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2.5.4. Agarose gel electrophoresis

Electrophoresis of DNA was performed using 1% and 2% agarose gels in 1x Tris
acetate EDTA (TAE) buffer. TAE buffer was diluted from a 50% stock solution, which
were made up of the following ingredients per litre: (242 g Tris base, 57 ml glacial acetic
acid, and 100 ml 0.5 M EDTA pH 8). Loading buffer (MBI Fermentas) was added to
DNA samples prior to loading into the wells of agarose gels containing 1 pg/ml ethidium
bromide. Electrophoresis of the DNA samples was conducted at a constant voltage of 100
V. DNA bands were visualized using the VersaDoc™ Imaging system (Bio-Rad). One
kilobase (kb) (MBI Fermentas) or 100 base pair (bp) (New England Biolabs) DNA
ladders were used as band-size references. Whenever necessary, DNA bands of interest
were excised from the gels using one clean scalpel blade for each band and purified using

a gel extraction protocol (see section 2.5.6.).

2.5.5. Restriction endonuclease digestion

Digestion was performed in 25 pl reactions according to instructions provided by
the manufacturer of the restriction enzymes used (New England Biolabs). Unless
otherwise indicated, restriction digests were generally incubated at 37°C for 2 hours in a
reaction consisting of approximately 1 pg of substrate DNA, the appropriate digestion
NEB buffer, bovine serum albumin (BSA), and the recommended units (U) of restriction

enzyme(s).

2.5.6. Plasmid and DNA purification

Bacterial plasmids used in my thesis project are described in Table 2.2.

Plasmid purification from E. coli DH5a or L. pneumophila JR32 was performed
using the QIAprep Spin Miniprep kit (QIAGEN, Mississauga, Ontario, Canada).
Isolation of the digested plasmids or DNA fragments from agarose gels was carried out
with a QIAquick Gel Extraction kit (QIAGEN). Digested DNA fragments of low
concentrations were purified using the QIAquick PCR Purification kit (QIAGEN). All
kits were used according to the manufacturer’s detailed instructions (QIAGEN).
Constructed plasmids were sent to Genome Québec (McGill University, Québec, Canada)

to be verified by DNA sequencing.
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Table 2.2. Plasmids used in this study

Selection

Plasmid marker(s) Characteristics Reference
pMMB207-Km14- Amp, pMMB207C derivative, constitutively (Mampel ef
GFPc Cm"®, Kan® | expressing GFP al., 2006)

.o o (Mampel et
R r | pPMMB207C derivative, constitutively
pSW001 Amp™, Cm™ | oressing Ds-Red al., 2006)
_ R High-copy plasmid used as a general
pBluescript IT KS Amp cloning vector in E. coli Stratagene
pBluescript II KS derivative
R containing the upstream .
pBSAamyA Amp anddownsﬁream fragments of Ipg1669 This study
(amyA)
pBluescript II KS derivative
AmpR containing the upstream
pBSAamyA::km KanR’ anddownstream fragments of [pg/669 | This study
(amyA) and a kanamycin resistance
cassette
Counterselectable delivery vector with
B. subtilis sacB (conferring sensitivity
to sucrose) and H. pylori rdxA (Brassinga
pBRDX Cm® (conferring resistance to etal.,
metronidazole), chloramphenicol 2006)
acetyltransferase (conferring resistance
to chloramphenicol)
z. g | Counterselectable delivery vector for '
pBRDXAamyA:km | Cm®kan™ | gjjelic replacement of amyA gene This study
RSF1010 (IncQ, laclg, Ptac, oriT) (Chen et al.,
pMMB207C Amp®,Cm" | derivative with AmobA and the Ptac 2004
X . )
IPTG-inducible promoter.
pMMB207C derivative carrying amyA
pMMB::amyA Amp®,Cm" | under the control of its natural This study
promoter P4
pMMB207C derivative carrying
PMMB::amyA4-Hiss | Amp®,Cm" | amyA-Hiss under the control of its This study

natural promoter P4
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2.5.7. DNA ligation

DNA ligation reactions containing an insert:vector ratio of 3:1 were performed
using T4 DNA ligase enzyme (New England Biolabs / Fermentas) at 16°C overnight.
Ligation mixtures consisted of the appropriate amounts of insert and vector DNA, 1 pl of
T4 DNA ligase, 1 ul of 10x T4 DNA ligase buffer (New England Biolabs / Fermentas) in

a final volume of 10 pl.

2.5.8. Preparation of electrocompetent E. coli DHSa cells

E. coli strain DH5a was grown in 10 ml of LB broth overnight at 37°C with
agitation (200 rpm). Bacterial cultures were diluted 1:20 into pre-warmed LB broth and
grown to an ODggp of 0.4-0.6. Bacterial cells were then harvested by centrifugation
(3,000 % g, 15 min, 4°C) using a Universal 32R centrifuge (Hettich, Concord, Ontario).
The cells were washed twice with 50 ml of ice-cold sterile ddH,O, resuspended twice
with 50 ml of ice-cold 10% glycerol, and finally resuspended in 2 ml of cold 10 %
glycerol. Electrocompetent E. coli DH5a cells were dispensed in 40 pl aliquots into pre-

chilled eppendorf tubes and then kept at -80°C until used.

2.5.9. Preparation of electrocompetent L. pneumophila cells

L. pneumophila cells grown on BCYE agar were suspended in 100 pl of sterile
ddH»O and spread on BCYE plates and incubated overnight to let them form a thin lawn.
The overnight lawns were harvested into 15 ml of ice-cold sterile ddH,O and centrifuged
at 3000 x g for 10 min at 4°C. The pelleted cells were then resuspended in 20 ml of ice-
cold 10% glycerol, washed twice in 10 ml of ice-cold 10 % glycerol, and finally
resuspended in 2 ml of ice-cold 10% glycerol. Electrocompetent L. pneumophila cells
were dispensed in 40 pl aliquots into pre-chilled eppendorf tubes and kept at -80°C until

further use.

2.5.10. Bacterial transformation by electroporation
Electrocompetent E. coli DH5a cells (maintained at -80°C) were allowed to thaw
on ice. About 1 pL of plasmid DNA in molecular-grade water (~ 1 ug/ul) was added to

the thawed cells and incubated on ice for ~ 5 min. The DNA-cell mixture (4 pl) was
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transferred to a pre-chilled 2 mm gap electroporation cuvette (Fisher), and electroporated
at 2.5 kilovolts (kV) for 0.005 sec using a MicroPulser® (BIO-RAD laboratories Inc.).
The entire content of the electroporation cuvette was then transferred to 1 ml of pre-
warmed LB broth and incubated at 37°C for ~ 1 hour with gentle agitation (150 rpm),
before plating (see below) on selective medium for selection of transformants.

Electrocompetent L. pneumophila JR32 cells (maintained at -80°C) were
transformed by electroporation as previously described (Viswanathan and Cianciotto,
2001). Briefly, about 1 pg of plasmid DNA (~ 1 pg/ul) was added to thawed
electrocompetent L. pneumophila cells and incubated on ice for ~ 5 min. The DNA-cell
mixture (40 pl) was transferred to a pre-chilled 2 mm gap electroporation cuvette
(Fischer), and electroporated at 2.1 kV for 0.005 sec using a MicroPulser® (BIO-RAD
laboratories Inc.). The entire content of the electroporation cuvette was then transferred to
1 ml of pre-warmed BYE broth and incubated at 37°C for up to 3 hours with gentle
agitation (100 rpm) before plating (see below) on selective medium for selection of
transformants.

Different volumes (50 pl, 100 pl, and the remaining volume) of the electroporated
cells were then plated onto LB agar (for E. coli DH5a) or BCYE agar (for L.
pneumophila) plates supplemented with the appropriate antibiotic selection. The plates
were incubated at 37°C for up to 2 days (for E. coli DHS5a) or up to 5 days (for L.
pneumophila). For every electroporation experiment, positive growth controls
(electroporated cells grown on plain medium without antibiotic selection), and negative
growth controls (electrocompetent cells grown on medium supplemented with antibiotic

selection) were included.

2.6. Transcriptome analysis of L. pneumophila inside different hosts

2.6.1. Analysis of the genetic expression of L. pneumophila in different hosts

The global changes in gene expression of L. pneumophila at different time points
inside amoebae (Bruggemann et al., 2006) and human macrophages (Faucher et al.,
2011) have been previously published. The changes in gene expression of L.

pneumophila between 8 hours (replicative traits) and 14 hours (late transmissive traits)
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inside amoebae were compared to the changes in gene expression of L. pneumophila at
18 hours (transmissive traits) and time zero inside human macrophages to examine
whether L. pneumophila induces specific sets of genes in different hosts. The microarray
analysis of the global changes in gene expression of L. pneumophila following 30
minutes of ingestion by 7. tropicalis ciliates compared to the in vitro SPFs was obtained
through personal communication with David Allan, Dr. Celia Lima and Dr. Rafael
Gardufio. Briefly, the microarray slides contained gene-specific 70-mer oligonucleotides
based on all predicted genes of the genome of L. pneumophila strain Paris (CR628336)
and its plasmid (CR628338) as previously described (Bruggemann et al., 2006).
Hybridizations were performed following the manufacturer’s recommendations
(Corning) using 250 pmol of Cy3- and Cy5-labeled cDNA. Slides were scanned on a
GenePix 4000A scanner (Axon Instruments), and the laser power and photomultiplier
tube (PMT) were adjusted to balance the two channels. The resulting files were analyzed
using Genepix Pro version 5.0 software. The statistics and curation of the data following
30 minutes of ingestion by Tetrahymena tropicalis ciliates compared to the in vitro-
grown SPFs were performed by David Allan (Dalhousie University) Dr. Tobias Sahr
(Institut Pasteur, Paris, France) as reported in previous transcriptome analyses of L.
pneumophila in the Buchreiser lab (Institut Pasteur, Paris, France) (Bruggemann ef al.,
2006; Albert-Weissenberger et al., 2010; Edwards ef al., 2010; Edwards et al., 2013).
The initial list of the upregulated and downregulated genes was assembled by David
Allan in the Garduno lab (Dalhousie University).

2.6.2. Confirmation of microarray data by qRT-PCR

2.6.2.1. RNA isolation and concentration calculation

RNA was isolated as described above (section 2.5.2.). Purity of the isolated RNA
was determined by recording the absorbance values at 260 nm and 280 nm (Axzg0, A2s0)
using a UNICO UV-2100 spectrophotometer (Dayton, NJ). RNA samples with an
Aseo/Angy ratio of at least 1.8 were used for ¢cDNA production. The total RNA
concentration was determined using nucleic acid concentration calculator software

(http://www kenkyuu.net/js/nacalc.html). A small aliquot (~ 1 pg) of RNA from each
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sample was also run on a 2% agarose gel. RNA bands were stained with 1 pg/ml

ethidium bromide and visualized using a VersaDoc™ Imaging system (Bio-Rad).

2.6.2.2. Deoxyribonuclease (DNase) I treatment of RNA

To make sure that RNA samples used for cDNA synthesis were free from
genomic DNA, each sample was treated with RNase-free Deoxyribonuclease (DNase) I
enzyme according to the manufacturer’s instructions (Ambion). Briefly, 1 pl of DNase
enzyme (2 U/ul) (Ambion) was used to digest 10 pg of RNA in a total reaction volume of
50 pl. The reaction mixture was incubated at 37°C for 30 min to ensure complete
digestion of any contaminating genomic DNA. DNase I was then inactivated by DNase |
inactivation reagent (Ambion). Five pl of vortexed DNase I inactivation reagent were
added to the reaction, followed by incubation at room temperature for 5 min. The reaction
mixture was then centrifuged at 10,000 x g for 2 min, and the supernatant, containing
DNA-free RNA, was removed carefully. DNase-treated RNA samples were then tested
by Tag PCR reactions using 1ul of RNA as a template to make sure that no amplification
products were formed (meaning that the genomic DNA is completely digested). DNase-
treated RNA samples were then kept at -80°C until used.

2.6.2.3. Reverse transcription and cDNA synthesis

cDNA synthesis reactions were performed using M-MLV reverse transcriptase
enzyme, according to detailed manufacturer’s instructions (Invitrogen). About 1 pg of
DNase-I treated RNA was mixed with 1 pl of 1 pg/pl random hexamer primers
(Pharmacia) and 1 pl of 10 mM dNTPs in a total volume of 12 pl. The mixture was
incubated at 65°C for 5 min. Then, 4 pl of 5x first-strand buffer (Invitrogen) and 2 pul of
0.1 M dithiothreitol (DTT, Invitrogen) were added and the mixture was incubated at 37°C
for 2 min. Following incubation, 1 pl of the M-MLV reverse transcriptase enzyme
(Invitrogen) (200 U/ul) was added and the mixture was incubated at 25°C for 10 min,
37°C for 70 min, and 70°C for 15 min. All incubations were done in a T-personal thermal
cycler (Biometra, Germany). Negative cDNA synthesis controls (1 pl of molecular-grade
water was used instead of the reverse transcriptase enzyme) were produced at the same

time. To test for the synthesis of cDNA from each RNA sample, 7ag PCR reactions were
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conducted using 1 ul of cDNA as a template and primers that target the promoter region
of Ipg2884 (Ipg2884F and lpg2884R) and 5s ribosomal DNA (5srDNAF, 5stDNAR)
(Table 3). Lpl-SVir genomic DNA was used for positive PCR reaction controls.
Negative PCR reaction controls did not include a DNA template, and had 1 pl of
molecular grade water instead. Once cDNA synthesis was confirmed, concentrations of
the synthesized cDNA samples were determined according to the measured absorbance
values at 260 and 280 nm (Aje, Ango respectively) with a UNICO UV-2100
spectrophotometer (Dayton, NJ) using nucleic acid concentration calculator software

(http://www kenkyuu.net/js/nacalc.html). cDNA samples were kept at -20°C until used.

2.6.2.4. Primer design

Primers used in qRT-PCR experiments (Table 4) were designed using the
PrimerQuest program (http://www.idtdna.com/Scitools/Applications/Primerquest/) after
selecting the pre-set parameters for real-time PCR primers, such that the amplified
products were in the size range of 70-200 bp. All primers were commercially synthesized
by Integrated DNA Technologies, Inc. (Coralville, IA). The synthesized primers were

reconstituted into a final concentration of 2 mM with molecular-grade water.

2.6.2.5. qRT-PCR reaction conditions

The qRT-PCR reactions were performed using a real-time DNA amplification
system, Rotor-Gene 3000 (Corbett Research) according to the GoTaq® qPCR Master
Mix protocol (Promega). Quantitative real time-PCR was performed in 20 pl reaction
volume, containing 1 pg of cDNA, 10 pul SYBR green master mix (Promega) and 300 nM
of gene-specific primers. The qRT-PCR reactions consisted of an initial heating at 95°C
for 5 min of 40 cycles of denaturation at 95°C for 45 sec, annealing at 54°C for 30 sec
and extension at 72°C for 30 sec. Final dissociation condition was set according to the
manufacturer’s instructions (Promega). The fluorescence of SYBR green, a dsDNA-
binding dye, was detected and measured at set time points throughout the qRT-PCR
cycles. The gene gyr4, which encodes subunit A of DNA gyrase enzyme, was used as an
internal reference transcript in qRT-PCR experiments to quantify the gene expression of

L. pneumophila grown in BYE broth, A. castellanii and U937-derived human
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macrophages. The gene ftsZ, which encodes the cell division protein FtsZ, was used as an
internal control in qRT-PCR experiments to study the gene expression of L. pneumophila
inside 7. tropicalis ciliates, since the expression levels of these genes appear to remain
constant throughout the developmental cycle of L. pneumophila. qRT-PCR experiments
involving the internal controls and the tested genes were conducted at the same time.
Each gene was tested in triplicate using the cDNA synthesized from RNA isolated from

L. pneumophila MIFs, RFs, stationary and exponential phase forms.

2.6.2.6. qRT-PCR data analysis

The qRT-PCR data were analyzed using the comparative AAC; method according
to the Rotor-Gene 3000 manufacturer's protocol (Corbett Research). This method enables
the relative quantification of the expression levels of the genes of interest relative to the
internal references. The gene gyr4, which encodes subunit A of DNA gyrase enzyme,
was used as the internal control for qRT-PCR experiments involving L. pneumophila
grown in BYE broth, A. castellanii and U937-derived human macrophages. The gene
ftsZ, which encodes the cell division protein FtsZ, was used as an internal control for
qRT-PCR experiments involving feeding of 7. tropicalis with legionellae. The cycle
threshold (C;) values of the genes of interest and the internal controls were determined
using the linear part of the graph for each replicate. The average C-value of the 3
replicates of each gene was calculated, and the differences in Ci-values between the genes
of interest and the internal controls were calculated, resulting in the AC;-value [AC= C;
(target gene) - C; (internal control)]. The differences in AC; between two sample sets (For
example, MIFs vs. RFs) were determined to give the AACi-value. The comparative

expression level (fold-change) was calculated as 244",

2.7. Investigation of the role of /pg1669 in the differentiation of L. pneumophila

2.7.1. Construction of an L. pneumophila JR32 Alpg1669 (amyA) mutant
amyA (Ipg1669) chromosomal deletion was made by utilizing an in-house gene
counterselectable vector (pBRDX) strategy (Morash et al., 2009) in which I created an

allelic replacement construct consisting of a kanamycin-resistance cassette flanked by the

61



upstream and downstream regions of the target gene. Counterselection of pBRDX
constructs is achieved through sacB (which confers sensitivity to sucrose) and rdxA4
(which confers sensitivity to metronidazole). Therefore, transformants in which allelic
double cross-over replacement has occurred can be selected on solid media containing

sucrose and metronidazole.

2.7.2. Complementation of the AamyA mutant

The promoter and the coding sequence of the amyA gene were amplified by PCR
using the primer pair amyCo-ApaF and amyCo-XbaR. The amplified fragment was then
subcloned into the Notl and Xhol sites of the expression vector pMMB207C, creating the
pMMB:amyA plasmid, where the amyA gene was expressed under its natural promoter
(Pamya). The constructed complementing plasmid was then electroporated into an L.

pneumophila JR32 AamyA mutant.

2.7.3. Construction of a complemented strain that expresses a His¢-tagged AmyA
protein

The promoter and the coding sequence of the amyA gene were amplified by PCR
using the primer pair amyHisFApal and amyHisRXbal. Only the amyA coding sequence
was amplified by PCR using the primer pair amyHisFSacl and amyHisRXbal. The
amplified fragments were then subcloned into the Apal and Xbal sites or into the Sacl
and Xbal sites of pMMB207C, creating pMMB::amyA-Hiss or pMMB-P,,.: amyA-Hiss,
where the Hise-tagged amyA4 gene was expressed under its natural promoter (Pgm.4) or
under P, , respectively. The constructed plasmids were then electroporated into an L.

pneumophila JR32 AamyA mutant.

2.7.4. Genetic organization of the Ipg1669 locus

amyA (Ipgl1669) gene is surrounded by two genes; Ilpgl668, a gene predicted to
run in the same direction, and Ipgl670, predicted to run in the opposite direction. To
investigate whether /pg/668 and Ipgl669 form an operon, RNA of L. pneumophila JR32
was isolated and converted into cDNA as previously described. The synthesized cDNA
was then tested by RT-PCR using the primer pair 1668-1669 FWD and 1668-1669 REV,
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which target the intergenic region between [pgl668 and Ipgl669. Primer pairs
1668QPCRF / 1668QPCRR (which target the internal region of [/pgl/668) and
1669QPCRF / 1669QPCRR (which target the internal region of I[pgl669) were used in
control RT-PCR reactions to ensure the integrity of the synthesized cDNA.

To investigate whether /pg/670 and Ipgl671 genes are part of the same operon,
the synthesized cDNA was tested by RT-PCR analysis using the primer pair 1670-1671
FWD and 1670-1671 REV (which target the intergenic region between Ipgl/670 and
Ipgl671) . Primer pairs1670QPCRF / 1670QPCRR (which target the internal region of
Ipgl1670) and 1671QPCRF / 1671QPCRR (which target the internal region of /pgl671)

were used in control RT-PCR reactions to ensure the integrity of the synthesized cDNA.

2.7.5. Protein quantification

Protein quantification was performed according to the manufacturer’s microtitre
plate protocol (BIO-RAD). A standard curve using protein concentrations ranging from
0.1 to 0.5 mg/ml with 0.1 mg/ml increments was generated by diluting a stock
concentration of 10 mg/ml BSA in 10 mM Tris buffer. Protein samples were diluted 1:5,
1:10, and 1:20 in 10 mM Tris buffer. About 200 pl 1:4 protein assay dye reagent was
then added to 10 pL of all protein samples in 96-well plate (Falcon-BD Biosciences
Canada, Mississauga, ON). The reactions, for both standard and test samples, were
allowed to develop for at least 5 minutes at room temperature and then the intensity of the

developed colour was measured at 595 nm using a Benchmark-Plus microplate reader

(BIO-RAD).

2.7.6. Western blotting

Western blotting was performed following a protocol modified from that
originally described by Towbin et al., (Towbin et al., 1979). Protein bands resolved by
SDS-PAGE (see section 2.4.7.) were transferred onto nitrocellulose membranes at a
constant voltage of 90 V for 90 minutes using a BIO-RAD electrotransfer apparatus
(Model Mini-Protean®II) run in a walk-in cold room maintained at 4°C. Transfer buffer
was made up of the following ingredients per litre: 0.192 M glycine, 0.025 M Tris, and
20% methanol. The pH of the buffer was adjusted to 8.2-8.3.
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Blotted proteins were stained for 5 min with Ponceau S (2 % w/v Ponceau S in 30
% trichloroacetic acid and 30 % sulfosalicylic acid) and were then destained in PBS.
Nitrocellulose membranes were then incubated in a blocking solution (1 % [w/v] skim
milk, 1 % [w/v] BSA in TTBS [20mM Tris-HCI {pH 7.6}, 500 mM NacCl, 0.05 % {v/v}
Tween 20]) for at least 1 hour, and then washed with TTBS for 10 min. The
nitrocellulose membranes were incubated with the primary antibody (1:1,000 monoclonal
mouse anti-Hisg in TTBS, a gift from Dr. Nikhil Thomas, Dalhousie University) for 1
hour, washed 3x10 min with TTBS, and then incubated with the secondary antibody
(1:5,000 alkaline phosphatase-conjugated goat anti-mouse in TTBS) (Cedarlane) for 1
hour. Membranes were then developed in a solution of 10 ml developing buffer (8 ml
dH,0, 1 ml 1 M Tris pH 9.5, 0.5 ml 1.5 M NaCl, 0.5 ml 1 M MgCl,) containing 1.6 mg
of 5-bromo-4-chloro-3-indolylphosphate (BCIP, Sigma) and 44 pL of nitroblue
tetrazolium (NBT) solution (75 mg/ml NBT in 70 % dimethylformamide) until the
desired color intensity was achieved. The developing reaction was stopped by washing in

ddH;0, and the developed blots were then scanned in an EPSON ES-1200C scanner.

2.7.7. Dot-blotting

Dot-blotting was essentially performed as described above for western blots
(section 2.7.6.), except that the electrotransfer of protein bands to nitrocellulose
membranes is not necessary. Instead, known volumes of protein samples were directly
applied to a nitrocellulose membrane and allowed to dry before immunostaining. The
pellet and supernatant fractions of BYE cultures of L. pneumophila JR32 AamyA mutants
harbouring pMMB::amyA-Hiss plasmid were used in this experiment as follows.

Bacterial culture (10 ml) of an ODgpo value of ~ 2.0 was pelleted down and
resuspended in 100 pl 2x sample buffer containing B-mercaptoethanol. Samples were
boiled for 5 min as described in section (2.4.7.).

Supernatant proteins were precipitated by the addition of trichloroacetic acid
(TCA, Gibco) (100 ul TCA for every 900 pl of supernatant). The mixture was incubated
on ice for at least 30 min. Precipitated proteins were then pelleted by centrifugation at
16060 x g for 10 min at 4°C using Universal 32R centrifuge (Hettich, Concord, Ontario).

Ice-cold (at -80°C) acetone was added to the precipitated proteins, and the mixture was
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kept overnight at -80°C. Precipitated proteins were air dried (~ 10 min) and then
resuspended in 10 mM Tris.

The protein concentrations were determined, as described in section (2.7.5.). The
protein samples were set equal in concentration by diluting in 10 mM Tris. About 15pL
of each fraction were spotted onto a nitrocellulose membrane and allowed to air dry. The
nitrocellulose membrane was then incubated with the primary antibody (1:1,000
monoclonal mouse anti-Hisg) and followed by the secondary antibody (1:5,000 alkaline
phosphatase-conjugated goat anti-mouse) (Cedarlane) and then developed as previously

described for western blots (section 2.7.6.).

2.8. Bioinformatic analysis

DNA sequences of the genes tested in qRT-PCR experiments were obtained from
GenBank®, at the National Center for Biotechnology Information (NCBI) website
(http://www.ncbi.nlm.nih.gov). The protein sequences of Lpg1669 (AmyA) and the
other a-amylases in Aspergillus oryzae and Bacillus subtilis were obtained using the
National Center for Biotechnology Information (NCBI) website. The Genius Pro™ 5.3
(Biomatters Ltd, New Zealand) and BioEdit (http://www.mbio.ncsu.edu/bioedit/
bioedit.html) bioinformatics programs were used for AmyA amino acid sequence

alignment.

2.9. Statistical analysis

Statistical analysis (ANOVA, two-proportion test, ¢ test as indicated in the
relevant figure legends) was performed using Minitab software version 16 (Minitab Inc.,
State College, PA). P values less than 0.05 were considered to represent significant

differences.
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Table 2.3. Primers used in PCR experiments

. . R Amplicon
Primer Primer sequence (5°-3") size (bp)
amyUSF-Notl GGCGCGGCCGCGATATGGGCATATTATTATGGC 611
amyUSR-BamHI GGCGGATCCCATGTACTTATAAATATAAGG
amyDSF-BamHI GGCGGATCCTACAGTGATGTCGTGTATCG 018
amyDSR-Xhol GGCCTCGAGCGAGCAAGTGTAAAATTTC
amyCo-ApaF GGCGGGCCCCCTCCACAAAATTTTTAAGTTC 5546
amyCo-XbaR GCCTCTAGACCACTTTTATTACAGTACTTCT
amy-intF CATGCCAAAGGCGGATGTATTGCT ;
77
amy-intR TCCAGAGCGTGAACCCTTCTGAAT
amy-flankF CGCTCAAAAACATTCAAAGATGAG N/A®
amy-flankR GAAAGGAACCAATTCCGTGAACC
amyHisFApal CCCCCCGGGCCCTAAATCCTCCACAAAATTTTTAA
GTTCAAGACATGTTAGAGAAT 2244
amyHisRXbal CCCCCCTCTAGATTAGTGGTGATGGTGATGATGTT
TTTTGTTTTCTACAGTTATAG
amyHisFSacl CCCCCCGAGCTCATGGCAGAATCAAAATTAGAGA 2262
TAGTCAATAAAACAGAACGTG
1668QPCRF CAACCGTGCCAAAGGTTAGCAGTT 148
1668QPCRR GCTCTGGCAAAGCAACCATCATCA
1669QPCRF TAAATCACGTTGCCGCCGATTCAC 108
1669QPCRR CAATGCGAACACCCTCAAAGCCAT
1668-1669 FWD TCACGCAATTGGTTCCTTTCT 4
1668-1669 REV TGTGAGGCAGTTGCGTTT
kmF GACGGATCCACGTTGTGTCTCAAAATCTCTGA 820
kmR GACGGATCCCGGCTACCGAGCTCTTAGAA
1670QCRF GCGCTCTTGATTGCCCGAAAGTT 04
1670QCRR TATTGCCATGAATCAGGCCCTTGC
1671QCRF TGATGGTGTTCGAGTCGATGCTGT

1671QCRR

TTGGGCCTATGCCGGGTAATTTCA

188
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Table 2.3. continued

1670-1671 FWD TGCCAGAAGAAGAAAAATTGGAA

1670-1671 REV TCCCATAGAATCGATCACCGTAG 102
MDHUSF-Notl GGCGCGGCCGCCCTAATAGTCCAATTTTAATC
MDHUSR-BamHI | GGCGGATCCCAGTGACAACAATTACTTTGG o8
MDHDSF-BamHI | GGCGGATCCTACAGGGTATAAAAGAGGGTC

MDHDSR-Xhol GGCCTCGAGGTCAAGGGATGATCCGGGCAT o8
MDH-intF TTATTAGGTGCAGGATCAGCGGGT 378
MDH-intR TTCTGCGCGAGACGTAGGATTTGA

MdhCO-ApaF GGCGGGCCCCCTAATAGTCCAATTTTAATC 1036
MdhCO-XbaR GCCTCTAGACCAGCAATTTCTACATCGGTT

Mdh-flankF CTCGGTTACAAATATTCACAAGGAG .
Mdh-flankR CAGGATTGGTAGCATCTACAATGG A
Ipg2884F GGCGGGCCCAATTCGAGCACAAATCAAAT 347
Ipg2884R GGCGAATTCAAATAAAATACGCCAGTTGC

htpBF AAGACAGCAAAGCTATTG 200
htpBR GCACGTGTTGAAGATGCT

SstDNAF CCCGAATTCTGGCTTAATAAAGCAATCAAAGC

SstDNAR CCCAAGCTTCCTATTTTAATTTAGTCGGCTTTACA 205

*N/A indicates that the primer pairs were not used together in PCR reactions but were
rather used with other primers.
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Table 2.4. Primers used in qRT-PCR experiments

Gene ID

Protein Description

Primer sequence

Amplicon
size (bp)

Ipgl1417

DNA gyrase -subunit A
(GyrA)

Forward:
TCGAGCCCATTTATTGGAGGGCTT
Reverse:
AATCATCAGGCCTTGACGCGTTTG

185

Ipg2609

FtsZ, cell division
protein

Forward:
TGCTGAGGAAGGTATTCGACGCTT
Reverese:
CCTTTCACAGCACCAAGCAACACA

150

Ipg0910

Enhanced entry protein
A (EnhA)

Forward:
GGGGGAAAAGATTTTTGTGAGGACG
Reverse:
GGGAACTTCATAGGCAGCATGTATT

192

Ipg0670

Hypothetical protein

Forward:
IAGCTACTAATGTTCGCACAGGTAA
Reverse:
GCTGGATTCCCCATATAACCACCAT

156

Ipg1639

Hypothetical protein

Forward:
IACCTTTGTGCGTAACTACGGGAGA
Reverse:
AAATCAGGTGAATCCTCGCAAGCC

173

Ipg0279

Hypothetical protein

Forward:
CCGTAACCCATCCGCACCAGA
Reverse:
TTCTCCGGCTTCATTGGCGCTG

169

Ipg0818

ATP-binding protease
component (CIpA)

Forward:
ACTCTGCGTAACCTGGAACGTGAT
Reverse:
CCAGTTGGTCCGGCAAACAAGAAA

152

1pg0891

Sensory box protein, c-
di-GMP synthase

Forward:
TGGTGTGAAATCAGCGTTGCTCCTG
Reverse:
TGCTTGTAGAATGGCCTGCTCCACT

195

Ipg1356

(EnhC)

Enhanced entry protein C

Forward:
AGGTGGGATTGGTGCGGATGATAA
Reverse:
IAATTGTGCCTGTGCTTCAGGTTGC

195

Ipg1491

Dot/Icm effector

Forward:
ATGCAGTAGGCCTCAAGGATGAGT
Reverse:
GCTAATTCCGTGGCTGAATCAGGT

157

Ipg 1540

[Universal stress protein
A (UspA)

Forward:
ACCCATCAAAAGAGGATGCCCA
Reverse:

TCCTGTAGCAGAGTGTGAGCCT

170
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Table 2.4. continued

Ipg1669

Putative a-Amylase

Forward:
TAAATCACGTTGCCGCCGATTCAC
Reverse:
CAATGCGAACACCCTCAAAGCCAT

198

Ipg 1950

Dot/Icm effector

Forward:
CGATTTGGCAGCAAAAGCAGCAG
Reverse:
ACGCCCTCCTTAAGTGCCAGGT

153

Ipg2228

3-oxoacyl-[acyl-carrier-
protein] synthase

Forward:
ACCTGAAGTTGAATGCGCCCG
Reverse:
GGCAGCTCCATCAGCCAAACCT

191

Ipg2316

3-hydroxybutyrate
dehydrogenase (BdhA)

Forward:
CCTCAGGCAATGGCGGCAGTATT
Reverse:
CGGACAAACCCCGGGCAAATGA

178

Ipg2348

Superoxide dismutase
(SodC)

Forward:
CGGGCATTTGGGAGATTTACCTGT
Reverse:
IAATGACGCCGCACGCTATACGG

190

Ipg2493

Heat shock protein C2
(HspC2)

Forward:
TGCCTGGTATGGGTGAAGAAGA
Reverse:
CAGTCGCTTTATCCACATCCGC

183

Ipg2955

Integration host factor 3-
subunit (HipB)

Forward:
TCGCTGCTCGAATGACGCATCTTA
Reverse:
TTTCGCGGTGGTCGGTAATGAAGA

151

Ipg1368

Hypothetical protein

Forward:
TGCAGAAGCAAACCGCCAGATGA
Reverse:
CAGCGACACAGATCGGAGGCA

168

Ipg2971

Malate dehydrogenase
(MaeA)

Forward:
TGGCGAACGGATCTTGGGGTT
Reverse:
TCCGAGCGTGTCTCCACCCAA

191

Ipg0417

6-phosphoglucono-
lactonase (Pgl)

Forward:
TGCAATCAAACGAAGAGGGCAAGC
Reverse:
AGCAGCTCGTTACGATGTGGATCA

168

Ipg0419

Glucokinase (Glk)

Forward:
IAGGAGGGATTATGCCGCGTTTACT
Reverse:
GGTTGAGCGGCTGCAATGACATAA

129
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Table 2.4. continued

Forward:
Ipg 1887 Hypothetical protein l(ieA‘iz/:{XCAACTGGATGCTTTAAATACC 143
TCCGAGCGTGTCTCCACCCAA
D-xylose (galactose Forward:
4 ’ AAGCCCTTGTTGCCTGTGTTGATG
Ipg0421 arabinose)-proton Reverse: 123
symporter (YwiG) CGTGCTGCCCAAGCCTAAATTCTT
Inositol-1- Forward:
CCGTGTGTCCAAGCAAACTCAACT
Ipg1748 monophosphatase Reverse: 175
(SuhB) IACCGCTTGCAACATAAGCCAAGTC
Forward:
Ipg0136 Pyruvate kinase (PykA) iZif;?AAGTTCCCGCCATTCAAA 181
GCCGAAAGCATCACAGCATCAGTT
2-oxoglutarate ferredoxinForward:
: TTCTCCAACGTCTCAGAAAGGGCA
Ipg0948 oxidoreductase [3- Reverse: 154
subunit (KorB) AAGCACAGAAGCCAAATGGACAGG
Forward:
1pg2495 Hss, homospermidine TGGAC.CACAATGCGCGATCTATCT 187
synthase Reverse:
IATAGGCGTAGTGAACTGTTGGCCT
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CHAPTER 3: LEGIONELLA PNEUMOPHILA PROGENIES PRODUCED IN
PROTOZOA AND HUMAN MACROPHAGES DISPLAY DIFFERENT
CHARACTERISTICS

3.1. The L. pneumophila progenies from human macrophages are less
morphologically differentiated than the progenies from protozoa.

Previous electron microscopy studies have shown that MIFs are poorly produced
inside human macrophages (Faulkner & Garduno, 2002). To determine whether
ultrastructural differences exist between L. pneumophila progenies produced in
freshwater protozoa (either in a replication-dependent [amoebae] or -independent
[ciliates] manner), or in human cells (either epithelial cells or macrophages), a
quantitative electron microscopy study was conducted where three typical ultrastructural
features (as outlined in Materials and Methods) had to be met for a legionellae cell to be
considered a MIF (Figure 3.1.). The L. pneumophila progeny obtained from HeLa cells
was used as a control. I observed a significant difference (p < 0.001) between the high
proportion of MIFs present in the L. pneumophila progeny obtained from HeLa cells,
ciliates, and amoebae and the low proportion of MIFs present in the L. pneumophila
progeny obtained from U937- and THP-1-derived human macrophages. The same results
were observed using 2 different strains of L. pneumophila; Lp1-SVir (Table 3.1.) and
2064 (Table 3.2.).

To confirm that the features observed were not fixed traits in the legionellae
progeny, but reversible developmental ones, the legionellae progeny produced in U937-
derived human macrophages (with a low proportion of MIFs) was allowed to infect 4.
castellanii trophozoites, and the morphology of the amoebal progeny was then re-
examined by electron microscopy. As expected for a reversible trait, the proportion of
MIFs in this amoebal progeny was high. Collectively, these findings suggest that the
intracellular environment of human macrophages does not optimally induce L.
pneumophila to differentiate.

Of interest was the observation that the legionellae progeny produced in cultured
human macrophages had a high proportion of filamentous forms (Figure 3.2.).

Filamentous L. pneumophila forms (FLp) have been shown to interact with lung
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Figure 3.1. Electron micrographs showing the morphological traits of Lp1-SVir

progeny from amoebae and from human macrophages.

(A) MIF from amoeba displaying the three traits used to qualify MIFs: a straight outer
membrane, an inconspicuous periplasm and the presence of large inclusions. (B)
Legionella pneumophila cell produced in U937-derived macrophages displaying large
inclusions, but lacking a straight outer membrane and an inconspicuous periplasm. The
periplasm is quite apparent (black arrows) and the outer membrane is wavy (e.g. white
arrowhead). (C) Detail of an L. pneumophila cell produced in THP-1-derived
macrophages displaying a straight outer membrane and an inconspicuous periplasm, but
lacking large inclusions. Bacterial cells shown in (B and C) are not regarded as MIFs. I =

inclusion. All micrographs are presented at the same magnification.
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Table 3.1. Quantitative analysis of the distribution of MIFs in the Lp1-SVir progeny
obtained from different hosts.
Statistical significance was calculated against the percentage of MIFs produced in U937

and THP-1 cells using the two-proportion test. All samples were significant at the 0.001

level.
Percentage of particles that show the
ultrastructural features of MIFs
Host

L. pneumophila Lp1-SVir
Amoebae (A. castellanii) 85/107 79.4 %
HeLa cells 125/ 149 83.9 %
Tetrahymena tropicalis ciliates 109 /129 84.5 %
U937 human macrophages 262 /536 48.1 %
THP-1 human macrophages 62 /129 48.9 %
U937 progeny passed in amoebae 201 /250 80.4 %
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Table 3.2. Quantitative analysis of the distribution of MIFs in the progeny of L.
pneumophila 2064 obtained from different hosts.

Statistical significance was calculated against the percentage of MIFs produced in U937
and THP-1 cells using the two-proportion test. All samples were significant at the 0.001
level. This table was generated by Eman Atwi and Hany Abdelhady.

Percentage of particles that show the
ultrastructural features of MIFs
Host
L. pneumophila 2064
Amoebae (A. castellanii) 130/ 165 79.0 %
HeLa cells 76 /109 69.7 %
Tetrahymena tropicalis ciliates 111/169 65.7 %
U937 human macrophages 196 / 547 40.0 %
THP-1 human macrophages 58/ 147 35.8 %
U937 progeny passed in amoebae 335/402 83.3 %
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epithelial cells through a mechanism not shared with the bacillary forms (Prashar et al.,
2012). This is in sharp contrast with the legionellae progeny obtained from amoebae,
which is exclusively formed by short rods. Formation of filamentous forms in
macrophages was not a strain-specific trait, since L. pneumophila strains Lp1-Svir, and
2064 produced similar proportions of filaments in U937-derived human macrophages

(Figure 3.2.).

3.2. L. pneumophila progeny from amoeba is more resistant to antibiotics, but less
resistant to low concentrations of chlorine, than the progeny from macrophages.

Resistance of L. pneumophila MIFs to antibiotics was previously reported as a
distinct trait of MIFs in relation to SPFs cultured in vitro (Garduno et al., 2002). I set out
to determine whether differences between the progenies produced in human
macrophages, amoebae and the free MIFs released from the ciliate-produced pellets exist
in relation to their resistance to gentamicin (used in previous studies with MIFs from
HelLa cells) (Garduno et al., 2002), or ciprofloxacin (used clinically for the treatment of
LD). The progenies produced in amoebae showed a modestly higher survival in different
concentrations of gentamicin (5, 20, and 100 pg/ml) and ciprofloxacin (25pug/ml) than
MIFs produced in macrophages (Table 3.3.). Resistance to antibiotics represented a
reversible developmental trait, rather than a selection of mutants, because macrophage-
produced progenies could revert to the higher resistance phenotype after they were passed
through amoebae.

In relation to antimicrobial challenges potentially found in man-made water
systems (detergents and chlorine) legionellae obtained from amoebae or macrophages
were similarly resistant to SDS-mediated lysis, and all showed an infinite lysis index
(Table 3.4.). However, legionellae obtained from human macrophages demonstrated
higher survival in the presence of 1 mg/L chlorine (Table 3.5.). Neither progenies
produced in amoebae, nor those from U937-derived macrophages showed growth in 5

mg/L chlorine (Table 3.5.).
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Figure 3.2. The progeny of L. pneumophila obtained from U937 cells shows
filamentous forms.

Light micrographs of the progeny of L. pneumophila strains Lp1-SVir and 2064 obtained
from A. castellanii (A, C) and U937 human macrophages (B, D). Specimens heat-fixed
on glass slides were stained with crystal violet and shown in bright field. Examples of
filamentous and elongated legionellae are indicated by the small black arrows. All

micrographs were taken with the 100x oil-immersion objective lens.
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Table 3.3. The progeny of L. pneumophila from amoebae is more resistant to

antibiotic challenges than the progeny from human macrophages.

Percent survival (after 3h) of each sample was calculated using this formula [(CFU after

challenge / CFU before challenge) x 100]. Results represent the mean + standard

deviations of at least 3 independent experiments. phase forms (SPFs), grown in vitro,

were used as reference.

L. pneumophila Lp1-SVir

assed in amoebae

Gentamicin Gentamicin Gentamicin | Ciprofloxacin
5 ng/ml 20 pg/ml 100 pg/ml 25 pg/ml
MIFs produced in 100% 7234+473% | 58+26% | 22.58+3.2%
amoebae
MIFs produced in U937 100% 28.06-3.09% | 1.45+1.19% | 15.1241.02 %
macrophages
MIFs produced in U937
macrophages and then 100% 475+6.5% 7+£1.1% 24.66 +1.63 %
phag
passed in amoebae
Mechanically-disrupted | 2559+4.7% | 4.16+1.45% 1+0.6% 18.87 + 0.33%
pellets
Stationary phase froms 0.06 £ 0.004 % | 0.005 £ 0.002 % |0.003 £0.002 % | 63+23%
L. pneumophila 2064

MIFs produced in 4386 +2.1% | 20.46+7.8% | 0.7+045% | 21.65+£2.9%
amoebae
MIFs produced in US37 | (g3, 430, | 244+ 146% | 0.045+ 1.46% | 9.95=0.64 %
macrophages
MIFs produced in U937
macrophages and then 37.7+ 8.8% 21.9+6.97% 0.87+0.23% 19.4+0.6 %

Mechanically-disrupted
pellets

27.56 +13.05%

312+12%

0.024 £ 0.02%

16.05£9.8%

Stationary phase forms

0.06 = 0.04 %

0.002 £ 0.001%

0.001 + 0.0006 %

9+2.55 %
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Table 3.4. SDS challenge experiments of the progeny of two L. pneumophila strains
(Lp1-SVir and 2064) obtained from different hosts.

Stationary phase forms (SPFs), grown in vitro, were used as reference. Results represent
the mean + standard deviations of 3 independent experiments. This table was generated

by Eman Atwi and Hany Abdelhady.

L.pneumophila | L.pneumophila
Lp1-Svir 2064

Acanthamoeba b

.e o0 o0
castellanii
U937 human

o0 o0

macrophages
HeLa cells 00 00
Mechanically-
disrupted pellets 650+ 87 600+ 108
Stationary phase 13+ 0.4 16402
forms

% index lysis is the time (in minutes) required for each sample to reach half of its original
optical density (ODgy) before treatment with a detergent

oo, apparently infinite index since the lysis curve becomes asymptotic at a value above
50% of original ODgpy.
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Figure 3.3. L. pneumophila progeny from host cells is more resistant to SDS
challenge than L. pneumophila SPFs.

Typical lysis curves of L. pneumophila grown in vitro to SPFs (a) and the progeny of L.
pneumophila obtained from host cells (b). In vitro-grown L. pneumophila 2064 is shown
as a representative of SPFs (a) and L. pneumophila 2064 progeny from amoebae is shown
as a representative of MIFs (b). The lysis curve shows changes in ODgp nm (an indicator
of cell lysis) as a function of time. Lysis index is the time taken for each sample to reach
half of its original optical density. The estimated lysis index of L. pneumophila SPFs is
less than 2 min (a), and for L. pneumophila MIFs is infinite (b). Each graph is a

representative of 3 different experiments.
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Table 3.5. The progeny of L. pneumophila from human macrophages is more
resistant to chlorine challenge than the progeny from amoebae.

Percent survival (after 30 min) of each sample was calculated using this formula [(CFU
after challenge / CFU before challenge) x 100]. Results represent the mean + standard
deviations of at least 3 independent experiments. Stationary phase forms (SPFs), grown

in vitro, were used as reference.

L. pneumophila Lp1-SVir

Chlorine 1 mg/L | Chlorine 5 mg/L
(1 ppm) (S ppm)

MIFs produced in amoebae 3.7+ 1.88% No growth

MIFs produced in U937 macrophages 10.9+2.84 % No growth

Mechanically-disrupted pellets 46.6 £5.1 % 213+£1%

Stationary phase forms No growth No growth

L. pneumophila 2064

MIFs produced in amoebae 49.15+12.9% No growth
MIFs produced in U937 macrophages 92.4+9.1% No growth
Mechanically-disrupted pellets 47.12 £6.7 No growth
Stationary phase forms No growth No growth
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3.3. L. pneumophila progenies obtained from amoebae are more adherent to host
cells than the progenies obtained from macrophages.

L. pneumophila Lp1-Svir progenies produced in amoebae and U937-derived
macrophages were tested for their intracellular growth in three types of host cells (4.
castellanii trophozoites, U937-derived human macrophages and mouse L929 cells) to
determine whether infectivity differences exist. Since the aforementioned results
demonstrated that legionellae produced in amoebae could have a potential advantage in a
gentamicin challenge, the gentamicin treatment step, which is used to kill extracellular
bacteria, was omitted from our standard infection protocols. Instead, the monolayers
were washed with PBS to more effectively remove unattached bacteria.

My data demonstrated that there were consistently higher numbers of the host
cell-associated amoeba progenies than the host cell-associated macrophage progenies at
time zero. This difference was maintained along the intracellular growth phase,
suggesting that legionellae obtained from macrophages had an early disadvantage in
relation to legionellae obtained from amoebae, but no subsequent defect in intracellular
growth. In fact, legionellae obtained from macrophages appeared to grow at a higher rate
in trophozoites and L929 cells than legionellae obtained from amoebae (Figure 3.4.).
Subsequent attachment-only assays conducted with L. pneumophila strains Lp1-SVir and
2064 confirmed that a consistently higher number of legionellae produced in amoebae
were associated with host cells, in relation to legionellae from macrophages (Figure
3.5.), and that this trait was developmentally reversible. That is, macrophage-produced
legionellae enhanced their adherence after passage in amoebae (Figure 3.5.). These
results indicate that in relation to L. pneumophila progeny produced in amoebae, the
progeny produced in macrophages is less adherent and, consequently, initiates fewer host

cell infections but does not display intracellular growth defects.

3.4. L. pneumophila progeny from macrophages does not show an intracellular
growth defect when tested in direct competition with progeny from amoebae.

Although legionellae produced in macrophages showed no apparent intracellular
growth defect when tested alone, growth defects sometimes become obvious in

competition assays. Therefore, green fluorescent JR32 legionellae (expressing GFP)
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Figure 3.4. L. pneumophila Lp1-Svir amoeba progeny is more adherent to 1929,
U937, and A. castellanii monolayers than the macrophage progeny.

Graphs of CFU versus time showing the intracellular growth of legionellae in L929 (a),
A. castellanii (b), and U937 monolayers (c) infected with the progeny from amoebae or
human macrophages at the same bacteria-to-cell ratio. Graph points represent means and
error bars represent standard deviations of 3 independent experiments, each run in
triplicate. Statistical significance was calculated using 2-way ANOVA. ** p <(0.01, ***

p <0.001.
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Figure 3.5. L. pneumophila progeny produced in amoebae is more adherent to host

cells than the progeny produced in human macrophages.

Graphs of CFU versus time showing the adherence of Lp1-SVir (A) and 2064 (B)

legionellae to 1929, A. castellanii, and U937 monolayers infected with the progeny from

amoebae, human macrophages, or human macrophages which is then passed in amoebae

used at the same bacteria-to-cell ratio. Graph bars represent means and error bars

represent standard deviations of 3 independent experiments, each run in triplicate.

Statistical significance was calculated using 2-way ANOVA. ** p <0.01, *** p <0.001.
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produced in amoebae, and red fluorescent JR32 legionellae (expressing DsRed) produced
in macrophages were allowed to compete on monolayers of 4. castellanii and human
U937-derived macrophages. Legionellae produced in amoebae infected a significantly
higher number of A. castellanii trophozoites (Figure 3.6. a, b), but did not produce a
more numerous progeny (Figure 3.6. ¢) in relation to legionellae obtained from
macrophages, at 24 and 48 h post-infection. These results confirmed that even in direct
competition with legionellae obtained from amoebae, legionellae obtained from
macrophages did not show a defect in intracellular growth. In fact, the progeny yield per
infected cell was higher in cells infected with legionellae from macrophages.

When allowed to compete for infection of a monolayer of human macrophages,
legionellae produced in U937 cells did not show intracellular growth defects and were
also able to reach higher intracellular counts and produce more progeny than legionellae
produced in amoebae (Figure 3.7. b) although there was not a significant difference in
the percentage of infected human macrophages for both samples following 3 and 4 days
of infection (Figure 3.7. a, ¢). Together, these experiments support the initial observation
that the L. pneumophila progeny from human macrophages does not display intracellular

growth defects when compared to the L. pneumophila progeny from amoebae.

3.5. L. pneumophila MIFs obtained from amoebae is similarly infective to host cells
as the free MIFs from the legionellae-laden pellets produced in Tetrahymena ciliates.
The role of Tetrahymena ciliates in the transmission of LD as packagers of MIFs
into respirable pellets has been previously suggested. However, the role of the single
MIFs inside these pellets has not been studied. L. pneumophila progeny from amoebae
(mainly composed of MIFs) and the free MIFs released from legionellae-laden pellets
produced in Tetrahymena ciliates by mechanical disruption were tested for their ability to
infect a monolayer of A. castellanii (Figure 3.8.) and U937-derived human macrophages
(Figure 3.9.). Fluorescent legionellae that express GFP were used for this experiement.
The results of this experiment demonstrate that L. pneumophila MIFs from amoebae
infect a similar percentage of A. castellanii trophozoites (Figure 3.8.) and human
macrophages (Figure 3.9.) as the free MIFs released by mechanical disruption of the

legionellae-laden pellets. These results highlight the potential role Tetrahymena ciliates
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Figure 3.6. L. pneumophila progeny from amoebae infects a higher percentage of 4.
castellanii trophozoites in direct competition with the progeny from human
macrophages.

(A) Light micrographs captured 24 (a, c) and 48 h (b, d) after infection of A. castellanii
monolayers with a 1:1 mixture of the L. pneumophila progenies obtained from amoebae
(green fluorescence) and human macrophages (red fluorescence). Size bars represent 100
um. (B) A graph of CFU versus time showing the intracellular growth of legionellae in A.
castellanii monolayers infected with 1:1 mixture of the L. pneumophila progeny from
amoebae and human macrophages. Green and red bars represent mean CFU counts of the
progeny obtained from amoebae and human macrophages, respectively. Error bars
represent standard deviations of 3 independent experiments, each run in triplicate.
Statistical significance was calculated using 2-way ANOVA. ** p <0.01. (C) A graph of
% infected amoeba cells versus time. Green and red bars represent mean % infected cells
with the progeny produced in amoebae (green bars) or in human macrophages (red bars),
respectively. Error bars represent standard deviations of 3 independent experiments, each
run in triplicate. Statistical significance was calculated using two-proportion test. * p <

0.05, ** p < 0.01.
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Figure 3.7. L. pneumophila progeny from macrophages does not display growth
defects inside U937 macrophages in a direct competition with the progeny from
amoebae.

(A) Light micrographs captured 72 (a, ¢) and 96 h (b, d) after infection of U937
macrophages with a 1:1 mixture of the L. pneumophila progenies obtained from amoebae
(green fluorescence) and human macrophages (red fluorescence). Size bars represent 100
um. (B) A graph of CFU versus time showing the intracellular growth of legionellae in
monolayers of U937 macrophages infected with 1:1 mixture of the progenies obtained
from amoebae and human macrophages. Green and red bars represent mean CFU counts
of the progenies obtained from amoebae and human macrophages, respectively. Error
bars represent standard deviations of 3 independent experiments, each run in triplicate.
Statistical significance was calculated using 2-way ANOVA. * p <0.05, ** p <0.01. (C)
A graph of % infected amoeba cells versus time. Green and red bars represent mean %
infected cells with the progeny produced in amoebae (green bars) or in human
macrophages (red bars), respectively. Error bars represent standard deviations of 3
independent experiments, each run in triplicate. No statistical significance was observed

using two-proportion test.
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Figure 3.8. L. pneumophila MIFs from amoebae are similarly infective to A.
castellanii trophozoites as the free MIFs from the legionellae-laden pellets.

(A) A graph of the percent infected 4. castellanii trophozoites versus time. Black and
white bars represent mean % infected A. castellanii trophozoites with L. pneumophila
MIFs produced in amoebae (black bars) or released from the legionellae-laden pellets
produced in Tetrahymena ciliates (white bars), respectively. Error bars represent standard
deviations of 3 independent experiments, each run in triplicate. (B and C) Light
micrographs captured 24 and 48 hours after infection of 4. castellanii monolayers with
free MIFs released from legionellae-laden pellets. (D and E) Light micrographs captured
24 and 48 hours after infection of 4. castellanii monolayers with MIFs produced in
amoebae. Size bars represent 100 pm. Statistical significance was tested using two-
proportion test. No statistical significance was observed at any timepoint. This figure was

generated by Sachiko Ito and Hany Abdelhady.
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Figure 3.9. L. pneumophila MIFs from amoebae are similarly infective to U937
human macrophages as the free MIFs from the legionellae-laden pellets.

(A) A graph of the percent infected U937 human macrophages versus time. Black and
white bars represent mean % infected mcrophages with L. pneumophila MIFs produced
in amoebae (black bars) or released from the legionellae-laden pellets produced in
Tetrahymena ciliates (white bars), respectively. Error bars represent standard deviations
of 3 independent experiments, each run in triplicate. (B,C) Light micrographs captured 24
and 48 hours after infection of U937 human macrophage monolayers with free MIFs
released from legionellae-laden pellets. (D,E) Light micrographs captured 24 and 48
hours after infection of U937 human macrophage monolayers with MIFs produced in
amoebae. Size bars represent 100 pm. Statistical significance was tested using two-
proportion test. No statistical significance was observed at any timepoint. This figure was

generated by Sachiko Ito and Hany Abdelhady.
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can play in maintaining the life cycle of L. pneumophila in the natural freshwater
environments by infecting amoeba and in the transmission of LD by infecting the

macrophages of susceptible humans.

3.6. L. pneumophila progeny from amoebae express some unique proteins not found
in the progeny from macrophages.

The phenotypic differences between L. pneumophila progenies obtained from amoebae
and human macrophages were expected to reflect differences in their protein profiles.
When the one-dimensional protein profile of whole cell lysates of legionellae produced in
amoebae was compared with legionellae obtained from human macrophages, two protein
bands were consistently present in the amoeba-produced legionellae lanes (Figure 3.10.).
The list of proteins represented by the tryptic peptides identified by mass spectrometry in
these bands (which were absent from the corresponding gel region of the macrophage
MIFs lanes) is shown (Table 3.6). To provide more support to the identified list of
proteins, the expression profiles of the encoding genes during growth inside amoebae and
human macrophages were compared based on previously-published studies (Bruggemann

et al., 2006; Faucher et al., 2011). The results are shown in (Table 3.7).
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Figure 3.10. L. pneumophila progenies produced in amoebae express some unique
proteins not found in the progenies from macrophages.

A silver-stained protein gel of the whole cell lysates of the L. pneumophila progenies
produced in amoebae (AM) and in human macrophages (M) was analyzed by SDS-PAGE
and the resolved protein bands were silver-stained (A). The protein bands unique to the
progenies from amoebae, marked by the asterisks (*), were selected for analysis by mass

spectrometry. This gel is a representative of 3 independent experiments.
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Table 3.6. List of proteins for which tryptic peptides were identified by mass
spectrometry in two major bands present in the whole cell lysates of Lp1-Svir
progeny from amoebae separated by SDS-PAGE.

Tryptic peptides matching these proteins were not found in the corresponding areas of

protein SDS-PAGE gels of legionellae from macrophages.

Protein Predicted Size (kD) Function

From the higher (~ 50-kDa) band

Enhanced entry protein C, EnhC 414 Toxin production / cell entry
Uroporphyrinogen III methylase 42.5 Metabolism of Cofactors and Vitamins
Hypothetical protein Lpg1368 59.9 Unknown

Nodulation competitiveness protein 54.3 Chemotaxis / motility / Transmembrane
Lpg2958 protein

Lem9 (Dot/Icm effector) 47.5 Dot/Icm Effectors

Malonate decarboxylase subunit beta 44.5 Energy Metabolism

Hypothetical protein Lpg1639 51.3 ORFs of unknown function (unique)
Hypothetical protein Lpg0670 40.9 Unknown

RalF 44.8 Dot/Icm Effectors

From the lower (~ 40-kDa) band

Small heat shock protein HspC2 18.9 adaptation to stress

Universal stress protein A (UspA) 15.8 Detoxification / adaptation
Hypothetical protein Lpg0279 42.6 Unknown / hypothetical proteins
Enhanced entry protein EnhA 20.5 Toxin production / cell entry
Malate dehydrogenase 36.33 Carbohydrate Metabolism
3-oxoacyl (acyl carrier protein) synthase 394 Lipid Metabolism

I

3-hydroxy butyrate dehydrogenase BdhA 27.75 Lipid Metabolism

LirA (Dot/Icm effector) 30.05 Dot/Icm Effectors

RavE (Dot/Icm effector) 37.9 Dot/Icm Effectors
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Table 3.7. Transcriptional profiles of the genes encoding the previously identified

proteins during infections of Acanthamoeba castellanii and human macrophages.

Human b
A. castellanii
Protein Gene ID | macrophages®
Tis/To T14/Ts
Enhanced entry protein EnhC Ipgl1356 0.77 11.63
. Ipg2736 0.71 1.74
Uroporphyrinogen III methylase
Ipg 2737 2.08 1.29
RavE (Dot/Icm effector) Ipg0195 1.19 12.82
3-hydroxy butyrate dehydrogenase (BdhA) Ipg2316 0.74 8.82
Small heat shock protein HspC2 Ipg2493 3.13 18.25
. ) Ipg0935 0.87 2.14
Universal stress protein A (UspA)
Ipg1540 1.94 4.66
Hypothetical protein Lpg0670 Ipg0670 0.66 8.94
RalF (Dot/Icm effector) Ipg1950 2.50 9.13
Hypothetical protein Lpg1639 Ipgl1639 1.56 13.74
Lp g295‘8 ; transmembr‘ane protein (nodulation 1pg2958 111 550
competitiveness protein)
Lem9 (Dot/Icm effector) Ipgl1491 1.78 15.78
Malonate decarboxylase subunit beta Ipg2427 1.55 5.67
Hypothetical protein Lpg0279 Ipg0279 0.67 9.45
Ipg0910 0.99 20.25
Enhanced entry protein EnhA Ipg1336 1.62 17.88
Ipg2641 1.29 8.34
Malate dehydrogenase lpg2352 0.55 2.38
Ipg2971 0.60 12.13
3-oxoacyl (acyl carrier protein) synthase III Ipg2228 1.55 7.62
Hypothetical protein Lpg1368 Ipgl368 2.27 3.48
LirA (Dot/Icm effector) Ipg1960 3.03 12.21

* Data were obtained from Faucher, S. et al. (2011). Legionella pneumophila transcriptome during
intracellular multiplication in human macrophages. Front Microbiol 2: 1-18. Tys: 18 hours after

infection, T\: infection at zero time.

® Data were obtained from Briiggemann, H., et al. (2006). Virulence strategies for infecting
phagocytes deduced from the in vivo transcriptional program of Legionella pneumophila. Cell
Microbiol 8: 1228-1240. T14: 14 hours after infection, Ty: 8 hours after infection.
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experiments of 4. castellanii and U937 monolayers using the green-fluorescent L.
pneumophila MIFs obtained from amoebae and released from legionellae-laden pellets.
Hany Abdelhady isolated L. pneumophila progenies from amoebae, U937 human
macrophages, Tetrahymena tropicalis ciliates, HeLa cells and passed the progeny from
U937 and THP-1 macropahges in amoebae. Hany also performed all the related
experimental work; electron microscopy, challenge expeiments with antibiotics
(gentamicin [different concentrations], ciprofloxacin), SDS, and chlorine (except for the
experiments Eman did as outlined earlier). Hany also performed the intracellular growth
and attachment experiments in L929 cells, 4. castellanii, and U937 monolayers. Hany
also performed the competition assay experiments in 4. castellanii, and U937 monolayers
and the proteome analysis the L. pneumophila progenies from amoebae and human

macrophages and provided technical training and guidance to undergraduate students.
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CHAPTER 4: LEGIONELLA PNEUMOPHILA UPREGULATES DIFFERENT
SETS OF GENES DURING ITS DEVELOPMENTAL DIFFERENTIATION IN
AMOEBAE, CILIATES AND HUMAN MACROPHAGES

4.1. Analysis of the gene expression profiles of L. pneumophila inside amoebae and
macrophages indicates significant differences

We have demonstrated that the L. pneumophila progenies obtained from human
macrophages are less differentiated and have fitness and infectivity disadvantages when
compared to the progenies obtained from freshwater protozoa (Chapter 3). These
observations can have potential implications on our understanding of the lack of LD
transmission among humans. In order to understand the molecular mechanisms behind
such observations, we set out to study the changes in gene expression of L. pneumophila
during its differentiation into MIFs inside amoebae and human macrophages.
Gene expression analysis of L. pneumophila inside amoebae and human macrophages
was based on the previously published studies that analyzed the global changes in the
gene expression of L. pneumophila inside amoebae (Bruggemann et al., 2006) and human
macrophages (Faucher et al., 2011) at different time points. The changes in gene
expression of L. pneumophila between 8h (replicative traits) and 14h (late transmissive
traits) post-infection of amoebae (Bruggemann et al., 2006) were compared to the
changes in gene expression of L. pneumophila at 18 hours (transmissive traits) and time
zero inside human macrophages (Faucher et al., 2011). I generated a list of genes that are
selectively upregulated (showing at least 2-fold increase in gene expression) inside
amoebae (Appendix I) or inside human macrophages (Appendix II). Genes that were
differentially upregulated inside amoebae (in relation to human macrophages) include;
hypothetical genes, suggesting that our current knowledge of the differentiation process
in L. pneumophila is still limited, genes related to motility, genes involved in the
synthesis of cyclic-di-GMP, suggesting that it could be important for L. preumophila
differentiation, /etE and csrA (csrA was downregulated at later time points), suggesting
that the differentiation of L. pneumophila inside human macrophages is incomplete, and
cpxR and uspA, suggesting that L. pneumophila is under selective pressure to differentiate

inside amoebae not in human macrophages.
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I generated a short list of 20 genes (Table 4.1.) that have shown at least 4-fold
upregulation during L. pneumophila infections of amoebae but are down-regulated (< 1-
fold change) or unchanged (< 2-fold increase) in the progeny from human macrophages. I
hypothesized that these genes could be important for the full differentiation of L.
pneumophila inside its natural host and, therefore, could be important for the
transmission of LD to susceptible humans. The list includes genes encoding effectors of
the Dot/Icm protein secretion system, genes involved in carbohydrate and lipid
metabolism, stress response, genes encoding virulence factors, genes required for
bacterial adaptation, and hypothetical genes with no assigned functions. These genes

were selected for confirmation by qRT-PCR analysis.

4.2. Gene expression profiling of the differentiated forms of L. pneumophila inside
Tetrahymena tropicalis ciliates

Tetrahymena ciliates have been previously proposed as a differentiation model to
identify the signals that trigger the development of SPFs into MIFs and study the genes
that are actively transcribed during L. pneumophila differentiation (Faulkner ef al., 2008)
because the differentiation process inside the ciliates is direct and rapid. Since the
morphological features characteristic of MIFs could be observed as early as 30 minutes
following feeding of the ciliates with legionellae in stationary phase (Faulkner et al.,
2008), analysis of the changes in gene expression of L. pneumophila around that time
may identify the genes that are activated early during the differentiation process. The
microarray analysis of the global changes in gene expression of the differentiating L.
pneumophila MIFs recovered from Tetrahymena tropicalis 30 minutes after feeding
compared to stationary phase forms (SPFs) were obtained through personal
communications with David Allan, Dr. Celia Lima and Dr. Rafael Garduiio. L.
pneumophila genes that show at least 2-fold upregulation in expression inside
Tetrahymena ciliates are listed in Table 4.2. L. pneumophila genes that are
downregulated inside Tetrahymena ciliates are listed in Table 4.3.

We found that the expression levels of 115 genes were upregulated (at least 2-fold
increase) inside Tetrahymena ciliates (Table 4.2.). These genes are expected to be

correlated with the differentiation of L. pneumophila. Interestingly, about one third of the
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Table 4.1. A short list of L. pneumophila genes that are selectively upregulated (= 2-

fold increase) in amoebae MIFs (in relation to replicative forms in amoebae) but

down-regulated (< 1-fold change) or unchanged (< 2-fold increase) in the progeny

from human macrophages (in relation to stationary phase forms grown in vitro)

" A. castellanii® Human b
Gene ID Description T,/ T, macrophages
T1s/To
Ipg0910 Enhanced entry protein A 20.25 0.99
Ipg0818 ATP-dependent Clp A protease 4.66 0.81
Ipg0891 Sensory box protein/GGDEF/EAL domains 10.93 0.83
Ipg1356 Enhanced entry protein C 11.63 0.77
Ipg1491 Lem9 (Dot/Icm effector) 15.78 1.78
Ipg0670 Hypothetical protein 8.94 0.66
Ipg1669 Putative a-amylase 17.88 0.87
Ipg1950 RalF (Dot/Icm effector) 9.13 2.50
Ipg2228 3-oxoacyl ACP synthase I1I 7.62 1.55
Ipg2316 3-hydroxybutyrate dehydrogenase 8.82 0.74
Ipg1540 Universal stress protein A 4.66 1.94
Ipg2348 Superoxide dismutase SodC 6.96 0.84
Ipg2493 Heat shock protein HspC2 18.25 3.13
Ipg2955 Integration host factor HipB 8.94 0.79
Ipg2971 Malate dehydrogenase 12.13 0.60
Ipg1639 Hypothetical protein 13.74 1.56
Ipg0279 Hypothetical protein 9.45 0.67
Ipg2495 Homospermidine synthase 7.26 1.06
Ipg1368 Hypothetical protein 3.48 2.27
Ipg1887 Hypothetical protein 11.00 0.91

* Data were obtained from Bruggemann, H., et al. (2006). Virulence strategies for infecting
phagocytes deduced from the in vivo transcriptional program of Legionella pneumophila. Cell

Microbiol 8: 1228-1240. Ty4: 14 hours after infection, Ty: 8 hours after infection.

® Data were obtained from Faucher, S. et al. (2011). Legionella pneumophila transcriptome
during intracellular multiplication in human macrophages. Front Microbiol 2: 1-18. Tys: 18 hours
after infection, T,: infection at zero time.
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Table 4.2. List of L. pneumophila genes that are upregulated (> 2-fold increase) in

differentiating MIFs recovered from Tetrahymena tropicalis 30 minutes after

feeding, in relation to stationary phase forms grown in vitro (which were used to

feed the ciliates).
Gene ID Paris ID Gene name Description CE::S,;e
Ipg2156 Ipp2095 sdeB Dot/Icm system substrate SdeB 4.33
Ipg1368 Ipp1322 - Hypothetical protein 4.12
Ipg1887 Ipp1854 - Q-rich protein 3.89
Ipg0818 Ipp0880 clpA ATP-dependent ClpA protease 3.79
Ipg2810 Ipp2856 - Similar to conserved hypothetical protein 3.72
Ipg1669 Ipp1641 - Putative a-amylase 3.57
Ipg0817 Ipp0879 clpS ATP-dependent ClpS protease 3.40
Ipg2510 - - SdcA 3.37
Ipg2395 Ipp2461 - Hypothetical protein 3.37
Ipg2181 Ipp2133 - Similar to response regulator 3.36
Ipg0798 Ipp0860 - similar to proteins 3.34
- Ipp2578 sdcA SdcA - paralog of SidC (Dot/Icm substrate) 3.25
Ipg0892 Ipp0953 kmo Kynurenine 3-monooxygenase 3.25
Ipg0476 Ipp0541 - Putative sigma-54 modulation protein 3.18
Ipg1207 Ipp1209 - Similar to conserved hypothetical protein 3.15
Ipg2521 1pp2589 - Hypothetical protein 3.14
- Ipp1260 - Hypothetical protein 3.06
Ipg0009 Ipp0009 - Similar to host factor-1 protein 3.05
Ipg1206 Ipp1208 - similar to protein 3.05
Ipg0499 Ipp0561 - similar to carboxy-terminal protease family protein 3.05
- Ipp0460 - Hypothetical protein 3.03
Ipg1356 Ipp1310 - Hypothetical protein 3.02
Ipgl154 Ipp1156 - Hypothetical protein 2.99
Ipgllé6l Ipp1163 Similar to predicted phosphoribosyltransferase 2.98
Ipg0847 Ipp0909 murA UDP-N-acetylglucosamine 1-carboxyvinyltransferase 2.98
Ipg1385 Ipp1340 - Hypothetical protein 2.96
Ipg0967 Ipp1029 - Hypothetical protein 2.96
- Ipp2975 - Hypothetical protein 2.93
Ipgl715 Ipp1680 - 16 kD immunogenic protein 2.92
Ipg0586 Ipp0636 - Similar to conserved hypothetical protein 291
Ipg1485 Ipp1441 - Hypothetical protein 2.88
Ipg2495 Ipp2562 hss Homospermidine synthase 2.87
Ipg0848 Ipp0910 - Similar to conserved hypothetical protein 2.86
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Table 4.1. continued

Ipg0625
Ipg0454
Ipg1340
Ipg0846
Ipg0743
Ipg2639
Ipg0446
Ipg0477
Ipg1235
Ipg0267
Ipgl118
Ipg2311
Ipg1993
Ipg0853
Ipg2222
Ipg2681
Ipg2147
Ipg1793
Ipg0453
Ipg1495
Ipg2348
Ipg0380
Ipg1160
Ipg2971
Ipg0195
Ipg2422
Ipg1683
Ipg2364
Ipg0910
Ipg1355
Ipg2545
Ipg2073
Ipg1950
Ipg1526
Ipg2818
Ipg2393
Ipgl145
Ipg2074
Ipg0940

Ipp0679
Ipp0520
Ipp1294
Ipp0908
Ipp0808
Ipp2692
Ipp0512
Ipp0542
Ipp1080
Ipp0341
Ipp1119
Ipp2259
Ipp1974
Ipp09I5
Ipp2174
Ipp2735
Ipp2086
Ippl757
Ipp0519
Ipp1452
Ipp2297
Ipp0447
Ipp1162
Ipp3043
Ipp0253
Ipp2487

Ipp3061
Ipp0972

Ipp1309
Ipp2559
Ipp2612
Ipp1932
Ipp1483
Ipp2871
Ipp2460
Ippl147

Ipp1002

icmD

flaA

enhC
icmO/dotL
rpoN

icmC/dotE

sodC

enhA
sidG

lidA

Similar to eukaryotic proteins

IemD (Dot/Icm system substrate)
flagellin

Similar to conserved hypothetical protein
Hypothetical protein

enhanced entry protein EnhC
IcmO/DotL (Dot/Icm system substrate)

RNA polymerase sigma-54 factor (sigma-L)

Hypothetical protein

Similar to magnesium and cobalt transport proteins

similar to D-alanyl-D-alanine carboxypeptidase

Hypothetical protein

Similar to putative polysaccharide deacetylase

transcriptional regulator FleQ
Hypothetical protein

similar to aldolase

Hypothetical protein

Hypothetical protein

IecmC/DotE (Dot/Icm system substrate)
Hypothetical protein

Superoxide dismutase [Cu-Zn] precursor
Hypothetical protein

Hypothetical protein

Malate dehydrogenase

hypothetical

Some similarity with eukaryotic proteins
Hypothetical protein

Hypothetical protein

Hypothetical protein

Similar to enhanced entry protein EnhA
SidG protein- Dot/Icm system substrate
Similar to small heat shock protein
Hypothetical protein

Hypothetical protein

RalF (Dot/Icm system substrate)
Hypothetical protein

Similar to hypothetical protein

Similar to bacterioferritin

Hypothetical protein

Hypothetical protein

LidA (Dot/Icm system substrate)

2.79
2.76
2.75
2.72
2.69
2.67
2.66
2.64
2.62
2.62
2.62
2.62
2.61
2.56
2.55
2.53
2.53
2.51
2.51
2.48
2.48
2.46
2.45
2.44
2.44
2.43
2.43
2.43

242
242

2.41
241
2.41
2.38
2.34
2.34
2.34
2.31
231
2.30
2.30
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Table 4.1. continued

Ipg1055
Ipg0741
Ipg2315

Ipg1011
Ipg1963
Ipg0245
Ipg2157
Ipg1782
Ipg2578
Ipg1960
Ipg1309
Ipg2316
Ipg1784

Ipg2811
Ipg2641
Ipg0737
Ipg2258
Ipg2301
Ipg0279
Ipg1885
Ipg2351
Ipg1783
Ipg0156
Ipg2524
Ipg0013
Ipg1491
Ipg2310
Ipg1925
Ipg0445
Ipg2642
Ipg0426
Ipg2017
Ipg0441

Ipp2327
Ipp0806
Ipp2263
Ipp1652
Ipp0052
Ipp2368
Ipp2567
Ipp0315
Ipp2096
Ipp1746
Ipp2630
Ipp1942
Ipp1273
Ipp2264
Ipp1748
Ipp1800
Ipl2384
Ipp2857
Ipp2694
Ipp0802
Ipp2212
Ipp2249
Ipp0354
Ipp1849
Ipp2300
Ipp1747
Ipp0220
Ipp0013
Ipp1447
Ipp2258
Ipp1900
Ipp0511
Ipp2695
Ipp0493
Ipp1999
Ipp0507

murl

icmP/dotM

cspD

icmT

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

NAD-glutamate dehydrogenase

SdeA

sigma factor 28

Hypothetical protein

Hypothetical protein

Hypothetical protein

3-hydroxybutyrate dehydrogenase
Flagellar biosynthesis protein FIhF
Hypothetical protein

Hypothetical protein

Similar to conserved hypothetical protein
EnhA: enhanced entry protein A

Similar to conserved hypothetical protein
Putative membrane protein

Hypothetical protein

Similar to conserved hypothetical protein
Hypothetical protein

Hypothetical protein

similar to flagellar synthesis regulator
regulatory protein (EAL domain)
Hypothetical protein

Similar to other protein

Some similarity with eukaryotic proteins
similar to glutamate racemase
Hypothetical protein

IcmP/DotM (Dot/Icm system substrate)

regulatory protein (GGDEF and EAL domains)

similar to Cold shock-like protein CspD
Hypothetical protein
IcmT (Dot/Icm system substrate)

2.30
2.30
2.28
2.27
2.25
2.24
2.23
2.23
2.22
2.21
2.21
2.20
2.20
2.17
2.17
2.16
2.16
2.16
2.13
2.13
2.13
2.09
2.08
2.07
2.07
2.06
2.05
2.04
2.04
2.03
2.03
2.02
2.02
2.02
2.02
2.01
2.01
2.00
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Table 4.3. List of L. pneumophila genes that are downregulated (< 0.5-fold change)

in differentiating MIFs recovered from Tetrahymena tropicalis 30 minutes after

feeding, in relation to stationary phase forms grown in vitro (which were used to

feed the ciliates).
Gene ID Paris ID Iie:lz Description CE;:::;C
Ipg2884 Ipp2943 - Hypothetical protein 0.05
Ipg0320 Ipp0385 rplJ 508 ribosomal subunit protein L1 0.07
Ipg2668 Ipp2722 ftsX Cell division protein FtsX 0.08
- Ipp0392 tuf4?2 translation elongation factor Tu 0.11
Ipg0321 Ipp0386 rplL 50S ribosomal subunit protein L7/L12 0.12
Ipg2987 Ipp3058 atpE H'-transporting ATP synthase chain ¢ 0.12
Ipg0326 Ipp0391 SfusA translation elongation factor G 0.12
Ipg0327 - - Hypothetical protein 0.12
Ipg2850 Ipp2908 - Similar to cold shock protein 0.13
Ipg2825 Ipp2878 - Similar to cold shock protein CspC 0.13
Ipg2518 Ipp2586 - Hypothetical protein 0.14
Ipg2650 Ipp2703 rpmA 508 ribosomal protein L27 0.14
Ipg2509 Ipp2577 sdeD SdeD protein (substrate of the Dot/Icm system) 0.14
Ipg2769 Ipp2817 rpsO 30S ribosomal protein S15 0.14
Ipg0399 Ipp0466 rpsP Highly similar to 30S ribosomal protein S16 0.14
Ipg0301 Ipp0379 - similar to eukaryotic proteins 0.15
Ipg2636 Ipp2689 rpsT 30S ribosomal subunit protein S20 0.15
Ipg2984 Ipp3055 atpA H'-transporting ATP synthase chain alpha 0.16
Ipg0395 Ipp0463 rplS 50S ribosomal protein L19 0.17
Ipg1592 Ipp1550 rpsF 30S ribosomal protein S6 0.17
Ipg0325 Ipp0390 rpsG 308 ribosomal protein S7 0.17
Ipg0346 Ipp0411 psE 30S ribosomal subunit protein S5 0.18
Ipg1588 Ipp1546 legC6 Coiled-coil-containing protein 0.18
Ipg2652 Ipp2705 plY 508 ribosomal subunit protein L25- RplY 0.18
Ipg1591 Ipp1549 rpsR 30S ribosomal subunit protein S18 0.19
Ipg0781 Ipp0845 csrA global regulator CsrA 0.19
Ipg0791 Ipp0855 mip macrophage infectivity potentiator 0.19
Ipg0507 Ipp0570 - similar to putative outer membrane proteins 0.19
Ipg0436 Ipp0503 - Ankyrin repeat protein 0.20
- Ipp0398 rpsS 30S ribosomal subunit protein S19 0.20
Ipg2706 Ipp2761 rpsl 30S ribosomal subunit protein S9 0.20
Ipg1548 Ipp1505 ndk similar to nucleoside diphosphate kinase 0.20
Ipg1393 Ipp1348 fabH 3-oxoacyl-[acyl-carrier-protein] synthase III 0.21
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Table 4.2. continued

Ipg0687
Ipg2976
Ipg2651
Ipg0352
Ipg2702
Ipg0319
Ipg1918
Ipg2345
Ipg0518
Ipg0138
Ipg2361
Ipg0024
Ipg0479
Ipg1697
Ipg0730
Ipg0347
Ipg0324
Ipg0810
Ipg2321
Ipg2121

Ipg0342
Ipg0351
Ipg0318
Ipg2983
Ipg0335
Ipg1858
Ipg0353

Ipg0345
Ipg0322

Ipg0328
Ipg2707
Ipgl713
Ipg0396
Ipg2508
Ipg2934
Ipg2814
Ipg2982
Ipg0344
Ipg2586
Ipg1395

Ipp0742
Ipp3048
Ipp2704
Ipp0417
Ipp2757
Ipp0384
Ipp1893
Ipp2294
Ipp0581
Ipp0153
Ipp2310
Ipp0024
Ipp0544
Ipp1662
Ipp0796
Ipp0412
Ipp0389
Ipp2768
Ipp0872
Ipp2269
Ipp2041

Ipp0407
Ipp0416
Ipp0383
Ipp3054
Ipp0400
Ipp1826
Ipp0418

Ipp0410
Ipp0387

Ipp0393
Ipp2762
Ipp1678
Ipp0464
Ipp2576
Ipp3002
Ipp2866
Ipp3053
Ipp0409
Ipp2639
Ipp1350

groES

plU
rpsK
sspA
rplA

deaD

gap
rpoD

hbp
rpmB

rpmD
rpsL
rpml

sdaC

rpsN
rpsM
rplK
atpG
rpsC
hubB
rpsD

rpIR
rpoB

rpsJ
rpIM
tsf

trmD

rho

atpD
plF

fubG

1 kDa chaperonin (groES protein)
Hypothetical protein

508 ribosomal protein L21

308 ribosomal protein S11

stringent starvation protein A

50S ribosomal protein L1

weakly similar to endoglucanase
ATP-dependent RNA helicase
Hypothetical protein

glyceraldehyde 3-phosphate dehydrogenase
RNA polymerase sigma factor RpoD
hemin binding protein

508 ribosomal protein L28
conserved hypothetical protein
Similar to predicted permease

50S ribosomal subunit protein L3
308 ribosomal protein S12

50S ribosomal protein L35
Hypothetical protein

Similar to serine transporter

Similar to cold shock protein

30S ribosomal protein S14

308 ribosomal protein S13

50S ribosomal protein L11

H'-transporting ATP synthase chain gamma
30S ribosomal protein S3

similar to DNA-binding protein HU-beta
30S ribosomal subunit protein S4

50S ribosomal subunit protein L18
RNA polymerase B-subunit

30S ribosomal subunit protein S1

50S ribosomal subunit protein L13
Elongation factor Ts (EF-Ts)

tRNA (guanine-N1)-methyltransferase
Hypothetical protein

transcription termination factor Rho
Similar to aminopeptidase
H'-transporting ATP synthase beta chain
508 ribosomal subunit protein L6
weakly similar to cysteine protease

3-oxoacyl-[acyl-carrier protein] reductase

0.21
0.21
0.22
0.22
0.23
0.23
0.24
0.24
0.24
0.25
0.25
0.26
0.26
0.26
0.26
0.26
0.27
0.27
0.27
0.27
0.27

0.27
0.27
0.28
0.28
0.28
0.28
0.28

0.29
0.29

0.29
0.29
0.29
0.29
0.29
0.29
0.30
0.30
0.30
0.30
0.30
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Table 4.2. continued

Ipg2248
Ipg0722
Ipg1362
Ipg0336
Ipg0354
Ipg0339
Ipg2791
Ipg2713
Ipg2213
Ipg0331
Ipg2701
Ipg0316
Ipg0330
Ipg2358
Ipg0334
Ipg1743
Ipg2768
Ipg1723
Ipg1391
Ipg1722
Ipg2577
Ipg0959
Ipg2714
Ipg0329
Ipg0341
Ipg0338
Ipg0650
Ipg0340
Ipg1590
Ipg1421
Ipg1396

Ipg0214

Ipg1453
Ipg0343
Ipg2882
Ipg0478
Ipg0394

Ipp2202
Ipp0788
Ipp1316
Ipp1220
Ipp0401
Ipp0419
Ipp0404
Ipp2837
Ipp2769
Ipp2164
Ipp0396
Ipp2756
Ipp0381
Ipp0395
Ipp2307
Ipp0399
Ipp1707
Ipp2816
Ipp1688
Ipp1346
Ipp1687
Ipp2629
Ipp1021
Ipp2770
Ipp0394
Ipp0406
Ipp0403
Ipp0704
Ipp0964
Ipp0405
Ipp1548
Ipp1376
Ipp1351
Ipp2926
Ipp0273

Ipp1409
Ipp0408
Ipp2941
Ipp0543
Ipp0462

IspG

rplP
rpoA
rpIN
secG
infC

rplW
sspB
secE
rplD
rpsU
plV

pnp

guaB
rpmF
guaAd

thrS
rplC
rplE
rpsQ
rpmE

rplX

rpsA
acp

rpsH
metG
rpmG

Hypothetical protein

Hypothetical protein

type Il secretory pathway protein LspG
Simimlar to thiocyanate hydrolase alpha subunit
508 ribosomal protein L16

DNA-directed RNA polymerase alpha chain
508 ribosomal protein L14

Preprotein translocase SecG subunit
Translation initiation factor IF-3

Similar to hemin binding protein Hbp

508 ribosomal subunit protein L.23

similar to stringent starvation protein B
Preprotein translocase SecE subunit

50S ribosomal subunit protein L4

308 ribosomal protein S21

50S ribosomal subunit protein L22
DNA-binding protein Fis

Polynucleotide phosphorylase (PNPase)
similar to IMP dehydrogenase/GMP reductase
50S ribosomal subunit protein L32

similar to GMP synthetase (glutamine-hydrolyzing)
Hypothetical protein

Similar to extracellular solute-binding protein
Threonyl t-RNA synthetase

508 ribosomal subunit protein L3

50S ribosomal protein L5

308 ribosomal protein S17

50S ribosomal protein L31

Similar to hypothetical protein

508 ribosomal protein L24

Hypothetical protein

30S ribosomal protein S1

Acyl carrier protein (ACP)

Hypothetical protein

Predicted membrane protein- similar to conserved
hypothetical protein LrgA
Hypothetical protein

30S ribosomal protein S8
methionyl-tRNAsynthetase
50S ribosomal subunit protein L33

similar to methylated-DNA-protein-cysteine S-
methyltransferase

0.30
0.30
0.31
0.31
0.31
0.31
0.31
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.33
0.33
0.33
0.33
0.34
0.34
0.34
0.34
0.34
0.34
0.35
0.35
0.35
0.35
0.35
0.36
0.36
0.36

0.36
0.36
0.37
0.37
0.37
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Table 4.2. continued

Ipg0349
Ipg1156
Ipg1685
Ipg2985
Ipg0019
Ipg0693
Ipg1721
Ipg2986
Ipg1364
Ipg0126
Ipg2599
Ipg1124
Ipg0332
Ipg1392
Ipg0740
Ipg0137
Ipg0688

Ipg1331

Ipg1776
Ipg0925

Ipgl177
Ipg0337
Ipg1861
Ipg0540

Ipg2327
Ipg1994

Ipg1547
Ipg1478
Ipg2625
Ipg0634
Ipg2822
Ipg0005
Ipg2623
Ipg0638
Ipg3005
Ipg0749
Ipg0355

Ipp0414
Ipp1158
Ipp3056
Ipp0019
Ipp0748
Ipp1686
Ipp3057
Ipp1318
Ipp0140
Ipp2652
Ipp1125
Ipp0397
Ipp1347
Ipp0805
Ipp0152
Ipp0743

Ipp3032
Ipp1285

Ipp1740
Ipp0987

Ipp1180
Ipp0402
Ipp1829
Ipp0604

Ipp2275
Ipp1975

Ipp1504
Ipp1434
Ipp2678
Ipp0688
Ipp2875
Ipp0005
Ipp2676
Ipp0692
Ipp3077
Ipp0815
Ipp0420

ribD
rpmC
clpP

mitA

aspS

carB

typA

rpmH
hisF'1
plQ

Preprotein translocase- SecY subunit
Similar to aminopeptidase

Hypothetical protein

H'-transporting ATP synthase chain delta
Similar to zinc metalloproteinase precursor
LigA protein (Legionella Infectivity Gene A)
similar to hypothetical proteins
H'-transporting ATP synthase chain b
glutamine synthetase

Hypothetical protein

DNA topoisomerase |

Hypothetical protein

508 ribosomal subunit protein L2

Fatty acid/phospholipid synthesis protein
similar to surface antigens (17 kDa)
phosphoglycerate kinase

60 kDa chaperonin (groEL protein) (Heat shock
protein B).
major outer membrane protein

periplasmic serine protease Do; heat shock protein
HtrA
Hypothetical protein

Similar to peptidoglycan synthetase; penicillin-
binding protein 1A
Riboflavin biosynthesis protein RibD

508 ribosomal subunit protein L29
ATP-dependent Clp protease proteolytic subunit

similar to putative transport proteins (phagosomal
transporter A)
Hypothetical protein

Similar to membrane-bound lytic murein
transglycosylase
similar to conserved hypothetical protein

Aspartyl-tRN Asynthetase

carbamoyl-phosphate synthase large subunit
Hypothetical protein

Similar to GTP-binding protein TypA/BipA

similar to peptidyl arginine deiminase

Hypothetical protein

Similar to major facilitator family transporter

50S ribosomal protein L34

imidazole glycerol phosphate synthase subunit HisF

50S ribosomal protein L17

0.37
0.38
0.38
0.38
0.38
0.39
0.39
0.39
0.39
0.39
0.39
0.40
0.40
0.40
0.41
0.41
0.42

0.42
0.42

0.42
0.42

0.42
0.42
0.42
0.42

0.43
0.43

0.43
0.44
0.44
0.44
0.44
0.44
0.44
0.45
0.45
0.45
0.45
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Table 4.2. continued

Ipg0639
Ipg0317
Ipg1862
Ipg1350
Ipg0467
Ipg1476
Ipg2937
Ipg2981
Ipg2885
Ipg0275
Ipg0702
Ipg1426
Ipg2924
Ipg0903
Ipg1137
Ipg1809
Ipg1424
Ipg2052

Ipg0811
Ipg2772
Ipg0397
Ipg2989
Ipg0348
Ipg0704
Ipg0542

Ipp0693
Ipp0382
Ipp1830
Ipp1304
Ipp0532
Ipp1432
Ipp3005
Ipp3052
Ipp2944
Ipp0349
Ipp0757
Ipp1381
Ipp2991
Ipp0965
Ipp1139
Ipp1772
Ipp1379
Ipp2035

Ipp0873
Ipp2820
Ipp0465
Ipp3060
Ipp0413
Ipp0759
Ipp0606

deoB

nusG

tig

proAl

fumC
atpC

sdbA
tdh

Phosphopentomutase

transcription anti-termination protein NusG
peptidyl-prolyl cis-trans isomerase (trigger factor)
Similar to dehydrogenase

zinc metalloproteinase precursor

Similar to conserved hypothetical protein
Fumarate hydratase- class II

H'-transporting ATP synthase epsilon chain
Putative secreted protein

SdbA protein- Dot/Icm system substrate
threonine dehydrogenase

Hypothetical protein

conserved lipoprotein

Similar to protease

Hypothetical protein

Hypothetical protein

similar to polysaccharide biosynthesis protein

Similar to 3-hydroxy-3-methyl glutaryl-coenzyme
A reductase
Rod shape-determining protein MreB

Translation initiation factor IF-2

similar to 16S rRNA processing protein RimM
Similar to ATP synthase subunit I

50S ribosomal subunit protein L15

Similar to enhanced entry protein EnhA

similar to DNA-binding proteins Fis

0.45
0.45
0.45
0.45
0.45
0.46
0.46
0.46
0.46
0.46
0.47
0.48
0.48
0.48
0.48
0.48
0.48
0.48

0.48
0.48
0.49
0.49
0.49
0.49
0.50
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genes (48 genes) were hypothetical with no assigned functions, suggesting that our
knowledge of the intracellular differentiation mechanisms of L. pneumophila is still
limited. Other genes encoded Dot/Icm effectors such as RalF, which is involved in the
inhibition of phagosome maturation and trafficking (Nagai & Roy, 2003; Luo & Isberg,
2004), the enhABC genes which encode the enhanced entry proteins A, B, and C
respectively, which are involved with the initial encounters of L. pneumophila with host
cells (Cirillo et al., 2000), genes involved in utilization and accumulation of energy
sources, flagellum biosynthesis, adaptation, detoxification, and modulation of the
intracellular levels of c-di-GMP. This is the first report of the L. pneumophila
transcriptome profile inside the food vacuoles of Tetrahymena ciliates. A short list of 15
genes that showed at least 2-fold upregulation inside Tetrahymena ciliates, 4-fold
upregulation inside 4. castellanii, and no change or downregulation inside human
macrophages was generated (Table 4.4.). These genes were selected for confirmation by

qRT-PCR analysis.

4.3. Confirmation of the microarray data using qRT-PCR

The integrity and purity of RNA isolated from different L. pneumophila samples
(exponential phase forms, stationary phase forms, the progenies obtained from 4.
castellanii and U937 human macrophages, the replicative forms recovered from 4.
castellanii 8 hours after infection, and the differentiating MIFs recovered from
Tetrahymena tropicalis 30 minutes after feeding) were confirmed using agarose gel
electrophoresis. Two distinct bands representing 16S and 23S rRNA and a smear that
represents mRNA were clearly visible in each sample (Figure 4.1.). The quality of the
isolated RNA samples was also tested by measuring the absorbance at wavelengths of
260 and 280 nm followed by determination of the A,g0/Axgo ratio. Samples that had a
ratio of 1.8-2 were selected for further experiments.

The digestion of genomic DNA in the isolated RNA samples using DNase |
enzyme and the subsequent synthesis of cDNA were confirmed using PCR experiments.
The absence of PCR amplicons when DNasel-treated RNA samples were used as

templates confirms the complete digestion of genomic DNA (lanes labelled RNA). The

109



Table 4.4. A short list of genes upregulated inside Tetrahymena ciliates that were

selected for confirmation by qRT-PCR

Gene ID Description Expression level (T;/SPFs)
Ipg0910 Enhanced entry protein EnhA 2.41
Ipg0279 Hypothetical protein 2.07
Ipg0818 ATP-dependent Clp protease ATP-binding subunit 3.79
Ipg1356 Enhanced entry protein EnhC 2.99
Ipg1368 Hypothetical protein 4.12
Ipg1491 Dot/Icm effector Lem9 2.02
Ipg1540 Universal stress protein A UspA 1.85
Ipg1669 A putative alpha-amylase 3.57
Ipg1950 Dot/Icm effector RalF 2.34
Ipg2316 3-hydroxybutyrate dehydrogenase BdhA 2.16
Ipg2348 Cu-Zn Superoxide dismutase SodC 2.46
Ipg2493 Similar to small heat shock protein HspC2 241
Ipg2971 Malate dehydrogenase 2.44
Ipg1887 Hypothetical protein 3.89
Ipg2495 Similar to homospermidine synthase 2.86

*T30: 30 minutes after ingestion, SPFs: stationary phase forms.
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A SPFs  SVir- U937 B SVir—AM Svir-U937 C SVir— AM 8h

150
100

500

100

100

D SVir—Tetras 30 min E SPFs - TBOS

Figure 4.1. Isolation of RNA from L. pneumophila Lp1-Svir grown in vitro and from
the progenies produced in different hosts.

Ethidium bromide-stained agarose gels showing RNA isolated from L. pneumophila Lp1-
SVir (A) stationary phase forms (SPFs) and the progeny from U937 macrophages (SVir —
U937), respectively; (B) the progenies produced in 4. castellanii (SVir — AM) and U937
cells (SVir — U937), respectively; (C) replicative forms recovered 8 hours after infection
of A. castellanii (SVir — AM 8h); two independent samples, (D) differentiating MIFs
recovered 30 minutes after feeding into Tetrahymena tropicalis (SVir — Tetras 30 min),
(E) Stationary phase forms incubated in TBOS for 30 minutes (SPFs — TBOS). Two
bands representing 23S and 16S rRNA were visible, and the smear in each sample
represents mRNA. NEB 100-bp DNA ladder was used as a size reference in all panels.
This figure was generated by Emma-Jean Slobodesky, Jungmin Kim, and Hany

Abdelhady.
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presence of PCR amplicons when the synthesized cDNA samples were used as templates
confirms the successful synthesis of cDNA (lanes labelled cDNA) (Figure 4.2.).

Quantitative real-time PCR (qRT-PCR) analysis supported the microarray data for
the selected set of genes of L. pneumophila (Table 4.5.) that are upregulated in A.
castellanii when comparing expression profiles of L. pneumophila progeny obtained after
3 days and RFs collected after 8 hours and downregulated inside human macrophages
(Table 4.6.). The qRT-PCR analysis serves as a validation tool of the approximate gene
expression levels obtained by microarray experiments. The qRT-PCR analysis
demonstrated that the expression levels of the tested genes were upregulated in the
amoeba-produced progeny and therefore validated the early microarray results. It is
important to mention that the expression levels of the majority of the tested genes at 3
days (determined by qRT-PCR analysis) were generally higher than the expression levels
at 14 hours [determined by microarray analysis (Bruggemann et al., 2006)], supporting
the notion that the tested genes are correlated with L. pneumophila differentiation.The
gene /pg1669 which encodes a putative a-amylase had the most dramatic upregulation
(166-fold) in the final progenies obtained from amoebae. Interestingly, the protein
products of 14 genes in this list were also upregulated in the L. pneumophila progenies
obtained from amoebae (Chapter 3), which further supports the importance of these genes
in the differentiation of L. pneumophila in its natural environment and provides a strong
correlation between our gene expression and proteome analysis experiments.

The qRT-PCR analysis of the selected 15 upregulated genes inside Tetrahymena
ciliates was performed to validate the microarray global expression data. The analysis of
gene expression in the differentiating L. pneumophila MIFs recovered 30 minutes after
feeding of T. tropicalis ciliates was compared to SPFs incubated in TBOS for a similar
period of time. The gene ftsZ, which is involved in cell division, was selected as an
internal control for the qRT-PCR experiments because its expression levels were constant
throughout the feeding experiments, according to the microarray analysis (Table 4.7.).
The expression levels of the majority of the tested genes had a good correlation between
the microarray results and qRT-PCR analysis. Therefore, our qRT-PCR analysis validates
the previously published microarray data (Bruggemann et al., 2006). It is of interest to

mention that the expression of 12 out of the tested 15 genes was also upregulated at later
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Svir infecting

A amoebae, 8 hours B Svir stationary phase
SVir cDNA RNA No RT
Svir cDNA RNA NoRT 1KB — —_—
100 bp— — 1000
500 — =
400+ 750
C Svir in Tetrahymena Svir stationary
100 bp ﬂr 30 min - cDNA phase - cDNA
300
200

MIFs produced MIFs produced in

B in amoebae U937 cells
1KBSVir No RT cDNA RNA cDNA RNA
1000
750
500

Figure 4.2. Ethidium bromide-stained agarose gels to confirm cDNA synthesis from
different samples of RNA isolated from L. pneumophila Lp1-SVir.

Synthesis of cDNA was performed on RNA samples isolated from; (A) replicative forms
recovered 8 hours after infection of A. castellanii, (B) stationary phase forms, (C)
differentiating MIFs recovered 30 minutes after feeding of Tetrahymena tropicalis
ciliates, (D) progenies obtained from amoebae and macrophages. The following primer
pairs were used; [pg2884F- Ipg2884R (A), htpBF-htpBR (B), 5stDNAF-5srDNAR (C),
and htpBF- htpBR (D). Lanes labelled SVir, where the genomic DNA was used as a
template, served as (+) controls for the primer performance and PCR amplification. Lanes
labelled RNA represent DNase I-treated RNA samples that were used to confirm that
RNA samples do not carry contaminating DNA. The absence of visible bands in these
lanes confirms the complete digestion of genomic DNA. Lanes labelled no RT represent
DNase I-treated RNA samples to which random hexamers, DTT, enzyme buffer, but no
reverse transcriptase enzyme were added and serve as (-) controls for the PCR

amplification. NEB 100bp and Fermentas 1 kb DNA ladders were used as size
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references. This figure was generated by Emma-Jean Slobodesky, Jungmin Kim, and

Hany Abdelhady.

114



Table 4.5. Expression profiles of selected L. pneumophila genes during infection of

A. castellanii

This table was generated by Emma-Jean Slobodesky and Hany Abdelhady.

Gene o Level f’f Level f’f e
D Description expression expression AAC; 277
(MIFs)* (8 hours)”
Ipg0910 Enhanced entry protein A 1.54+0.42 024 +1.17 1.3 2.46
Ipg0818 ATP-dependent Clp A protease 3.88+£0.1 0.48 £0.085 34  10.56
Ipg0891 Sensory box protein/GGDEF/EAL 1.41+0.14 -1.54 £1.35 294  7.69
domains
Ipg1356 Enhanced entry protein C 3.49+0.27 -0.323 £0.12 3.82  14.09
Ipg1491 Lem9 (Dot/Icm effector) 532+0.13 1.28 £0.01 4.04 1644
Ipg0670 Hypothetical protein 2.47+0.49 -1.32+0.7 3.79 138
Ipg1669 Putative a-amylase 542 +0.51 -1.95+0.31 7.38 166
Ipg1950 RalF (Dot/Icm effector) 3.58+0.19 -0.16 + 0.54 374 134
Ipg2228 3-oxoacyl ACP synthase III 1.097 +0.83 -0.803 +0.37 19 373
Ipg2316 3-hydroxybutyrate dehydrogenase 4.46+1.29 2.84+0.42 1.62 3.1
Ipg1540 Universal stress protein A 0.34+0.3 -2.2+0.31 2.54 58
Ipg2348 Superoxide dismutase SodC 2.97+0.16 0.45+0.86 2.52 5.7
Ipg2493 Heat shock protein HspC2 8.36 £0.46 4.31+048 4.05 16.6
Ipg2955 Integration host factor HipB 3.32+0.16 0.29+0.72 3.03 &.15
Ipg2971 Malate dehydrogenase 211+1.44 0.67 £1.7995 144  2.71
Ipg1639 Hypothetical protein 0.76 £0.156 -3.66 +0.15 442 214
Ipg0279 Hypothetical protein 2.395+0.09 -2.26 £0.38 4.65 25.1
Ipg2495 Homospermidine synthase 0.86 £0.14 -2.77+0.15 3.63 12.38
Ipg1368  Hypothetical protein 526+1.13 2.79+£0.87 247 554
Ipg1887 Hypothetical protein 3.367£0.15 1.43 +£0.57 1.93  3.82

"Levels of expression were measured relative to the expression of the gene gyr4, as an internal

control.
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Table 4.6. Expression profiles of selected L. pneumophila genes during infection of

U937 human macrophages.

G N Level ?f Level of expression AAC
ene ID Description expressu:n (Ty)? AAC, 27
(MIFs)
Ipg0910  Enhanced entry protein A 5.94 +£0.56 6.93+1.74 -0.99 0.5
Ipg0818  ATP-dependent CIpA protease 7.96 +0.17 7.24+£0.7 0.72 1.64
Ipg0891  Sensory box protein/GGDEF/EAL 3.62+0.4 4.3+0.264 -0.68 0.62
domains
Ipg1356  Enhanced entry protein C 5.18+0.77 4.16 + 1.09 1.02 2.2
Ipg1491  Lem9 (Dot/Icm effector) 5.87+0.44 5.04+1.04 0.83 1.77
Ipg0670  Hypothetical protein 4.61 +£0.55 5.82+0.35 -1.21 0.43
Ipg1169  Putative a-amylase 7.09 + 1.66 7.55+1.95 -0.46 0.72
Ipg1950  RalF (Dot/Icm effector) 6.12+£0.22 5.06+£0.42 1.06 2.08
Ipg2228  3-oxoacyl ACP synthase III 3.93+1.59 3.39+1.96 0.54 1.45
Ipg2316  3-hydroxybutyrate dehydrogenase 7.69+0.17 10.47 +£2.08 -2.79 0.15
Ipg1540  Universal stress protein A 0.69 +0.18 1.06 +0.22 -0.37 0.77
Ipg2348  Superoxide dismutase SodC 416+ 1.19 4.09 +0.39 0.07 1.04
Ipg2493  Heat shock protein HspC2 10.08 £ 0.77 10.9+£2.83 -0.81 0.56
Ipg2955  Integration host factor HipB 3.4+0.67 3.13+0.78 0.27 1.2
Ipg2971  Malate dehydrogenase 5.52+£0.88 8.07+1.8 -2.55 0.17
Ipgl1639  Hypothetical protein 3.69+£0.44 54+0.72 -1.72 0.304
Ipg0279  Hypothetical protein 4.29+0.49 3.12+£0.2 1.17 2.26
Ipg2495  Homospermidine synthase (Ass) 1.17£0.3 3.09+0.68 -1.92 0.26
Ipg1368  Hypothetical protein 5.99+0.35 6.25+0.87 -0.26 0.83
Ipg1887  Hypothetical protein 542+£02 5.04+0.5 0.38 1.3

“Levels of expression were measured relative to the expression of the gene gyr4, as an internal
control. Ty: infection at zero time.
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Table 4.7. Expression profiles of selected L. pneumophila genes inside Tetrahymena
tropicalis ciliates.

This table was generated by Jungmin Kim and Hany Abdelhady.

Level of Level of
Gene ID Description expression expression AAC; 2 44€,
(T30)" (SPF)*
Ipg0910  Enhanced entry protein A, EnhA 47+13 4.17+£0.88 0.54 1.45
Ipg0818  ATP-dependent ClpA protease 3.88+0.33 348 £0.55 0.41 1.33
Ipg1356 Enhanced entry protein C, EnhC 2.98+0.34 0.46 + 0.06 2.53 5.76
Ipg1491 Lem9 (Dot/Icm effector) 0.76 + 0.38 -2.03 £0.329 2.8 6.9
Ipg1540  Universal stress protein A 034+04 0.037+£0.29 0.3 1.3
Ipg1669 Putative a-amylase 3.48 +0.68 2.434+0.96 1.05 2.1
Ipg1950 RalF (Dot/Icm effector) 1.19+£0.9 -0.38 +0.83 1.57 2.97
Ipg1368  Hypothetical protein 1.86 +£0.26 0.67+0.015 1.19 2.27
Ipg2316  3-hydroxybutyrate dehydrogenase 6.56 +0.16 54+0.77 1.16 2.23
Ipg2348  Superoxide dismutase SodC 3.17+£0.28 2.29+0.22 0.88 1.8
Ipg2493  Heat shock protein HspC2 6.46 +0.15 5.34+£0.265 1.123 22
Ipg1887 Hypothetical protein 4.16 £0.59 2.94+£0.97 1.22 2.32
Ipg2971 Malate dehydrogenase 3.65+0.73 244 +£0.51 1.21 23
Ipg2495 Homospermidine synthase 1.27+£0.42 0.94 +0.46 0.34 1.26
Ipg0279  Hypothetical protein 2.16£0.435 0.22+0.28 1.94 35

"Levels of expression were measured relative to the expression of the gene fisZ, as an internal
control. T3p: 30 minutes after ingestion, SPF: stationary phase forms.
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time points in 4. castellanii, supporting our earlier findings and suggesting that
Tetrahymena ciliates are a good model to study the changes in gene expression of L.

pneumophila during differentiation into MIFs.

4.4. Expression profiles of L. pneumophila genes involved in carbohydrate
metabolism

The expression of Ipg1669, which encodes a putative a-amylase, is dramatically
upregulated (166-fold) in the progeny obtained from A. castellanii. The expression of
Ipg2971 and the encoded malate dehydrogenase are also upregulated in the amoeba
progeny. Together, this suggests that carbohydrate metabolism could play a role in the
differentiation of L. pneumophila RFs into MIFs in amoebae. This is particularly
interesting because it has been understood for years that L. pneumophila neither ferments
nor oxidizes carbohydrates.

The expression of L. pneumophila genes involved in carbohydrate metabolism
was found to be upregulated in amoebae (Bruggemann et al., 2006). The endocyst of 4.
castellanii is mainly composed of cellulose and approximately 10% of the dry weight of
trophozoites is composed of glycogen (Dudley et al., 2009). Together, this may suggest
that L. pneumophila can exploit polysaccharides during intracellular infections of
amoebae.

To further test the possibility that carbohydrate metabolism could be important for
intracellular growth and differentiation of L. pneumophila inside amoebae, we set out to
test the expression levels of six genes that are related to carbohydrate metabolism at
different time points during the transition between replicative and transmissive forms in
the natural host (4. castellanii) and in vitro (in BYE broth) using qRT-PCR. The genes
Ipg0417, Ipg0419, and I[pg0421 were all upregulated during replication in amoebae as
determined by microarray analysis (Bruggemann et al., 2006). The genes /pg0417 and
Ipg0419 encode 6-phosphogluconolactonase and glucokinase, which are components of
the ED pathway. The gene I[pg0421 encodes an associated sugar transporter. The gene
Ipg1748 encodes inositol-1-monophosphatase. L. pneumophila genes predicted to encode

myo-inositol catabolism proteins were upregulated inside amoebae (Bruggemann et al.,
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2006). The gene /pg0136 encodes a pyruvate kinase, which is a component of the
glycolysis pathway. The gene Ilpg0948 encodes 2-oxoglutarate ferredoxin oxidoreductase.

Analysis of gene expression was perfomed in the final progeny (after 3 days) and
in RFs collected at 8 hours following infection of A. castellanii and at stationary and
exponential growth phases in BYE broth (Table 4.8.).

The expression of Ipg0417, Ipg0419, and I[pgl748 was upregulated at 8 hours in
amoebae, suggesting that these genes are important during L. pneumophila replication
inside amoebae. The expression of [pg0417, [pg0419 was also uppregulated during
exponential growth in BYE broth. However, the expression of /pg/748 increased
markedly in SPFs in vitro.

The expression of lpg0136 and Ipg(0948 was upregulated after 3 days in amoebae,
suggesting that these genes are important during L. pneumophila differentiation into
MIFs inside amoebae. While the expression of /pg(0948 was similarly upregulated in
SPFs in vitro, the expression of /pg0136 was upregulated during replication in BYE
broth.

The gene I[pg0421 which encodes a putative sugar transporter does not show
changes in its expression levels at the tested time points inside amoebae. However, it is
upregulated during growth in BYE broth (Table 4.8.).

Taken together, the changes in the expression of genes that are involved in
carbohydrate metabolism during L. pneumophila replication or differentiation inside
amoebae suggest that L. pneumophila can utilize carbohydrates as a source of energy.
The changes in gene expression in vitro (BYE broth) do not necessarily represent the
changes in gene expression in vivo (inside amoebae).

In addition, the expression of the genes [pgl669, which encodes a putative a-amylase,
and /pg2971, which encodes a malate dehydrogenase, previously shown to be
upregulated during differentiation in amoebae, are also upregulated in SPFs in vitro. The
gene [pg1669 shows a dramatic 1000-fold increase in expression and the gene /[pg2971
shows an 80-fold increase in expression in SPFs compared to EPFs. The observation that
these two genes are consistently upregulated in both environments suggests that they
could play a role in the differentiation of L. pneumophila when amino acids become

scarce.
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Table 4.8. Expression profiles of genes involved in carbohydrate metabolism during

infection of A. castellanii and during in vitro growth in BYE broth.

This table was generated by Emma-Jean Slobodesky and Hany Abdelhady.

During in vitro growth

Level of

Gene Level of 2
Description . a expression AAC; aac
ID expression (E) (SPFs)* ¢
Ipg0417  6-phosphogluconolactonase 0.68£0.23 -0.93+£0.33 1.61  3.06
Ipg0419 Glucokinase 0.78 £ 0.47 -0.93 £0.33 1.71 327
Ipg0948 2-oxoglutarate ferredoxin -0.88 £0.38 0.82+0.27 -1.7 031
oxidoreductase 3 subunit
Ipg0421 D-xylose (galactose, arabinose)-proton 0.097 £ 0.22 -1.34+ 043 144 271
symporter, similar to sugar transport
protein
Ipg1748 Inositol monophosphatase -1.18 £ 0.52 1.54 £0.56 -2.73  0.15
Ipg0136 Pyruvate kinase 1.38 £0.38 0.14+0.39 1.24 236
During replication inside Acanthamoeba castellanii
Level of Level of )
Description expression (AM expression AAC;  aAC
— 8 hours)* (SPFs)* t
Ipg0417  6-phosphogluconolactonase 0.87+0.09 -0.61 £0.26 148 2.79
Ipg0419  Glucokinase 0.57+0.34 -0.93 +£0.33 1.5 283
Ipg0948  2-oxoglutarate ferredoxin -0.88£0.51 0.83+0.27 -1.7 031
oxidoreductase 3 subunit
Ipg0421 D-xylose (galactose, arabinose)-proton -3.65+£0.56 -1.34+£ 043 2.3 0.2
symporter, similar to sugar transport
protein
Ipgl1748 Inositol monophosphatase 0.92+0.39 1.54 £0.56 -0.62  0.65
Ipg0136 Pyruvate kinase -0.6 £ 0.08 0.14+0.39 -0.74  0.599
During later growth stages in Acanthamoeba castellanii
Gene Level of Level of )
D Description expression expression (8 AAC; aac
(MIFs)* hours)® t
Ipg0417  6-phosphogluconolactonase -0.72+0.25 0.87 +0.09 -1.59  0.33
Ipg0419 Glucokinase -1.66 +0.37 0.57+0.34 -2.22  0.21
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Table 4.8. continued

Ipg0419
Ipg0948

Ipg0421

Ipgl1748
Ipg0136

Glucokinase -1.66 £0.37

2-oxoglutarate ferredoxin -0.087 £0.53
oxidoreductase 3 subunit

Tra: -D-xylose (galactose, arabinose)- -3.54+£0.32
proton symporter, similar to sugar

transport protein

Inositol monophosphatase -1.25+0.52
Pyruvate kinase 0.54+0.2

0.57+0.34
-0.88 £0.51

-3.65 £ 0.55

0.92+0.38
-0.6 + 0.08

-2.22
0.79

0.11

-2.17
1.14

0.21
1.73

1.08

0.22
2.21

“Levels of expression were measured relative to the expression of the gene gyrA, as an internal
control. E: exponential phase, PE: post-exponential phase.
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CHAPTER 5: THE GENE LPG1669, WHICH ENCODES A PUTATIVE ALPHA-
AMYLASE, IS NOT ESSENTIAL FOR THE INTRACELLULAR
DIFFERENTIATION OF LEGIONELLA PNEUMOPHILA

The gene Ipg1669 which encodes a putative a-amylase demonstrated the highest
level of upregulation inside amoebae (out of the tested list of genes presented in chapter
4). This gene is also upregulated inside Tetrahymena ciliates, massively upregulated in
SPFs in vitro, but downregulated inside human macrophages (Table 5.1.). Together, the
qRT-PCR analysis of the expression of Ipg/669 suggests that it could be associated with
the full differentiation of L. pneumophila into MIFs in freshwater protozoa. Therefore, |
set out to assess the role of [pg/669 in the intracellular growth and differentiation of L.

pneumophila.

5.1. Lpg1669 displays the D-E-D catalytic triad characteristic of a-amylases

The a-amylase family possesses no universally conserved features in primary
sequence with the exception of the catalytic D-E-D motif (Janecek & Blesak, 2011).
Despite this, several regions of well conserved residues exist, allowing for examination of
Lpgl1669 with respect to these regions. Seven regions have been identified as relatively
well conserved in the a-amylase family, including the region containing an invariant
arginine and the first catalytic aspartic acid (domain II), the region containing the
catalytic glutamic acid (domain III), and the region containing a well conserved histidine
followed by the second catalytic aspartic acid (domain V).

Protein BLAST was used to compare the small regions of conserved sequences
identified in the a-amylase from Aspergillus oryzae (Taka A; accession number:
POC1B4) against Lpg1669, as well as to perform a whole-protein sequence alignment
between the two enzymes. Comparison of the small conserved regions of Taka A to
Lpg1669 revealed that the putative a-amylase of L. pneumophila possesses regions
similar to domains I and VI of Taka A (Figure 5.1.). Additionally, whole-protein
alignment revealed some homology between Lpg1669 and Taka A at domain II, the
domain of Taka A containing the first catalytic aspartic acid of the D-E-D motif.

Alignment of both the whole proteins and the small, conserved a-amylase features using
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Table 5.1. Expression levels of amyA (Ipg1669) under different conditions

This table was generated by Emma-Jean Slobodesky, Jungmin Kim, and Hany

Abdelhady

Expression Expression AAC 9 AAC
Intracellular infections of Acanthamoeba level (MIFs)* level (8 hours)® ‘ ‘
castellanii

5.42+0.51 -1.95+£0.31 7.38 166

Expression Expression AAC 9 AAC
Intracellular infections of U937 human level (3 days)”  level (SPFs)" ! !
macrophages 7.09 + 1.66 7.55+1.95 -0.46 0.72

Expression Expression AAC 9 M€
Inside the food vacuoles of Tetrahymena level (Ts)" level (SPF)" ! !
tropicalis ciliates 348+ 0.68 243+096 1.05 2.1

Expression Expression AAC

.. level (SPF)* level (E)* AAC 270

During in vitro growth (BYE broth)

5.68+0.48 -4.42+0.16 10.1 1102.6

Levels of expression were measured relative to the expression of the gene gyrA®, or ftsZ’as an

internal control. T5y: 30 minutes after ingestion, E: exponential phase, SPF: stationary phase form,

MIF: mature infectious form.
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A

pg166 205 GVRIUAV 227 YDLAHOFN 318 F'SGNH
amyaso* 202 GLRIDTV 226 YCIGHVLD 202 FVENH
AmyA Bacs” 213 (3 AR 245 FQYQHILOQ 305 JVESH

*Aspergillus oryzoe
"Bacillus subtilis

Figure 5.1. Lpg1669 displays the D-E-D catalytic triad characteristic of a-amylases.
(A) Lpgl669 possesses a conserved catalytic D-E-D motif present in other a-amylases
from Aspergillus oryzae and Bacillus subtilus (red boxes).This motif is responsible for
the nucleophilic attack on a-1,4-glucosidic bonds in polysaccharide substrates. (B) A
predicted 3D structure of Lpgl669 was generated using the [-TASSER v2.1 program.
Pink areas correspond to an a-helix and yellow areas to a B-sheet. (C) The 3D structure of
a characterized amylase from A. oryzae is shown for comparison (adapted from Matsuura

et al., 1984). This figure was generated by Peter Robertson and Hany Abdelhady.
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protein BLAST did not yield any further homology. Because the primary sequence of a-
amylases is known to be highly variable, and would therefore resist conventional
algorithm-based sequencing to some degree, the primary sequence of Lpgl669 was
aligned to Taka A using the BioEdit program and visually screened for residues
exhibiting homology to the catalytic triad. The visual screen demonstrated the probable
location of the second catalytic aspartic acid, based primarily on the presence of a
preceding histidine (a known feature of a-amylases). The location of the catalytic
glutamic acid was already predicted by NCBI.

The regions surrounding catalytic triad in both Taka A and Lpgl1669 were then
aligned to those in a well characterized and commercially available amylase from
Bacillus subtilis, in order to further examine homology of Lpg1669 to known a-amylases.
While homology between Lpg1669 and B. subtilis a-amylase at their respective catalytic
sites was minimal, significant homology between the two confirmed a-amylases (B.
subtilis and Taka A) was also not observed, illustrating the difficulties in predicting the
catalytic triad based on primary sequence.

A well characterized and commercially available a-amylase from Bacillus subtilis
(accession number: P00691) was also aligned to the three potentially catalytic regions of
Lpgl1669 and Taka A, demonstrating that homology is partial at best, even between
confirmed amylases. To help further characterize Lpg1669, I generated a three-
dimensional model of the protein’s predicted structure using the [-TASSERvV2.1 program

(Zhang, 2008) (Figure 5.1.).

5.2. Genetic organization of the Ipg1669 locus

The gene Ipg1670 1s located 300 bp downstream of Ipg1669, but is encoded on
the opposite strand from Ipg1669. The closest gene to [pgl669 that runs in the same
direction is Ipg1668, roughly 900 bp upstream. To study the genetic organization of the
Ipg1669 locus, the Neural Network Promoter Prediction program
(http://www.fruitfly.org/seq_tools/promoter.html) was used to predict the presence of
promoter sequences in the intergenic regions between Ipg668-Ilpgl1669 and Ipg1670-
Ipgl671. The program predicted the presence of a promoter between Ilpg/668 and
Ipg1669, suggesting that they do not form an operon together. The genes /pg/670 and
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Ipgl1671 are separated by a 100 bp intergenic region. The gene Ipgl671 encodes another
putative a-amylase and could possibly be regulated through the same regulatory
machinery with /pg1669. The Neural Network Promoter Prediction program was unable
to predict a promoter sequence between Ipg/670 and Ipgl671.

To assess these predictions and evaluate the putative operon structures, RT-PCR
experiments were performed using the primer pairs 1668-1669 FWD and 1668-1669
REV (which target the intergenic region between Ipgl668 and Ipg1669) and 1670-1671
FWD and 1670-1671 REV (which target the intergenic region between Ilpgl670 and
Ipgl671) (Figure 5.2.). Generation of amplicons that span these intergenic regions would
indicate that the corresponding gene sets are transcribed as polycistronic messages.
Proper controls were also included to make sure that the absence of amplicons was a
result of the absence of operon structures, rather than poor cDNA sample quality. The
results of the RT-PCR experiments indicate that [pg/669 does not form an operon with
Ipg1668 and that Ipg1670 and Ipg1671 are found in a single operon. This indicates that

the deletion of [pg1669 is not expected to have no polar effects on downstream genes.

5.3. Construction of L. pneumophila JR32 Alpg1669 (amyA) mutant

To assess the role of [pg/669 in the intracellular differentiation of L.
pneumophila, a chromosomal deletion mutant was constructed utilizing an gene
counterselectable vector (pBRDX) strategy (Morash ef al., 2009) in which an allelic
replacement construct consisting of a kanamycin-resistance cassette flanked by the
upstream and downstream regions of the target gene was used to replace [pgl669 (Figure
5.3.).

The upstream (611 bp) and downstream (818 bp) flanking DNA sequences to
Ipg1669 were amplified by PCR, using the primer pairs amyUSF-Notl / amyUSR-BamHI
to amplify the upstream fragment and amyDSF-BamHI / amyDSR-Xhol to amplify the
downstream fragment. The amplified fragments were ligated into pBluescript (pBS),
creating pBSAamyA plasmid. Then, the kanamycin resistance determinant of plasmid
p34S-km3 (Dennis & Zylstra, 1998) was inserted into the BamHI site between the
upstream and downstream fragments, creating pBSAamyA::km. The construct was

subcloned into the Notl and Xhol sites of pPBRDX (Brassinga et al., 2006), a suicide
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Figure 5.2. Genetic organization of the Ipg1669 locus.

(A) Schematic representation (not to scale) of the [pg1669 gene locus. Arrowheads
represent the binding sites of the primers (P1-P12) used in the RT-PCR reactions. Black
arrows indicate the putative promoter regions identified using the Neural Network
Promoter Prediction program (http://www.fruitfly.org/seq tools/promoter.html). (B)
Ethidium-bromide stained agarose gels showing the RT-PCR confirmation of the
predicted organization of the intergenic regions between Ilpg/668 and Ipg1669 (i), and
between /pgl670 and Ipgl1671 (ii). Lanes labelled (-) indicate a negative control reaction
(no template) was performed. NEB 100-bp DNA ladder was used as a size reference. P1:
1668-1669 FWD, P2: 1668-1669 REV, P3: 1669QPCRF, P4: 1669QPCRR, P5:
1668QPCRF, P6: 1668QPCRR, P7: 1670-1671 FWD, P8: 1670-1671 REV, P9:
1670QPCRF, P10: 1670QPCRR, P11: 1671QPCRF, P12: 1671QPCRR. This figure was
generated by Peter Robertson and Hany Abdelhady.
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Figure 5.3. Construction of the L. pneumophila JR32AamyA mutant.

(A) Schematic representation (not to scale) of the allelic replacement approach used to
replace Ipg1669 from the genome of L. pneumophila JR32 with a Km® cassette present in
the counter selectable plasmid pPBRDXAamyA:km. (i) Area of the JR32 chromosome (not
to scale) showing the amyA (Ilpg1669) locus and its flanking genes (Ilpgl668 and
Ipg1670). Direction of the transcription of each gene is indicated by black arrowheads.
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Figure 5.3. continued

The size of Ipg1669 gene is 2226 bp. However, the portion of the gene to be replaced by
the kanamycin resistance cassette is 1379bp (i) Map of plasmid pPBRDXAamyA:km.
Primer pairs amyUSR-Notl/amyUSRBamHI - and amyDSF-BamHI/amyDS-Xhol were
used to generate the upstream and downstream flanking regions to amyA4 (lpg1669),
respectively by PCR. The large Xs indicate the areas of recombination between the JR32
chromosome and pBRDXAamyA:km. (iii) The expected outcomes following an allelic
replacement. Primers used to confirm the loss of amy4 and the insertion of Km" cassette
are indicated by small broken arrows.

(B) Genetic confirmation of the construction of pPBRDXAamyA:km plasmid. Ethidium
bromide-stained agarose gels showing; (i) the PCR amplicons generated using primers
(KmF-amyUSF-Notl) and (KmR-amyDSR-Xhol), (i1)) pPBRDXAamyA:km plasmid, and
(ii1) the pPBRDXAamyA:km plasmid after digestion with BamHI enzyme. Kanamycin
cassette was released from the plasmid and detected around 900 bp. Fermentas 1 kb DNA
ladder was used as a size reference. This figure was generated by Peter Robertson and

Hany Abdelhady.
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vector containing sacB and rdxA genes as counter-selection markers, creating
pBRDXAamyA:km (Figure 5.3. A).

Following electroporation into E. coli DH5a cells and confirmation by PCR
analysis, the plasmid pPBRDXAamyA::km was electroporated into L. pneumophila JR32.
Allelic recombinants of L. pneumophila were selected for the loss of plasmid from a
population of kanamycin resistant (Kan®) colonies, grown on BCYE supplemented with
25 png/ml kan, by replica-plating onto BCYE medium supplemented with 5% (w/v)
sucrose or 5 pg/ml chloramphenicol.

Colonies that were kanamycin-resistant (Kan®), streptomycin-resistant (Sm®),
sucrose-resistant (Suc®) and chloramphenicol-sensitive (Cm®) strains were screened by
PCR using primers that bind internal to the deleted DNA region (amy-intF and amy-
intR), primers that bind outside of the cloned upstream and downstream regions (amy-
flankF and amy-flankR) and primers that bind to the kanamycin resistance cassette (kmF
and kmR) (Figure 5.4.). Reverse transcription PCR (RT-PCR) was also used to confirm
the absence of amy4 mRNA in the AamyA mutant (Figure 5.6.).

5.4. Complementation of the L. pneumophila lpg1669 (amyA) mutant.

The promoter and the coding sequence of the amyA gene were amplified by PCR
using the primer pair amyCo-ApaF and amyCo-XbaR. The amplified fragment was then
subcloned into the Notl and Xhol sites of the expression vector pMMB207C, creating the
pMMB:amyA plasmid, where the amyA4 gene was expressed under its natural promoter
(Pamy4) (Figure 5.5.). The constructed complementing plasmid was then electroporated
into an L. pneumophila JR32 AamyA mutant. Reverse transcription PCR (RT-PCR) was
also used to confirm that the complemented strain is able to express [pgl669 (amyA)

(Figure 5.6.).

5.5. Construction of a 6xHis¢-tagged copy of Ipg1669

In order to study the putative a-amylase Lpgl669 (AmyA), I set out to construct a
Hise-tagged copy of Ipg1669. The gene Ipgl669 (amyA) together with its upstream
promoter region were amplified with the primer pair amyHisFApal and amyHisRXbal, a

primer pair that adds a 6xHis residues and Apal and Xbal restriction sites to [pgl669. The
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Figure 5.4. Genetic confirmation of the construction of the JR32 Aamy4 mutant.
Ethidium bromide-stained agarose gels showing; (i) the PCR amplicons generated using
primers (kmF — amy-flankF) and (kmR — amy-flankR), (ii) the absence of the PCR
amplicon of the internal region of amyA4 (Ipg1669) gene (using amy-intF and amy-intR
primers) in theJR32 AamyA mutant. The primers ACPF and ACPR were used as a
control, and (iii) the PCR amplicons generated using primers amyUSF-Notl and
amyUSR-BamHI using JR32 and JR32 AamyA genomic DNA as templates. The size
difference of ~ 500 bp of the amplicons confirms the construction of JR32 AamyA
mutant. Lanes labelled (-) indicate a negative control reaction (no template) was
performed. NEB 100bp and Fermentas 1 kb DNA ladders were used as size references.
This figure was generated by Peter Robertson and Hany Abdelhady.
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Figure 5.5. Construction of complement strain AamyA-pMMB:amyA.

(A) Schematic representation (not to scale) of the plasmid pMMB:amyA4. Ethidium
bromide-stained agarose gels showing the PCR amplicons generated using primers
(amyCo-ApaF — amyCo-XbaR) and the genomic DNA of JR32 and JR32AamyA-
pMMB:amyA as templates (B) and the digestion products of pMMB:amyA plasmid after
digestion with Apal and Sphl enzymes (C). Sphl enzyme was used instead of Xbal
because Xbal is sensitive to DNA methylation. Fermentas 1 kb DNA ladder was used as
a size reference. This figure was generated by Peter Robertson and Hany Abdelhady.
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Figure 5.6. The gene amyA (Ipg1669) is transcribed in JR32, JR32 AamyA-
pMMB:amyA but not transcribed in the AamyA mutant.

Ethidium bromide-stained agarose gels showing the RT-PCR analysis of the transcription
of amyA (Ipg1669) gene in JR32, AamyA mutant and AamyA-pMMB:amyA using the
amy-intF and amy-intR primers. FtsZF and FtsZR primers were used as a control. Lanes
labelled (-) indicate a negative control reaction (no template) was performed. NEB 100-

bp DNA ladder was used as a size reference.
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amplified DNA as well as the plasmid pMMB207C were digested with Xbal and Apal,
and then ligated to form the plasmid pMMB:amyA4-Hise (Figure 5.7. A). The
construction of the pMMB:amyA-Hise plasmid was confirmed by PCR experiments using
the primer pair amyHisFApal and amyHisRXbal and the internal primers amy-intF and
amy-intR (Figure 5.7. B). The ligated plasmid was then electroporated into JR32
Alpg1669 mutants to create a strain of L. pneumophila that can express 6xHis tagged
Ipg1669.

5.6. The construct pMMB:amyA-Hiss expresses Lpg1669 (AmyA) protein.

To make sure that the constructed pMMB::amyA4-His¢ plasmid was able to
express the protein Lpgl1669, we performed an immunoblotting experiment using the
whole cell lysate of the JR32 Alpgl669 mutant harbouring the pMMB::amyA-Hisg
plasmid. The whole cell lysates of the strains Alpg1669, Alpgl669 harbouring the
untagged pMMB::lpg1669 were used as negative controls. The nitrocellulose membrane
containing the separated protein bands was incubated with a monoclonal anti-Hise
antibody. The protein lysates from the Alpgl669 mutant harbouring pMMB::amyA-Hisg
developed a band, confirming that /pg/669 was successfully translated into a protein of
the predicted size (84.7 kDa). The protein lysates from the Alpg/669 mutant or Alpg1669
harbouring pMMB::Ipg1669 did not show any bands, confirming that neither of the
background proteins of L. pneumophila nor the untagged Lpgl669 cross-reacted on the
immunoblot. The purified truncated ComB-Hise protein (which lacks the signal sequence
and transmembrane domains) from Streptococcus gordonii (a gift from Lauren Davey,
Dalhousie University), used as a positive control, developed a band at its known

molecular weight of 29 kDa (Figure 5.8.).

5.7. Lpg1669 (AmyA) is an intracellular, not secreted protein

Signal P4 software (http://www.cbs.dtu.dk/services/SignalP/) was unable to detect
a secretion signal in the primary sequence of Lpgl669 (AmyA) protein, suggesting that
Lpgl669 (AmyA) is an intracellular protein that is not secreted by bacterial cells. To
assess this prediction, we performed a dot blot experiment using equivalent

concentrations of the whole cell lysate and the culture supernatant proteins of JR32
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Figure 5.7. Construction of the pMMB:amyA-Hise plasmid.

(A) Schematic representation (not to scale) of the plasmid pMMB:amyA4-Hisg. (B)

Ethidium bromide-stained agarose gels showing the PCR amplicons generated using

primers (amy-intF— amy-intR) and (amyHisFApal — amyHisRXbal) and the genomic
DNA of JR32 and the pMMB:amyA-Hise plasmid as templates. Lanes labelled (-)

indicate a negative control reaction (no template) was performed. NEB 100-bp and

Fermentas 1 kb DNA ladders were used as a size reference. This figure was generated by

Peter Robertson and Hany Abdelhady.
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Figure 5.8. AmyaA is expressed in the JR32 AamyA mutant harbouring the plasmid
pMMB:amyA(His)s.

An immunoblot performed on the whole cell lysate of JR32 AamyA (lane 2), JR32AamyA
harbouring pMMB:amyA (lane 3), JR32 AamyA harbouring pMMB:amyA-Hise(lane 4)
using a monoclonal anti-Hiss antibody. AmyA showed a band at the predicted molecular
weight (84.7 kDa), confirming that the gene /pg/669 is expressed into a protein. A
purified ComB-Hise protein from S. gordonii was used as a positive control and showed a
band at the expected size of 29kDa (lane 5). NEB protein ladder was used as a size
reference (Lane 1). This figure was generated by Peter Robertson and Hany Abdelhady.
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Alpg 1669 mutant harbouring pMMB:amyA4-Hiss. The whole cell lysate of JR32 Alpg1669
and the purified truncated ComB-Hiss protein (which lacks the signal sequence and
transmembrane domains) from Streptococcus gordonii (a gift from Lauren Davey,
Dalhousie University) were included as negative and positive controls, respectively.
Following incubation of the blot with a monoclonal anti-Hisg antibody, the dot
corresponding to the whole cell lysate developed a positive colour while the dot
corresponding to the supernatant fraction developed no colour. Positive and negative
controls showed the expected results, confirming the early prediction that Lpg1669 is not
secreted (Figure 5.9.). It should be noted that the objective of this experiment was to
assess whether Lpgl1669 (AmyA) is secreted or not. The exact subcellular localization of

Lpgl1669 (AmyA) still remains to be determined.

5.8. The JR32 Alpg1669 mutant displays no growth defects (in vitro or in vivo) or
defects in morphological differentiation.

To assess the role of Lpg1669 (AmyA) in the intracellular growth and
differentiation of L. pneumophila in vitro and in vivo, L. pneumophila strains JR32, the
Alpg1669 mutant, and the complemented Alpg/669 (pMMB:lpg1669) were allowed to
grow in BYE broth, and monolayers of A. castellanii trophozoites and U937
macrophages (Figure 5.10.).

Analysis of the growth curve in BYE broth demonstrated that the Alpg/669
mutant did not display any growth defects and was able to grow at comparable rates to
both JR32 and the 4lpg1669 (pMMB:Ipg1669) strains. Moreover, Alpg669 did not show
any intracellular growth defects in monolayers of A. castellanii or U937 macrophages.
These data suggest that despite the massive upregulation of [pg/669 in SPFs and the
amoeba-produced progeny, Lpg1669 is not important for L. pneumophila growth in vivo
or in vitro (Figure 5.10.).

Analysis of the ultrastructural features of the progeny of L. pneumophila strains
JR32, Alpg1669 mutant, and the complemented Alpg1669 (pbMMB:Ipg1669) strain
obtained from amoebae, macrophages, and Tetrahymena ciliates did not demonstrate
significant differences in the ultrastructural differentiation of the Alpg/669 mutant (using

the criteria described in materials and methods and previously demonstrated in Figure
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Figure 5.9. Lpg1669 (AmyA) is a soluble protein and not secreted into the growth
medium.

Dot-blot analysis of the culture supernatant (lane 2) and the whole cell lysate proteins
(lane 3) of JR32 AamyA harbouring the plasmid pMMB:amyA-His¢ using a monoclonal
anti-Hisg antibody. The purified ComB-Hisg protein of S. gordonii was used as a positive
control (lane 1) and the whole cell lysate of JR32 AamyA was used as a negative control

(lane 4). This figure was generated by Peter Robertson and Hany Abdelhady.
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Table 5.2. L. pneumophila JR32 AamyA does not display defects in ultrastructural
features following infection of different hosts.

Quantitative electron microscopic analysis of the distribution of the ultrastructural traits
of MIFs in the progeny of L. pneumophila JR32, the AamyA mutant and JR32 AamyA-
pMMB:amyA strain obtained from A. castellanii, U937 human macrophages and the

ciliate Tetrahymena tropicalis.

Percentage of particles that show
the ultrastructural features of MIFs

L.pneumophila
JR32

JR32AamyA-

JR32AamyA pMMB:amyA

Amoebae

. 279/412 | 67.7% | 277/398 | 69.6% | 312/490 | 63.7%
(A. castellanii)

Tetrahymena

Lo 208/305 | 68.2% 187/278 | 67.3% 189/251 | 75.3%
tropicalis ciliates

U937 human

42/81 51.6% 56/109 | 51.4% | 202/401 50.4%
macrophages
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Figure 5.10. L. pneumophila JR32 AamyA does not show in vitro or in vivo growth
defects.

Graphs of optical density or CFU versus time showing the growth of legionellae in BYE
broth (a), 4. castellanii (b), and U937 monolayers (c) infected with JR32, AamyA, and
AamyA-pMMB:amyA at the same bacteria-to-cell ratio. Graph points represent means and
error bars represent standard deviations of 3 independent experiments, each run in
triplicate. Statistical significance was calculated using 2-way ANOVA test. *** p <

0.001. This figure was generated by Peter Robertson and Hany Abdelhady.
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3.1.) compared to the other strains, suggesting that Lpg1669 does not play an important
role in the differentiation of L. pneumophila into MIFs (Table 5.2.).
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CHAPTER 6: DISCUSSION

6.1. L. pneumophila reaches different stages of development inside different host
cells

While the differences between SPFs and MIFs have been previously reported
(Garduno et al., 2002; Garduno, 2007), it is not similarly documented whether the
progeny of L. pneumophila produced in different host cells share the same characteristics.
This study is the first report to indicate that L. pneumophila reaches different
developmental stages in different hosts, and that the progeny produced in freshwater
amoebae (the natural host) and cultured human macrophages display different
characteristics that could improve our understanding for the lack of transmission of LD

among humans.

6.1.1. L. pneumophila progeny produced in amoebae and human macrophages

Data in chapter 3 have demonstrated that the L. pneumophila progeny produced in
amoebae is more morphologically differentiated, more resistant to antibiotics (but less
resistant to chlorine), and more able to adhere to and initiate infections in host cells when
compared to the progeny obtained from macrophages. These findings may provide a clue
to explain the lack of transmission of LD from person to person. When allowed to infect
amoebae trophozoites, the progeny produced in human macrophages displayed similar
levels of morphological differentiation, antibiotic resistance, and adherence to the host
cells as the progeny produced in amoebae, suggesting that the observed phenotypes were
reversible developmental traits. The fact that these traits were observed in the progeny
produced in macrophages by different strains of L. pneumophila provides more strength
to the data and rules out strain-specific phenotypes. Collectively, these findings suggest
that the intracellular environment of human macrophages does not optimally induce L.
pneumophila differentiation.

Although the progeny of L. pneumophila from cultured human macrophages was
less able to adhere to different host cells, it did not show any intracellular growth defects
inside amoebae trophozoites or human macrophages, compared to the L. pneumophila

progeny from amoebae. In fact, they were able to multiply at a similar, or even better,
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growth rate. This was also evident in the competition assay experiments where the
macrophage progeny was able to produce a higher yield per infected cell. It should be
noted that the red fluorescence of RFP usually takes a long time to develop because RFP
has to polymerize first into tetramers. This could hamper the use of RFP in live cell
imaging (Rizzo et al., 2009). However, the DsRed-Express system used in my research
has been engineered to express RFP constitutively and has been previously used in live
cell imaging experiments (Mampel et al., 2006). Previous experiments in our laboratory
that swapped the plasmids pMMB207-Km14-GFPc and pSWO001 (that account for the
green and red fluorescence, respectively) in the competing L. pneumophila populations
did not display significant effects on the experiment outcomes (unpublished data).
Together, these findings rule out the possibility that the lower infectivity of the L.
pneumophila progeny from macrophages is due to the inefficient production of red
fluorescence. However, better fluorescence alternatives may be considered for future
experiments.

The presence of filamentous forms in the progeny of L. pneumophila produced in
human macrophages has been frequently observed during my PhD project. Filamentous
L. pneumophila (FLp) forms have been found in the lung tissue from autopsies and
bronchoalveolar lavage from infected patients and are able to invade the lung epithelium
by a unique mechanism, not shared by non-filamentous L. pneumophila (Prashar et al.,
2012). FLp forms are gradually internalized into the lung epithelium through a zipper
mechanism of phagocytosis, which involves the engagement of host cell B1 integrin and
E-cadherin receptors (Prashar ef al., 2012) . FLp can also outcompete rod-shaped
legionellae in the attachment to the lung epithelium, which can play an important role in
the pathogenesis of L. pneumophila (Prashar et al., 2012).

It has been previously proposed (Garduno et al., 2002; Garduno, 2007) that the
early apoptotic demise of Legionella-infected macrophages and (or) the lack of proper
signals, may lead to an incomplete (or defective) differentiation of the L. pneumophila
progeny inside these host cells. Furthermore, after analyzing the intracellular survival and
morphological differentiation patterns of L. pneumophila mutants unable to produce
transmissive forms in vitro, it was suggested that L. pneumophila is under a strong

selective pressure to differentiate in nature, but not in the human host (Faulkner et al.,
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2008). That is, rpoS and letA mutants, which are unable to survive or grow in amoebae
and are effectively digested in 7. tropicalis (Faulkner et al., 2008), can still grow in HeLa
cells (Faulkner ef al., 2008), and mouse or human macrophages (Hales & Shuman, 1999;
Gal-Mor & Segal, 2003; Lynch et al., 2003; Abu-Zant et al., 2006; Faulkner et al., 2008).
These previous observations, together with the results presented in chapter 3, provide
sufficient experimental evidence to support the notion that L. pneumophila can not fully
complete its developmental program in cultured macrophages. Therefore, it could also be
argued that the progeny of L. pneumophila produced in macrophages during the

accidental infections of susceptible humans are not fully differentiated.

6.1.2. Free MIFs released from Tetrahymena-produced pellets and MIFs produced
in amoebae

The importance of amoebae in the life cycle of L. pneumophila and their central
role in supporting bacterial replication and development has been investigated in previous
studies. However, the investigation of legionellae-laden pellets produced by the ciliate 7.
tropicalis is a relatively new field. T. tropicalis survives in both freshwater environments
and man-made water systems, chiefly cooling towers. This is particularly important, since
many outbreaks of LD, including the recent ones, have been traced to L. pneumophila-
contaminated cooling towers (McCormick ef al., 2012). It has been previously suggested
that pellets can act as complex infectious particles to both protozoa and susceptible
humans and, therefore, may help in the transmission of LD to susceptible individuals.
Pellets are more resistant to gentamicin and are able to maintain their viability in nutrient-
limited environments for longer periods than the in vitro SPFs (Koubar ef al., 2011).
Although the different phases of pellet production inside the food vacuoles of the ciliates
have been thoroughly studied (Berk ef al., 2008), little is known about the behavior of the
free legionellae MIFs released from the pellets. It should also be noted that the interaction
between L. pneumophila and Tetrahymena ciliates and the production of legionellae-
laden pellets are two events that are exclusive to the natural environment. This may also
help explain (in addition to the findings in chapter 3) why L. preumophila MIFs

produced in the natural environment are able to transmit LD to susceptible humans.
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When compared to free MIFs from amoebae, free MIFs from mechanically-
disrupted pellets were less resistant to gentamicin, similarly resistant to ciprofloxacin,
more resistant to chlorine (L. pneumophila 2064 progenies from amoebae and disrupted
pellets were similarly resistant), and less resistant to SDS challenge. These findings were
reported using 2 different strains of L. pneumophila, to rule out strain-specific phenotypes
and support the idea that L. pneumophila progenies from different hosts may display
different characteristics. MIFs released from Tetrahymena-produced pellets were
similarly infectious to monolayers of amoebae and U937 macrophages as to the free
MIFs from amoebae. Together, these findings highlight the potential role Tetrahymena
ciliates can play in maintaining the life cycle of L. pneumophila in natural freshwater
environments and in the transmission of LD to susceptible humans. It should be noted
that in future comparisons between the mechanically-disrupted pellets and free progenies
produced in other hosts, mechanical shearing of both samples should be performed to

make the comparison more accurate.

6.2. Transcriptomic and proteomic analyses provide clues for the incomplete
differentiation inside macrophages.

The mechanisms behind the incomplete differentiation of L. pneumophila in
cultured macrophages are not completely understood. The early detachment and lysis of
macrophages after infection with L. pneumophila may determine whether or not
replicative forms can continue the developmental cycle and fully differentiate into MIFs
(Garduno et al., 2002). However, the rapid differentiation of L. pneumophila into MIFs
inside Tetrahymena ciliates suggests that the intracellular environment of human
macrophages does not support the full differentiation of L. pneumophila. Human
macrophages may be deficient in one or more signals that trigger the differentiation of L.
pneumophila. Analysis of the differences in gene expression and protein profiles of L.
pneumophila progenies produced in amoebae and cultured human macrophages
constitute an initial contribution to the understanding of some of the molecular

mechanisms behind the observed phenotypes.
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6.2.1. The current understanding of the differentiation process of L. pneumophila is
not complete.

The regulatory networks that govern the differentiation process in L. pneumophila
are not completely understood, mainly because the current understanding is largely based
on studying the differentiation process in vitro. The extent to which this reflects the
differentiation process inside the host cells is not known. For instance, the results of qRT-
PCR analysis in chapter 4 have demonstrated that the changes in L. pneumophila gene
expression in BYE broth do not necessarily agree with the corresponding changes inside
amoebae. Faucher et al. have also found significant differences in L. pneumophila grown
inside human macrophages to later stages (18 hours post-infection) and the in vitro SPFs.
This could argue that the differentiation mechanisms that occur in PE phase are not
essentially representative of what happens inside host cells (Faucher et al., 2011).

Moreover, it was also interesting that almost a third of the upregulated L.
pneumophila genes inside T. tropicalis were hypothetical with no assigned functions. The
list of L. pneumophila genes selectively upregulated inside amoebae, compared to human
macrophages also included hypothetical genes. Together, these findings strongly suggest

that our understanding of the differentiation process in L. pneumophila is still limited.

6.2.2. Gene expression analysis demonstrates that L. pneumophila upregulates
specific sets of genes in the natural environment

The genes that are upregulated late in the life cycle of L. pneumophila are
expected to promote transmission and manipulation of new host cells (Bruggemann et al.,
2006). Genes that are upregulated during the transition of RFs into MIFs could be
directly involved in or upregulated as a result of the intracellular differentiation process.
Therefore, analysis of the gene expression during RFs-to-MIFs transition inside A.
castellanii can help us understand the differentiation process in the natural host.
The changes in the transcriptome of L. pneumophila during infections of amoebae
(Bruggemann et al., 2006) and human macrophages (Faucher et al., 2011) have been
reported using microarray analysis; however, no direct comparison of the L. pneumophila
transcription profiles has been reported to date. Quantitative real-time PCR (qQRT-PCR), a

more sensitive tool to determine gene expression levels, was used in this study to confirm
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prior microarray data (Morey et al., 2006). The findings of the qRT-PCR experiments
demonstrated that L. pneumophila upregulates specific sets of genes inside amoebae,
relative to human macrophages. These genes are expected to be correlated with the full
differentiation of L. pneumophila into MIFs in the natural environment, and therefore,
with the transmission of LD to susceptible humans.

Perturbations in fatty acid biosynthesis can affect the intracellular levels of ppGpp
(through their effect on SpoT) and trigger the differentiation of L. pneumophila into MIFs
(Dalebroux et al., 2009; Dalebroux et al., 2010). The SpoT response to perturbations in
fatty acid biosynthesis requires an interaction with acyl carrier protein (ACP) (Dalebroux
et al., 2009; Dalebroux et al., 2010). The findings that [pg2228, which encodes for 3-
oxoacyl ACP synthase III (Chapter 4) is selectively upregulated inside amoebae
(downregulated in human macrophages) supports the notion that the differentiation of L.
pneumophila inside human macrophages in incomplete. Moreover, microarray and qRT-
PCR transcriptional analyses have shown that bdhA, which encodes a B-hydroxybutyrate
dehydrogenase (BdhA) enzyme, is selectively upregulated inside amoebae and
Tetrahymena ciliates, suggesting that bdhA is correlated with the differentiation of L.
pneumophila. BdhA enzyme is responsible for the synthesis of poly B-hydroxy butyrate
(PHB) inclusions, which serve as an energy source to help the survival of L. preumophila
in the nutrient-limited extracellular environments (James et al., 1999). bdhA is co-
transcribed with patD, which encodes a phospholipase A enzyme. L. pneumophila bdhA-
patD mutants dispaly severe intracellular growth defects inside amoebae and human
macrophages, suggesting that the bdhA-patD operon is important for L. pneumophila
virulence (Aurass et al., 2009). Unpublished data from our lab suggest that BdhA is
important in the extended survival of L. pneumophila in water in a viable-but-non-
culturable (VBNC) state. L. pneumophila bdhA mutants lose their viability following
extended incubation in water much sooner compared to wild-type bacteria (Badii Al-
Banna and Rafael Gardufio, personal communication).

Polyamines are small flexible organic polycationic compounds that are important
for normal growth of both prokaryotic and eukaryotic cells (Cohen, 1998) and for the
bacterial ability to survive in acidic environments with limited nutrients (Jung ef al.,

2003). The gene hss (Ipg2495), which encodes the enzyme homospermidine synthase,
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(important for the synthesis of the polyamine homospermidine) was upregulated in both
amoebae and Tetrahymena ciliates, but not inside human macrophages. Polyamines are
required for the optimal growth of L. pneumophila inside host cells (Nasrallah ef al.,
2011). They are important for the ability of L. pneumophila to form biofilms (Mampel et
al., 2006) and persist in low pH environments (Sheehan et al., 2005). The induction of
polyamine synthesis is therefore likely to enhance the pathogenesis of L. pneumophila.
The importance of the enhanced entry proteins EnhA and EnhC in the early interactions
of L. pneumophila with host cells has been previously established (Cirillo et al., 1994;
Cirillo et al., 2000). The finding that the expression of enhA and enhC are selectively
upregulated inside amoebae compared to human macrophages certainly contributes
towards explaining their low adherence and efficiency of the progeny produced in human
macrophages to initiate infections of host cells.

The clpA gene encodes the ATP-binding subunit of the ATP-dependent Clp
proteolytic complex. Since proteolysis of the misfolded proteins is critical, L.
pneumophila requires the Clp protease system for intracellular growth. In addition, the
Clp proteolytic complex also influences the expression of virulence traits such as
cytotoxicity against amoebae (Li ef al., 2010), suggesting that the Clp protease system
plays a role in the virulence of L. pneumophila.

The selective upregulation of uspA and AspC2, which encode two stress proteins
(UspA and HspC2, respectively) inside amoebae, but not inside human macrophages,
supports the concept that L. pneumophila is not under strong selective pressure to
differentiate inside macrophages. Perhaps macrophages in culture do not create
intracellular conditions that are stressful enough to force L. pneumophila to differentiate
into environmentally fit MIFs. This could imply that some forms of intracellular stress
may act as a signal for the full differentiation of L. pneumophila into MIFs.

The gene sodC encodes the periplasmic protein zinc-copper superoxide dismutase
(ZnCuSOD), which decomposes superoxide radicals (Steinman & Ely, 1990; Stabel et
al., 1994). ZnCuSOD displays a higher activity during the transition of L. pneumophila
into SPFs, suggesting that ZnCuSOD is important for survival of L. pneumophila at
stationary phase (St John & Steinman, 1996). Although ZnCuSOD could possibly

decompose the superoxide radicals generated during phagocytosis, sodC mutants are not
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defective in the intracellular growth inside human macrophages (St John & Steinman,
1996). Harada et al. have shown that the infection of macrophages with L. pneumophila
prevents the formation of reactive oxygen species (ROS) (Harada et al., 2007), which
may explain why genes involved in oxidative stress e.g. sodC are not induced during
intracellular growth. The qRT-PCR analysis has also confirmed that ZnCuSOD is not
upregulated inside human macrophages. The importance of ZnCuSOD in growth inside
amoebae remains to be studied.

The expression of Ipg1669, which encodes a putative a-amylase, is quite
significant. The expression of [pg/669 had the most dramatic upregulation (out of the
tested genes) inside amoebae. In addition, it was also upregulated inside Tetrahymena
ciliates, and BYE broth, but downregulated inside human macrophages. The expression
of Ipg2352, which encodes a malate dehydrogenase enzyme, was also upregulated inside
amoebae, in SPFs, and in ciliates and downregulated inside human macrophages.
Together, these findings may suggest that carbohydrate metabolism plays a role in the
differentiation of L. pneumophila into MIFs in the natural environment, when amino acid
levels become limited.

Analysis of the expression of genes involved in carbohydrate metabolism by qRT-
PCR has confirmed the early observations of the microarray analysis that genes coding
for the components of the ED pathway (for instance, 6-phosphogluconolactonase,
glucokinase, and the sugar transporter) and inositol-1-monophosphatase are upregulated
during L. pneumophila replication inside amoebae (Bruggemann et al., 2006).

The freshwater amoeba A. castellanii contains various sugar moieties such as high
levels of galactose and glucose and small amounts of mannose and xylose (Dudley ef al.,
2009). Starvation of Tetrahymena ciliates (for example, by incubation in TBOS) results
in the loss of cellular proteins and utilization of glycogen as an energy source (Levy &
Elliott, 1968). The availability of carbohydrates inside these host cells further supports
the notion that carbohydrates can be a potential source of energy when amino acid levels
become limited and that carbohydrate metabolism could play a role in the replication and

differentiation of L. pneumophila inside amoebae.
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6.2.3. Tetrahymena ciliates are a good model to study the differentiation process in
L. pneumophila

Tetrahymena ciliates have been previously proposed as a differentiation model to
identify the signals that trigger the development of MIFs and study the genes that are
actively transcribed during L. pneumophila differentiation (Faulkner et al., 2008) because
the differentiation process into MIFs inside the ciliates is direct and rapid. Since the
morphological features of MIFs could be observed as early as 30 minutes following
feeding of the ciliates with SPFs legionellae (Faulkner et al., 2008), global changes in the
gene expression of L. pneumophila were studied at the same time (by microarray
analysis) to identify the genes that may be activated early during the differentiation
process. Analysis of the changes in gene expression of L. pneumophila from SPFs to
MIFs in Tetrahymena ciliates could identify potential markers that are specific for MIF
formation.

The qRT-PCR analysis of the selected 15 genes during feeding of Tetrahymena
ciliates showed a very good correlation with the results of microarray analysis. In
addition, 12 of the 15 genes were also upregulated inside the natural amoebic host (but
not inside human macrophages), suggesting that the differentiation process of L.
pneumophila in both amoebae and ciliates involves expression of a similar set of genes.
These findings support that Tetrahymena ciliates are a valid model to study the
differentiation of L. pneumophila into MIFs and may also provide insights into the
incomplete differentiation of L. pneumophila inside human macrophages.

However, it could still be argued that the changes in the gene expression of L.
pneumophila inside Tetrahymena ciliates (where L. pneumophila changes from SPFs to
MIFs) are only a subset of the changes L. pneumophila undergoes inside amoebae (where
L. pneumophila changes from RFs to MIFs). Therefore the gene expression analysis
inside Tetrahymena may not be a true representative of the changes in gene expression of
L. pneumophila inside amoebae. In addition, the release of legionellae-laden pellets into
the infection medium or freshwater environments may trigger further changes in L.

pneumophila gene expression.
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6.2.4. Protein analysis supports the results of transcriptome analysis

Analysis of the protein profiles of the L. pneumophila progeny obtained from
amoebae and human macrophages using one-dimensional protein gel has identified 18
proteins that were not present in the proteome of L. pneumophila progeny produced in
cultured human macrophages, suggesting that the identified proteins are potential targets
for future studies of legionellae differentiation and fitness (chapter 3).

The results of the protein analysis have also supported the findings of the
transcriptome analysis (chapter 4). The genes that encode 14 of the identified 18 proteins
had also high expression levels during L. pneumophila infections of amoebae.

For instance, 3-oxoacyl ACP synthase and BdhA proteins that are involved in lipid
metabolism are upregulated in the L. pneumophila progeny in amoebae. 2-D protein gel
analysis has previously shown that BdhA is also upregulated in SPFs in vitro (Hayashi et
al., 2010). Together, these findings could explain the low proportion of progenies from
macrophages that display large inclusions, or a thickened membranous envelope.

The enhanced entry proteins EnhA and EnhC were also upregulated in the L.
pneumophila progeny from amoebae, supporting the earlier transcriptome findings and
providing a reasonable explanation for the low adherence and efficiency of the L.
pneumophila progeny from macrophages to initiate cell infections.

The two stress proteins UspA and HspC2 were also upregulated in the L.
pneumophila progeny from amoebae, supporting the earlier transcriptome data and
supporting the concept that L. pneumophila is not under strong selective pressure to
differentiate inside macrophages.

In addition, hypothetical proteins were also identified supporting the concept that
our understanding of the differentiation of L. pneumophila is limited.

Protein analysis of L. pneumophila has revealed that proteins associated with
glycolysis (pyruvate kinase, malate dehydrogenase) and the TCA cycle (2-oxoglutarate
ferredoxin oxidoreductase) are upregulated at the stationary phase in vitro (Hayashi et al.,
2010). Earlier protein analysis (Chapter 3) has also demonstrated that malate
dehydrogenase is upregulated in the L. pneumophila progeny produced in amoebae.
Together, these findings suggest that L. pneumophila may be able to utilize carbohydrates

as an energy source, when amino acid levels become limited.
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A more refined proteomic analysis (perhaps involving 2-D protein gels, or
comparative shotgun mass spectrometry) could be required to substantiate the initial
observations of my PhD project. In addition, it should be noted that my protein analysis
did not include secreted L. pneumophila proteins, because the progenies used to generate
the whole cell lysate samples had been extensively washed off the culture supernatants

during the purification process.

6.3. Carbon metabolism of intracellular bacteria

Our knowledge about the metabolism of bacteria in their natural habitats is very
limited, mainly because our understanding of the microbial physiology is largely based
on in vitro studies which may not represent the actual events that happen to the bacterium
in its intracellular niche. For instance, very little is known about the metabolism of E. coli
in its natural habitat, the human intestine. Interestingly, E. coli displays different patterns
of carbohydrate metabolism in different environments. When E. coli is grown in vitro,
glucose is primarily metabolized through the glycolytic and the pentose phosphate
pathways with no role for the ED pathway (Fuhrer et al., 2005). In contrast, E. coli grown
on mucus upregulates the enzymes involved in the ED pathway (Chang et al., 2004),
which are essential for colonization of the mouse intestine (Sweeney et al., 1996; Chang
et al.,2004).

Induction of amino acid transport genes was also observed during intracellular
growth of Yersinia pestis, Salmonella typhimurium, Salmonella typhi, Shigella flexneri,
and Bacillus anthracis (Eriksson et al., 2003; Lucchini et al., 2005; Faucher et al., 2006;
Bergman et al., 2007; Fukuto et al., 2010). Moreover, many amino acid transporters were
identified as essential for intracellular growth of L. monocytogenes (Schauer et al., 2010).

The ED pathway is the major pathway for carbohydrate metabolism in L.
pneumophila (Harada et al., 2010). The ED pathway is also important for the survival of
Salmonella enterica inside macrophages. Microarray analysis of S. #yphimurium inside
cultured macrophages has shown that the ED pathway is the dominant mode of sugar
metabolism and that the majority of genes encoding components of the TCA cycle are
downregulated (Eriksson et al., 2003; Lucchini et al., 2005; Faucher et al., 2006;

Bergman et al., 2007; Fukuto et al., 2010). Although glucose is the main carbon source
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inside the Sal/monella-containing vacuole (SCV) (Bowden et al., 2009), Salmonella
mutants defective in glucose uptake can still replicate in Caco-2 cells at a slower rate,
suggesting that Salmonella can switch to other carbon sources in the absence of glucose
(Garcia-del Portillo et al., 2008). Other studies have suggested that catabolism of fatty
acids seems to play a role in Salmonella metabolism in vivo. Salmonella mutants unable
to metabolize fatty acids display attenuated virulence in mice (Krivan et al., 1992; Utley
et al., 1998).

Genes involved in the catabolism of glycerol are induced during growth of L.
pneumophila inside human macrophages, suggesting that glycerol could be used as a
carbon source (Faucher ef al., 2011). Glycerol could be the major carbon source for
Listeria monocytogenes (Eylert et al., 2008) and Shigella flexneri (Lucchini et al., 2005)
inside murine cultured macrophages. L. monocytogenes genes involved in the facilitated
uptake (g/pF) and catabolism (glycerol kinase (g/pK), glycerol-3-phosphate (glycerol-3P)
dehydrogenase (glpD) and dihydroxyacetone kinase subunit K (dhaK)) of glycerol are
significantly upregulated during growth of this pathogen in the cytoplasm of epithelial or
macrophage cell lines (Chatterjee ef al., 2006; Joseph et al., 2006). Moreover, L.
monocytogenes mutants lacking glpD, gipF, glpK, and dhaK display defects in their
intracellular growth rates (Joseph et al., 2006; Joseph et al., 2008).

Although the hexose-phosphate transporter Hpt is required for normal replication
and virulence in cultured mammalian cells and in mice (Goetz ef al., 2001; Chico-Calero
et al., 2002), L. monocytogenes mutants impaired in glucose uptake replicate as
efficiently as the wild-type strains in the cytosol of J774 macrophages and Caco-2
epithelial cells (Stoll & Goebel, 2010), suggesting that glucose does not serve as a major
substrate for carbon metabolism of intracellular L. monocytogenes.

Although differential gene expression studies of S. flexneri and "*C-isotopologue
profiling studies of an EIEC strain confirm a carbon metabolism using Cs substrates
(Gotz et al., 2010), *C-isotopologue profiling studies of another EIEC strain suggests
that glucose is the primary carbon source during intracellular growth (Gotz et al., 2010),
suggesting that EIEC (and possibly S. flexneri) exhibit strain-dependent preferences.

The genes required for glycerol-3-P uptake and metabolism (ugp and glpD) are also

upregulated during growth of M. tuberculosis inside primary mouse macrophages
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(Schnappinger et al., 2003). In addition, differential gene expression data of M.
tuberculosis growing in primary mouse macrophages have shown that all of the genes
characteristic for a C,-based metabolism are significantly upregulated with genes
required for gluconeogenesis showing a modest upregulation (Schnappinger et al., 2003).
Together, these data suggest that fatty acids and possibly glycerol or glycerol-3-P are the
preferred carbon sources for M. tuberculosis in bone marrow-derived macrophages.
Indeed, the dependency on fatty acids in acute and persistent M. tuberculosis infections in
mice is a hallmark of its in vivo carbon metabolism (McKinney et al., 2000; Munoz-Elias
& McKinney, 2005; Munoz-Elias et al., 2006).

In conclusion, metabolic studies of intracellular bacteria have shown that
intracellular pathogens are capable of adapting to the host cell environments in a
pathogen-specific way. This adaptation process seems to be controlled mainly by the
pathogen’s metabolic capacities. It could also be possible that intracellular bacteria
influence the metabolism of host cells to fulfill their metabolic requirements. Studies
have also shown that metabolism of intracellular bacteria seems to be flexible and that
carbon metabolism is not restricted to a single preferred carbon substrate but may switch

to alternative sources when the primary source becomes unavailable.

6.4. Lpg1669 (AmyA) protein is not essential for L. pneumophila growth and
differentiation inside amoebae

Previous studies have shown that L. pneumophila genes involved in carbohydrate
metabolism are upregulated during intracellular growth and could allow the bacterium to
scavenge host carbohydrates (Bruggemann et al., 2006). The gene Ipgl669 could be one
such gene. As a putative a-amylase, it could provide a means for L. pneumophila to
exploit carbohydrate resources from the amoebic hosts during replication. The QqRT-PCR
experiments have demonstrated that the expression of [pg/669 is upregulated inside
amoebae, Tetrahymena ciliates, BYE broth and downregulated in human macrophages,
suggesting that [pg1669 could be associated with L. pneumophila differentiation.
Previous studies have shown that [pg/669 is upregulated at the stationary phase, inside
amoebae (Bruggemann et al., 2006) and following the treatment of L. pneumophila with

nicotinic acid to induce its virulence traits (Edwards et al., 2013). The expression of
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Ipg1669 was upregulated 20-fold over a 6-hour period inside amoebae (Bruggemann et
al., 2006) and was dramatically upregulated (166-fold) in the amoeba progeny (composed
mainly of MIFs) compared to RFs. The expression of [pg/669 is repressed in the
LetS™"™ mutant, suggesting that it could be regulated either directly or indirectly by the
LetAS-RsmYZ-CsrA system (Edwards et al., 2010).

Lpg1669 displays the D-E-D catalytic triad characteristic of a-amylases and
sequence features of the a-amylase family. While being a powerful tool, sequence
homology is at best an approximation (Devos & Valencia, 2000). Although the D-E-D
catalytic triad is the only universally conserved sequence in the a-amylase family, seven
regions of primary sequence are also predicted to be well conserved among the a-amylase
family (Janecek & Blesak, 2011). Comparing the primary sequence of the well-
characterized a-amylase from Aspergillus oryzae (Taka A) to Lpgl1669 reveals significant
homology in three of these regions, including the region containing the first catalytic
aspartic acid residue. The region containing the catalytic glutamic acid residue in
Lpgl1669 was not homologous to the corresponding regions in the a-amylases of 4.
oryzae or B. subtilis. Tertiary structural features are also important in identifying a-
amylases. The presence of a TIM-barrel in conjunction with the D-E-D motif strongly
implies an a-amylase activity (Janecek & Blesak, 2011). However, the presence of the
TIM-barrel in Lpgl1669 was not supported by the TIM-finder program
(http://202.112.170.199/TIM-Finder/).

Expression of a Hisg-tagged copy of Lpgl1669 (AmyA) has demonstrated that
AmyA is an intracellular protein and is not secreted outside the bacterial cell. E. coli
possesses both cytoplasmic (AmyA) (Raha et al., 1992) and periplasmic (MalS) a-
amylase proteins. The two proteins act on maltodextrins after they enter the periplasm via
the outer membrane porin LamB (Freundlieb et al., 1988). In the periplasm,
maltodextrins are either cleaved by the periplasmic amylase, MalS, or are transported to
the cytoplasm via a transport complex (Schneider et al., 1992) where they are further
processed. The exact subcellular location of Lpgl669 and the role it plays in the
carbohydrate metabolism of L. pneumophila still remain to be determined.

Electron microscopy analysis has revealed that the progeny of the Ilpg/669

(amyA) mutant obtained from amoebae, macrophages, and ciliates displays no

156



ultrastructural differentiation defects, compared to its parent strain. Intracellular growth
experiments have also revealed that the /pg1669 (amyA) mutant did not display
intracellular growth defects inside amoebae and human macrophages. These findings
clearly suggest that the absence of Lpg1669 does not affect the intracellular growth or
differentiation of L. pneumophila. It could be due to the fact that L. pneumophila
possesses two other putative a-amylases encoded by [pgl/671 and [pg2528 and a
glucoamylase encoded by gamA4 (Herrmann et al., 2011) which could compensate for the
loss of Ipg1669. Moreover, previous studies have shown that deletion of L. pneumophila
genes associated with carbohydrate metabolism do not usually result in significant
growth defects, and L. pneumophila mutants deficient in the entire ED pathway
components had growth defects inside amoeba, macrophages, and alveolar epithelium
(Harada et al., 2010). While the expression levels of [pgl671 and [pg2528 are
upregulated at stationary phase and following nicotinic acid treatment, their expression

levels were not repressed in the LetS™'™

mutant, suggesting that the expression of
Ipg1669 is regulated by different machinery than the other putative a-amylases (Edwards
etal.,2010).

While Ipg1669, Ipg 2352, and other genes associated with carbohydrate
metabolism do not affect differentiation, their massive upregulation at later points inside
amoebae could allow their use as genetic markers for the L. pneumophila differentiation
into MIFs.

Previous studies have also reported that °C derived from labelled glucose is
found in various amino acids and in poly-3-hydroxybutyrate (PHB) (Eylert et al., 2010).
A recent study in our lab (unpublished data) has demonstrated the importance of bdhA,
the gene that is responsible for the synthesis of PHB, in the extended survival of L.
pneumophila in water. Indeed, PHB inclusions are gradually degraded during the
prolonged survival of L. pneumophila in water. This could suggest that carbohydrate

metabolism may be important for survival of L. pneumophila in the environment rather

than intracellular growth inside the host cells.
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6.5. Conclusions and Future Directions

The findings of my PhD project have demonstrated that L. pneumophila reaches
different development endpoints inside amoebae, ciliates, and cultured human
macrophages. The reported differences between the L. pneumophila progeny from the
natural environment and the progeny from human macrophages could provide initial
insights into understanding the lack of LD transmission among humans. I have performed
a one-dimensional protein analysis to study the differences in the protein profiles of the
L. pneumophila progeny from amoebae and human macrophages (Table 3.6.). More
refined proteome analysis (two-dimensional protein gels or shotgun proteomics) could
substantiate my early findings and identify more proteins that could be targets for future
studies to understand the molecular mechanisms behind the differentiation of L.
prneumophila in its natural environment.

This study has also identified, through analysis of the microarray data for gene
expression of L. pneumophila in amoebae and human macrophages, a list of L.
pneumophila genes that are upregulated in amoebae and downregulated in human
macrophages (Appendix I). A short list of 20 genes (Table 4.3.) was selected for
confirmation by qRT-PCR analysis. The remainder of the genes in Appendix I are also
potential targets for future studies.

This study has also identified a list of L. pneumophila genes that are upregulated
inside human macrophages, but downregulated inside amoebae (Appendix II). These
genes represent targets for future studies that focus on understanding the specific
virulence mechanisms L. pneumophila employs to infect susceptible humans.

This study has demonstrated that Tetrahymena ciliates are a good model to study
the differentiation of L. pneumophila. A good correlation has been observed between the
upregulated L. pneumophila genes in both amoebae and ciliates, suggesting that L.
pneumophila upregulates certain sets of genes required for its full differentiation in
freshwater protozoa. Although a short list of 15 L. pneumophila genes was selected for
confirmation by qRT-PCR analysis, the expression of other L. pneumophila genes (Table
4.4.) could also be tested in future studies. Moreover, analysis of the proteome of the L.
pneumophila progeny from amoebae and from ciliates could also be tested to understand

the similarities and differences in their protein profiles.

158



This study has investigated the role of the gene /pg1669 (amyA) which encodes a
putative a-amylase in the intracellular growth and differentiation of L. pneumophila. The
remainder of the genes, other than [pg/669, (Table 4.5.) are also potential targets for
future studies. These genes have demonstrated a high level of expression inside amoebae
and a low level of expression inside human macrophages, suggesting that they could be
associated with the full differentiation of L. pneumophila in its natural environment.

Despite the high levels of gene expression, AmyA (Lpgl669) does not seem to
play an important role in the differentiation of L. pneumophila. This is not completely
unexpected given that other studies have shown that although L. pneumophila genes
involved in carbohydrate metabolism are upregulated inside amoebae to allow the
bacterium to metabolize the host carbohydrates, carbohydrate metabolism seems not
essential for the intracellular growth of L. pneumophila. That is, L. pneumophila mutants
deficient in carbohydrate metabolism do not generally tend to display growth defects in
vitro or in vivo. Therefore, the role of carbohydrate metabolism in the differentiation of L.
pneumophila is still not understood. Construction of an L. pneumophila strain that is
defective in the 3 genes that encode putative a-amylase enzymes and gamA that encodes
a glucoamylase and investigation of the ability of this strain to grow and differentiate
inside host cells could be considered in future studies. Transcriptome and proteome
studies have indicated that the gene /pg2971 which encodes a malate dehydrogenase
enzyme can be a target for future studies. These future studies could help us gain a better
understanding of the differentiation process in L. pneumophila and subsequently gain a

better understanding of the transmission of LD.
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APPENDICES

Appendix I. A List of L. pneumophila genes that are selectively upregulated (= 2-fold

increase) in amoebae MIFs (in relation to replicative forms in amoebae) but down-

regulated (< 1-fold change) or unchanged (< 2-fold increase) in the progeny from

human macrophages (in relation to stationary phase forms grown in vitro)

. Human THP-1
Gene N A. castellanii b
Gene ID name Description (T1/Ts) macrophages
WS (T415/Ty)
Ipg1340 flic Flagellin 83.29 0.57
Ipg1093 pacL Cation efflux transporter (calcium transporting 47.64 1.84
ATPase) (cation transporting ATPase)
Ipg2957 - Stomatin-like transmembrane protein 29.86 0.64
Ipg1160 - Hypothetical protein 29.65 0.88
Ipg2334 - Hypothetical protein 29.45 1.60
Ipg0499 - Similar to carboxy-terminal protease 23.26 1.74
Ipg0672 - Similar to acetoacetate decarboxylase (ADC) 22.01 1.82
Ipg0671 ndh NADH-dehydrogenase transmembrane protein 21.41 0.94
Ipg0910 enhA Enhanced entry protein EnhA 20.25 0.99
Ipg2222 IpnE TPR repeat protein, protein-protein interaction 19.84 1.14
Ipg2803 - Hypothetical protein 19.56 1.49
Ipg2268 - Hypothetical protein 18.00 1.61
Ipg1336 enhA Enhanced entry protein EnhA 17.88 1.62
Ipg1669 - alpha-amylase, putative 17.88 0.87
Ipg1889 - Similar to Lipase (triacyglycerol lipase) 16.45 1.68
Ipg2257 - Hypothetical protein 16.45 0.90
Ipg1491 lem9 Lem9 (Dot/Icm system substrate) 15.78 1.78
Ipg2157 SdeA SdeA, IMH1; Encodes a protein implicated in protein 14.83 0.84
transport; induced under stress conditions.
Ipg0245 - NAD-glutamate dehydrogenase 14.62 1.72
Ipg1206 - Predicted sigma 54 modulation protein YhbH 14.62 0.94
Ipg0009 hfgq Host factor-I protein for bacteriophage Q beta 14.52 1.54
replication (RNA binding regulator)
Ipg1639 - Hypothetical protein 13.74 1.56
Ipg2482 - SdbC (putative Dot/Icm substrate) 13.64 1.45
Ipg0244 - Pyridine nucleotide-disulfide oxidoreductase, FAD- 13.55 0.78
dependent disulfide oxidoreductase
Ipg0967 - Hypothetical protein 13.55 1.13
Ipg1039 - Hypothetical protein 13.55 0.97
Ipg1636 - Similar to Acetyltransferase, GNAT family 13.09 1.72
Ipg0037 artJ Arginine 3rd transport system periplasmic binding 13.00 1.44
protein
Ipg0195 ravE Dot/Icm system substrate 12.82 1.19
Ipgl915 PIlE Tfp pilus assembly protein, major type IV pilin class A 12.73 0.77
Ipg2149 - Hypothetical protein 12.73 0.99
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Ipg2393
Ipg1338
Ipg2971
Ipgl091
Ipg0901
Ipgl1356
Ipg2187
Ipgl135
Ipg1993
Ipg0632
Ipg1887
Ipg0891
Ipg2395
Ipg2831
Ipg0415
Ipg2813
Ipg1220
Ipg0878
Ipg2258
Ipgl782
Ipg0383
Ipg0669
Ipg2028
Ipg2537
Ipgl454
Ipg2520
Ipg1490

Ipg0279
Ipg0631
Ipg2153
Ipg0670
Ipg2955
Ipg2761
Ipg2316
Ipg2311
Ipg2849
Ipg0906

Ipgl117
Ipgli45
Ipg0074
Ipgl522
Ipg2641
Ipg2907

Similar to bacterioferritin (cytochrome b1)

FliD: Flagellar hook associated protein 2

Malate dehydrogenase (NAD-linked)

Hypothetical protein

Hypothetical protein

Enhanced entry protein EnhC

Hypothetical protein

Similar to bacterial regulatory proteins, TetR family
Similar to polysaccharide deacetylase

Similar to type IV pre-pilin (type IV fimbrial pilin)
Hypothetical protein

Putative sensory box protein/GGDEF/EAL domains
Hypothetical protein

VipD (Dot/Icm system substrate)

Hypothetical protein

Hypothetical protein

flagellar basal body rod protein FlgF

Hypothetical protein

Hypothetical protein

Flagellar biosynthesis sigma factor FliA

OREF, very weak IcmL homolog

Hypothetical exported protein

Uroporphyrinogen decarboxylase

Similar to 5-carboxy vanillate decarboxylase
Multidrug efflux protein (MFS transporter)
Hypothetical protein

Adenylate cyclase PLUS two component hybrid sensor
and regulator
Hypothetical protein

Type IV fimbrial biogenesis protein PilV
SdeC protein (substrate of the Dot/Icm system)
Hypothetical protein

Integration host factor beta subunit
Hypothetical protein

3-hydroxybutyrate dehydrogenase

interaptin

Hypothetical (TPR repeat)

Flagellar biosynthesis/type III secretory pathway
chaperone
Putative uncharacterized protein paiA

Hypothetical protein

Glutamate synthase

(type 1V) pilus assembly protein PilB
enhanced entry protein EnhA
Hypothetical protein

12.38
12.13
12.13
11.91
11.63
11.63
11.63
11.55
11.16
11.08
11.00
10.93
10.85
10.70
10.56
10.56
10.34
10.27
10.27
10.20
9.99

9.99

9.99

9.85

9.78

9.78

9.71

9.45
9.45
9.38
8.94
8.94
8.88
8.82
8.75
8.75
8.63

8.63
8.51
8.40
8.40
8.34
8.00

1.46
1.37
0.60
1.96
1.07
0.77
1.05
1.26
1.76
0.65
0.91
0.82
1.16
1.35
1.69
0.83
1.28
1.85
1.97
0.91
1.61
1.18
0.69
1.44
1.54
1.85
0.65

0.67
1.71
0.94
0.66
0.79
1.13
0.74
1.64
0.77
0.73

0.94
0.78
0.85
1.41
1.29
1.08
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Ipg0717
Ipg2721
Ipg2511
Ipg2147
Ipg2228
Ipg1925
Ipg0013
Ipg1032
Ipg1885
Ipg2495
Ipg0156

Ipg0782

Ipgl161
Ipgl783
Ipg2348
Ipg2457
Ipgl1207
Ipg2189
Ipgl025
Ipg0665
Ipg2509
Ipg2132

Ipg0817
Ipg1339
Ipg0589
Ipgl055
Ipg0666
Ipg0267
Ipg2310
Ipg0847

Ipg1090
Ipgl1226
Ipg2526
Ipg2969
Ipgllss
Ipg0737
Ipg2427

Ipg2962
Ipg1985
Ipg0879

Ipgl451

minD
sodC

yg T
yegE

sdeD

cord
murl

murA

SgL

mdcB

gad

ORF

glutamine amidotransferase

SidC, interaptin

Hypothetical protein

3-oxoacyl (acyl carrier protein) synthase 111
Hypothetical protein

Pirin-like protein

Hypothetical protein

Hypothetical protein

Homospermidine synthase

Signal transduction protein (EAL/GGDEF domain
protein) - 2 component response regulator (c-di-GMP
phosphodiesterase A)

O-antigen acetylase (lipopolysaccharide modification
acyl transferase)

Phosphoribosyltransferase

Flagellar biosynthesis MinD

Superoxide dismutase (copper-zinc)

Two component response regulator

Hypothetical protein

Drug efflux protein

Sensory box/GGDEF/EAL family (membrane protein)
Putative transmembrane protein

SdeD (Dot/Icm substrate)

Sensory box/GGDEF family protein (regulatory
components of sensory transduction system), PleD
Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
magnesium and cobalt transport protein CorA
Glutamate racemase

UDP-N-acetylglucosamine 1-carboxyvinyltransferase
(3-phosphoshikimate-1-carboxyvinyl transferase)
Hypothetical protein

flagellar hook associated protein type 3 FlgL
Hypothetical protein

Hypothetical protein

Pyruvate decarboxylase

hypothetical signal peptide protein

acetyl coenzyme A carboxylase, carboxyltransferase
subunit  (malonate decarboxylase B subunit)
Sodium-type flagellar protein

guanine aminohydrolase (guanine deaminase)

two component response regulator with GGDEF
domain
Hypothetical phosphatidylethanolamine binding protein

7.94
7.78
7.73
7.67
7.62
7.57
7.41
7.36
7.36
7.26
7.21

7.11

7.11
6.96
6.96
6.92
6.82
6.63
6.59
6.45
6.45
6.32

6.28
6.28
6.19
6.19
6.15
6.11
6.11
6.02

5.95
5.94
5.90
5.90
5.82
5.74
5.70

5.70
5.66
5.62

5.62

0.92
1.72
1.61
0.80
1.55
1.49
0.71
1.51
1.83
1.06
0.94

0.43
1.25
0.84
1.24
1.27
1.92
1.41
1.33
0.78
1.62

1.15
0.93
1.95
1.49
1.84
1.92
1.35
0.61

1.80
0.46
0.65
0.79
0.92
1.07
1.55

1.86
1.75
1.10

0.57
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Ipg2017
Ipg0854
Ipg0893
Ipg2958
Ipg1386
Ipg1635
Ipg2180
Ipg0537
Ipg0744
Ipg0526
Ipg2201
Ipg2318

Ipg2197
Ipg0846
Ipg1279
Ipg2655

Ipg2196
Ipg2818
Ipg0525
Ipg2229
Ipg0818
Ipg1526
Ipg1540
Ipg2681
Ipgl415
Ipg2687
Ipg1596
Ipg1898
Ipgl1951
Ipg0135
Ipg0446
Ipg0586
Ipgli2]
Ipg1058
Ipg2639
Ipg2212
Ipg2312
Ipg0035
Ipgl1221
Ipg2931
Ipg2210
Ipg1495
Ipgl1523

motA

yrbA

cl
uspA
gltA
icmV

yfeX
moxR

sdhB

icmO

phbC
enhC

pilC

Hypothetical protein

Hypothetical protein

Hypothetical protein

Transmembrane protein

enhanced entry protein EnhA
Dienelactone hydrolase

Sensory box histidine kinase/response regulator
Transmission trait enhancer LetE
GGDEF domain protein

Hypothetical protein

replication factor C subunit (activator I)

chemotaxis (motility protein A) transmembrane (proton
conductor component of motor)
Ketosteroid isomerase

Hypothetical BolA-like protein
Hypothetical protein

Sensory box protein, EAL domain, GGDEF domain,
signal transduction protein
Ornithine cyclodeaminase

Hypothetical protein

Hypothetical virulence protein

saframycin Mx1 synthetase B

ATP-binding protease component ClpA
Hypothetical protein

universal stress protein A (UspA)
4-hydroxy-2-oxovalerate aldolase (aldolase/synthase)
Citrate synthase

IemV (Dot/Icm substrate)

Enoyl CoA hydratase

MoxR: Methanol dehydrogenase regulatory protein
Hypothetical protein

SdhB

IecmO/DotL (Dot/Icm substrate)

Transcriptional regulator

Hypothetical protein

Polyhydroxyalkanoic synthase

Enhanced entry protein EnhC

Acetylpolyamine aminohydolase

Hypothetical protein

Hypothetical protein
Flagellar basal body rod protein FlgG
Hypothetical protein
Hypothetical protein

Hypothetical protein

(Type IV) pilus assembly protein PilC (bacterial type II
secretion system protein)

5.58
5.50
5.50
5.50
5.39
5.39
5.39
5.35
5.35
5.28
5.28
5.28

5.21
5.13
5.13
5.10

5.06
5.03
4.92
4.69
4.66
4.66
4.66
4.66
4.50
4.50
4.41
4.41
4.38
4.35
4.35
4.35
4.35
4.26
4.26
4.23
4.23

4.20
4.20
4.17
4.14

4.11
4.08

1.49
1.02
0.90
1.11
1.92
1.71
1.85
0.93
0.78
0.96
0.72
1.59

0.76
0.98
1.71
0.99

1.43
1.20
1.46
1.62
0.81
0.95
1.94
1.42
0.60
6.46
0.58
1.15
1.59
1.89
0.72
1.95
0.78
0.82
1.09
1.09
1.03

1.40
1.89
0.90
1.08

1.15
1.16
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Ipgl792
Ipg2844
Ipg0842
Ipg0969
Ipg2952
Ipg2333
Ipg0165
Ipg2810
Ipg0667
Ipg2759
Ipg1527
Ipg0197
Ipg0364
Ipg0894
Ipg1836
Ipg0242
Ipg2918
Ipg2111
Ipg0940
Ipgl551
Ipg2829
Ipg1278
Ipg0644
Ipg0445
Ipg2442
Ipg0280
Ipg0848
Ipg0269
Ipg2261
Ipg2807
Ipg2018
Ipgl216
Ipg0026
Ipg0557
Ipg0689

Ipg2709
Ipg1243
Ipgll72
Ipgl796
Ipg2640
Ipg0401
Ipgl555

Ipg2131

M

SgB

mutM

ihfA

enhB

artJ

legA6

Flagellar motor switch protein FliM
Hypothetical histidine-rich protein
Similar to permease of ABC transporter
Hypothetical protein

Hypothetical protein

Similar to membrane-associated metalloprotease
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Similar to eukaryotic cytokinin oxidase
Some similarity with eukaryotic protein

SerA; D-3-phosphoglycerate dehydrogenase

Highly similar to putative lytic murein transglycosylase

peptide methionine sulfoxide reductase
LidA (Dot/Icm substrate)

Hypothetical protein

SidH (Dot/Icm substrate)

Hypothetical protein

hypothetical protein

IcmP/DotM (Dot/ Icm substrate)
Hypothetical protein

similar to transcriptional regulator lysR family
Hypothetical protein

Hypothetical protein

similar to phosphotransacetylase

Similar to conserved hypothetical protein
Similar to conserved hypothetical protein
Flagellar basal-body rod protein FigB
similar to amino acid permease
Formamidopyrimidine-DNA glycosylase

Weakly similar to DNA-binding ferritin-like protein
(oxidative damage protectant)
Integration host factor- alpha

hypothetical protein

TPR repeat protein

similar to transcriptional regulator (LysR family)
enhanced entry protein EnhB

hypothetical protein

arginine 3rd transport system periplasmic binding
protein
ankyrin 3

4.06
4.00
3.97
3.97
3.97
3.94
3.92
3.92
3.86
3.84
3.78
3.73
3.71
3.71
3.71
3.66
3.66
3.66
3.63
3.63
3.63
3.61
3.61
3.58
3.58
3.56
3.56
343
3.39
3.39
3.36
3.32
3.29
3.27
3.25

3.25
3.25
3.23
3.23
3.20
3.18
3.18

0.87
0.46
0.76
0.97
1.53
1.81
1.10
0.93
0.90
0.70
1.46
0.77
1.91
0.91
0.64
1.16
0.67
1.20
0.64
0.74
1.23
0.87
0.97
0.95
0.79
0.97
0.62
1.26
1.33
0.86
1.18
1.33
1.28
1.43
1.23

0.62
1.36
1.41
1.36
0.61
0.92
1.32

1.27
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Ipg2155
Ipg0585
Ipg1030
Ipgl173
Ipg1293
Ipg0587
Ipg2626
Ipgl217
Ipg2248
Ipgl225
Ipgl127
Ipg2406
Ipg2576
Ipg0845
Ipg1439
Ipgl097
Ipg0230
Ipg1597
Ipgl1044
Ipg1440
Ipg2225
Ipg2456
Ipgl130
Ipg2976
Ipg2998
Ipgl456
Ipg2431

Ipg1952
Ipg2156
Ipg2970

Ipg0294
Ipg0843
Ipg2561
Ipg0120
Ipg2396
Ipg0081
Ipg0386
Ipg0790
Ipg0841
Ipg2205
Ipg2458
Ipg2508

SgC

JlgK

rsbV

phbC
pleD

Hypothetical protein

Hypothetical protein

Chemiosmotic efflux system C protein A
Sensor protein PilS

Similar to intracellular septation protein
Hypothetical protein

Hypothetical protein

Flagellar basal-body rod protein FlgC
Hypothetical protein

Flagellar hook-associated protein 1F1gK
Similar to long-chain acyl-CoA synthetase
Hypothetical protein

Similar to conserved hypothetical protein
weakly similar to anti-anti-sigma factor
Similar to magnesium and cobalt efflux protein CorC
polyhydroxyalkanoic synthase

Sensor histidine kinase

thiolase

Similar to NADH oxidoreductase

similar to conserved hypothetical protein
similar to other proteins

ankyrin repeat protein

adenylate cyclase

Hypothetical protein

Similar to sulfate permease

Similar to 23S rRNA (Uracil-5-)-methyltransferase

Similar to malonyl-CoA acyl-carrier-protein
transacylase
Similar to predicted phosphohydrolases

SdeB (substrate of the Dot/Icm system)

Similar to glycerophosphoryl diester phosphodiesterase
(ATA start codon)
Hypothetical protein

Hypothetical protein

hypothetical protein

Some similarity with - IcmL/Dotl

Hypothetical protein

Hypothetical protein

Highly similar to C. burnetii heat shock protein HtpX
Similar to L-serine dehydratase

Similar to ABC transporter- ATP-binding protein
Predicted integral membrane protein

Similar to two-component sensor histidine kinase

Hypothetical protein

3.16
3.14
3.14
3.12
3.12
3.07
3.03
2.99
2.99
2.97
2.95
2.95
2.93
2.89
2.89
2.87
2.85
2.83
2.81
2.81
2.81
2.79
2.75
2.75
2.75
2.73
2.73

2.71
2.71
2.71

2.69
2.69
2.68
2.66
2.66
2.62
2.62
2.62
2.62
2.60
2.57
2.57

0.84
0.77
0.68
1.21
1.30
1.57
1.08
0.83
0.63
1.31
1.17
0.96
0.92
0.69
0.86
0.80
1.35
0.63
1.22
1.03
1.03
0.57
1.05
0.89
1.11
1.45
1.43

1.59
0.94
1.18

0.78
0.88
1.24
0.75
1.16
0.96
1.18
0.96
0.80
0.82
1.25
0.62
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Ipgl726
Ipg0629
Ipg1690
Ipgl043
Ipg0452
Ipg0010
Ipg0456
Ipgl1750
Ipg0012
Ipg2101
Ipg2352
Ipg0673
Ipg2198
Ipg0995
Ipg0686
Ipg0443
Ipg2422
Ipg0630
Ipg2685
Ipg2804
Ipg0453
Ipg1292
Ipg1588
Ipg2500
Ipg1438
Ipg2186
Ipg1582
Ipg1888
Ipg0408
Ipg1148
Ipg2664

Ipg1497
Ipgl918
Ipg2191
Ipg2577
Ipg0935
Ipg2372
Ipg1956
Ipg1369
Ipg1236
Ipg0696
Ipg2683
Ipgl056
Ipgl672

acn

iemG
hflxX
icmB
clpB

merAl
mdh

similar to acyl-CoA dehydrogenase
Similar to Tfp pilus assembly protein PilX
Aconitate hydratase

Hypothetical protein

IemG/DotF

Similar to GTP-binding protein Hf1X
IemB/DotO

endopeptidase Clp ATP-binding chain B (ClpB)

Hypothetical protein
mercuric reductase
Malate dehydrogenase
Hypothetical protein
Similar to transporters

Hypothetical protein

Similar to thiol:disulfide interchange protein DsbD

IcmR

Some similarity with eukaryotic proteins
Similar to Tfp pilus assembly protein PilW
small basic protein SbpA

Hypothetical protein

IemC/DotE

similar to two component response regulator
Coiled-coil-containing protein

similar to carbonic anhydrase
transcriptional regulatory protein CpxR
polyketide synthase of type I

similar to unknown proteins

lpp1855 unknown

Predicted membrane protein

Putative coiled-coil protein

Similar to biotin carboxylase (A subunit of acetyl-

CoAcarboxylase)
Similar to aminopeptidase N

weakly similar to endoglucanase

global stress protein GspA

Hypothetical protein

Similar to universal stress protein A
Hypothetical protein

similar to chloromuconate cycloisomerase
Class III heat-shock protein HtpG
modification methylase (Eco4711, Sau96I)
Hypothetical protein

DIpA protein

Hypothetical protein

Phosphoribosylglycinamide formyltransferase

2.55
2.53
2.51
2.48
2.46
2.45
2.45
241
2.39
2.39
2.38
2.35
2.35
2.33
2.30
2.28
2.28
2.27
2.27
2.27
2.25
2.25
2.25
2.25
222
2.22
2.20
2.20
2.19
2.19
2.19

2.17
2.17
2.17
2.17
2.14
2.14
2.13
2.10
2.10
2.08
2.08
2.07
2.07

0.65
0.78
1.01
1.33
1.09
1.07
0.82
1.34
0.45
0.87
0.55
1.10
0.93
0.96
0.55
1.03
0.67
0.66
0.77
1.40
0.89
0.89
0.70
0.67
1.08
0.61
0.52
1.13
0.88
0.83
0.87

1.16
0.72
1.10
0.64
0.87
1.31
0.64
1.07
1.10
1.07
1.05
0.98
0.98
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Ipgl745 - similar to iron-sulpher cluster proteins NifU

Ipgl1263 - Hypothetical protein

Ipg2742 cca tRNA nucleotidyltransferase
Ipg2260 phbC Poly(3-hydroxyalkanoate) synthetase
Ipg2315 - Hypothetical protein

2.04
2.04
2.03
2.00
2.00

0.91
0.80
0.87
0.90
0.96

* Data were obtained from Bruggemann, H., et al. (2006). Virulence strategies for infecting
phagocytes deduced from the in vivo transcriptional program of Legionella pneumophila. Cell

Microbiol 8: 1228-1240. T,4: 14 hours after infection, Tg: 8 hours after infection.

® Data were obtained from Faucher, S. et al. (2011). Legionella pneumophila transcriptome
during intracellular multiplication in human macrophages. Front Microbiol 2: 1-18. Tyg: 18 hours

after infection, T,: infection at zero time.
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Appendix II. A List of L. pneumophila genes that are selectively upregulated (> 2-

fold increase) in the progeny from human macrophages (relative to stationary phase

forms grown in vitro) but down-regulated (< 1-fold change) or unchanged (< 2-fold

increase) in MIFs from amoebae (in relation to replicative forms in amoebae).

Human THP-1 . b
Gene ID Gene name Product macrophages® A. castellanii
(T1s/Ty) (T14/Ts)

Ipg2383 - Transcriptional regulator, LysR family 41.45 1.73
Ipg0997 - small ORF (108aa) 38.84 1.73
Ipg1739 gidA adenylate/guanylate cyclase transmembrane protein 30.22 -1.34
Ipgl610 proB glutamate-5-kinase (gamma-glutamyl kinase) 26.80 1.13
Ipg0494 argG argininosuccinate synthase 22.36 -1.23
Ipg0065 - Hypothetical protein 20.64 1.18
Ipg0988 - Hypothetical protein 15.93 1.07
Ipg1004 - Hypothetical protein 15.64 1.83
Ipg0150 - Putative phage protein 14.22 1.15
Ipg2432 phoA Alkaline phosphatase 11.97 -2.50
Ipg1971 - Organic hydroperoxide resistance protein, OsmC: 11.91 -1.41

predicted redox protein
Ipg0174 pvecAd Pyoverdine biosynthesis protein PvcA 11.73 -1.47
Ipg1002 - Putative exported protein 11.40 1.21
Ipg0994 - Hypothetical protein 11.23 -1.06
Ipg2365 - Plasmid transfer protein TraK 10.98 1.30
Ipgl617 - probable signal peptide protein 10.98 1.69
Ipg0829 - Two component histidine kinase, GGDEF domain 10.94 -1.39

protein/EAL domain protein (sensory box) (c-di-GMP

phosphodiesterase A?)
Ipg0622 - Transmembrane protein 10.65 -1.21
Ipg1070 int Integrase (phage related) 10.64 -1.24
Ipg0715 - Two component response regulator 9.99 -2.16
Ipg0682 - ABC transporter ATP-binding protein 9.86 1.47
Ipg1003 csr4-2 carbon storage regulator 9.75 1.93
Ipg2534 - Hypothetical protein 9.47 -1.55
Ipg1962 lirB peptidyl-prolyl cis-trans isomerase (rotamase) 9.32 -1.80
Ipgl1021 - metallo-beta lactamase family 9.27 1.47
Ipg1001 - Hypothetical protein 8.70 1.31
Ipg2373 - Hypothetical protein 8.66 -1.13
Ipgl1933 - Hypothetical protein 8.42 1.86
Ipg1074 - Hypothetical protein 8.36 -1.3
Ipg0491 - Amino acid (glutamine) ABC transporter, periplasmic 8.28 -1.04

amino acid binding protein)
Ipg1230 - Hypothetical protein 8.13 1.35
Ipg1995 - Hypothetical protein 8.12 1.13
Ipg1958 legL5 Leucine-rich repeat-containing protein 8.10 -1.10
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Ipg0683

Ipg1794
Ipgl227
Ipg0897
Ipg2491
Ipg1262
Ipgl020
Ipg0919
Ipg1946
Ipg2423
Ipg1981
Ipg2129
Ipg0787
Ipg1395
Ipg0024
Ipg0220
Ipg0986
Ipg1000
Ipg2460
Ipg2140
Ipg1649
Ipg2536
Ipg2324
Ipg1229
Ipgl612
Ipgl732
Ipg2247
Ipg1902
Ipg0498

Ipg2165
Ipgl118
Ipgll10
Ipg2418
Ipg1370
Ipg0219
Ipg2530
Ipg0058
Ipg0983
Ipgli24
Ipg0978
Ipg0431
Ipg2531
lpg2523

cebA

IpnR2

JabG
hbp

Transmembrane protein, ABC-type multidrug transport
system
Oxidoreductase (L-gululonolactone oxidase)

Hypothetical protein

Na/Ca antiporter

Hypothetical protein

Hypothetical protein

Chemiosmotic efflux system B protein A
Transmembrane protein

Transcriptional regulator LuxR
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

3-oxoacyl-(acyl carrier protein) reductase
Hemin binding protein Hbp

Hypothetical protein

Membrane protein

Putative exported protein

Hypothetical protein

Hypothetical transcriptional regulator, MarR family
myo-inositol catabolism protein IolE
Ferredoxin reductase
L-gulono-gamma-lactone oxidase

Site specific recombinase

transcriptional regulator SkgA (mercury resistance)
quinone oxidoreductase

DedA family protein

Hypothetical protein

leucine-, isoleucine-, valine-, threonine-, and alanine-
binding protein
Hypothetical protein

serine-type D-Ala-D-Ala carboxypeptidase
Hypothetical protein

Putative penicillin-binding protein AmpH

Putative DNA-binding protein Fis

Hypothetical protein
Phospho-2-dehydro-3-deoxy-phosphoheptonate aldolase
Hypothetical protein

conjugative coupling factor TraD

Hypothetical protein

Hypothetical protein

Hypothetical protein

Chorismate mutase/prephenate dehydratase (P-protein)

Hypothetical protein

8.07

8.02
8.01
7.99
7.94
7.87
7.86
7.78
7.77
7.76
7.71
7.58
7.40
7.39
7.35
7.30
7.23
7.18
6.89
6.80
6.79
6.71
6.65
6.62
6.60
6.58
6.52
6.50
6.47

6.36
6.35
6.17
6.13
6.11
6.05
6.02
6.02
5.94
5.91
5.87
5.87
5.86
5.81

1.05

-1.41
1.20
1.07
1.97
1.42

-2.19

-1.76

-1.44
1.64
1.14
1.71
1.63

-2.89

-1.37
1.31

-1.01
1.22
1.16

-1.18

-3.39

-1.42
1.65
1.16

-1.08
1.33

-1.24
1.03
1.02

-1.40
1.16
1.07

-1.67

-2.31
1.62
1.00
1.57
1.48
1.73
1.38
1.11
1.37

-1.35
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Ipg0066

Ipg2382
Ipg1738
Ipg1656
Ipg2562
Ipg0991
Ipg0681
Ipg1938

Ipg0613
Ipg0495
Ipg1979
Ipgl050
Ipg0430
Ipg1249
Ipgl561
Ipg1999
Ipg0770
Ipg1023
Ipgl134
Ipgl740
Ipg1006

Ipgl177
Ipg2400
Ipg2535

Ipg2411
Ipgl169
Ipg1980
Ipg0176
Ipg0159
Ipgl668
Ipg0272
Ipgl321
Ipg1900
Ipg1890
Ipgl211
Ipg0067
Ipg2762
Ipgl517

Ipg1234
Ipg0675
Ipg0955
Ipg2319

ribD
legl7

motB

Phosphoribosylglycinamide synthetase ATP-grasp (A)
domain protein
Hypothetical protein

Hypothetical protein
Hypothetical protein
Phage repressor
Exported protein?
Putative lipoprotein

Coenzyme F390 synthetase (capsular polysaccharide
biosynthesis protein)
Hypothetical protein

Argininosuccinate lyase

Hypothetical protein

ATP synthase C subunit (H'-transporting ATP synthase)
Multidrug resistance efflux pump PmrA

LvhB8 (conjugal transfer protein)

potassium efflux system KefA

Pterin-4-alpha carbinolamine dehydratase
Hypothetical protein

ribose-phosphate pyrophosphokinase

nitropropane dioxygenase/(trans-enoyl-CoA reductase)
Hypothetical protein

Cobalt/zinc/cadmium efflux RND transporter, outer
membrane protein
Riboflavin biosynthesis protein RibD

Leucine-rich repeat-containing protein

Limited homology to myoglobin (hemoglobin,
cyanoglobin)
Hypothetical protein

Hypothetical protein (dioxygenase)

Hypothetical protein

FAD monooxygenase, PheA/TfdB family
Hypothetical protein

Hypothetical protein

Cysteine transferase

Oxidoreductase

Transglutaminase domain protein

Leucine-rich repeat- and coiled coil-containing protein
Transporter, LysE family

Similar to unknown protein YdeN of Bacillus subtilis
Hypothetical protein

HlyD family secretion protein (hemoloysin) (type I
secretion system LssD)
Hypothetical protein

Hypothetical protein
Transmembrane protein

chemotaxis (motility protein B) transmembrane
(flagellar motor rotation)

5.81

5.74
5.72
5.67
5.66
5.64
5.62
5.62

5.60
5.58
5.56
5.56
5.55
5.52
5.44
5.42
5.40
5.40
5.35
5.28
5.27

5.26
5.17
5.13

5.10
5.09
5.06
5.04
5.03
4.99
4.98
4.96
4.95
4.94
4.92
4.91
4.90
4.90

4.89
4.88
4.87
4.84

1.04

1.81
-1.43
-1.20

1.13

1.81

1.24

1.04

-1.71
1.27
-1.07
1.94
1.31
-2.19
1.24
-1.74
1.10
1.07
1.05
-1.10
-1.09

-1.25
1.24
1.02

-1.95
1.90
-1.15
-1.47
1.31
1.34
-1.85
-1.05
1.37
1.06
1.02
1.10
1.55
1.52

1.73
-1.17
-1.82

1.95
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Ipgl191
Ipg0521
Ipg0998
Ipg0188
Ipg1667
Ipg2430

Ipgl473
Ipg1246
Ipg0127
Ipg2503
Ipg1566
Ipg0989

Ipg0433
Ipg1749
Ipg0113
Ipg2235
Ipgl751
Ipg1054

Ipgl1233
Ipg0268
Ipgl255
Ipg0167
Ipg2539
Ipg2454
Ipg1899
Ipg0742
Ipg0153
Ipg2555
Ipg2474
Ipgl123

Ipgl073
Ipg0795
Ipgl786
Ipgl077
Ipg2380
Ipg0590
Ipgl005
Ipg2827
Ipg0517
Ipg2560
Ipg0515
Ipgl325

mdcB

bioF
virBl11

acsB

hypF
art

Glycosyl hydrolase family 3

Hypothetical protein

Hypothetical protein

Acyl CoA transferase/carnitine dehydratase
Hypothetical protein

2-(5-triphosphoribosyl)-3'-dephosphocoenzyme A
synthase CitG (modifier of citrate lyase)
8-amino-7-oxononanoate synthase

LvhB11 (VirB11)

acetyl-coenzyme A synthetase

Hypothetical protein

Thiamine biosynthesis oxidoreductase ThiO

H ypothetical Type IV secretory protein VirB4
components
Hypothetical protein

signal peptide peptidase

Putative uncharacterized protein yuxH
Sterol desaturase

Hypothetical protein

ATP synthase F1, beta chain (F(F;-type ATPase beta
subunit)
Hypothetical protein

Hypothetical (hydrolase?)

LvhB3 (type IV secretion system protein B3)
Peptide chain release factor

Hypothetical protein

acetyltransferase, GNAT family, ElaA-like protein
Transmembrane protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hydrogenase maturation protein HypF

Peb1 (Arginine binding periplasmic protein (amino acid
ABC transporter)
Hypothetical protein

ISI1400 transposase B

flagellar biosynthetic protein FIhB
Inner membrane protein
Hypothetical protein
Competence-related protein ComM
LvrA

Hypothetical protein

Aldo/keto reductases

Hypothetical protein
Phytanoyl-CoA dioxygenase
siderophore biosynthetic enzyme FrgA

4.83
4.82
4.80
4.79
4.79
4.78

4.77
4.77
4.76
4.75
4.73
4.73

4.73
4.72
4.72
4.70
4.64
4.62

4.56
4.55
4.53
4.52
4.52
4.51
4.49
4.49
448
4.46
4.46
4.44

443
4.41
4.39
439
4.38
4.34
4.32
431
430
4.29
4.25
4.25

-1.05
1.11
1.17
1.08
1.44
1.75

-2.51
-1.21
-1.79
1.93
1.36
1.76

1.82
-2.45
-1.11

1.10

1.35

1.70

1.25
1.70
-1.31
-1.45
1.19
1.01
1.43
1.63
1.18
1.27
-1.91
-1.39

1.54
-1.49
1.14
-1.26
1.46
1.07
1.16
-1.42
1.08
1.03
-1.08
1.17
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Ipg0519
Ipgl430
Ipg0971
Ipg2199
Ipg0281
Ipgl521
Ipg0152
Ipg0554
Ipgl6l]

Ipg0032
Ipg0201
Ipg1982
Ipg0516
Ipg2115
Ipg0663
Ipg0714
Ipg2667
Ipg1484
Ipg0432
Ipg2254
Ipg0469
Ipgl741
Ipg0202
Ipgl758
Ipg2494
Ipgl085
Ipg1486

Ipg2179
Ipgl882
Ipg2035
Ipg1248
Ipgl047
Ipg1996
Ipg0064
Ipgli42
Ipg2371
Ipg2379
Ipgl075
Ipgl1468
Ipg0973
Ipg0788
Ipg2183
Ipg2596

cegl7
ubid

dinP

lapB

gloA

virB9
atpG

Hypothetical protein

4-hydroxybenzoate octaprenyltransferase UbiA
Hypothetical protein

Hypothetical protein

Amino acid transporter

Generic methyl-transferase

Hypothetical protein

DNA-damage inducible protein P (DNA polymerase IV)

transcriptional regulator, MerR family (mercury
resistance)
Leucine aminopeptidase

Hypothetical protein

hypothetical protein

conserved hypothetical protein

hypothetical (phage AbiD protein)

soluble lytic murein transglycosylase

sensor histidine kinase (two component sensor)

RNA polymerase sigma-32 factor (sigma factor RpoH)
Hypothetical protein

Hypothetical protein

Conserved hypothetical protein
Endonuclease/exonuclease/phosphatase family protein
Conserved hypothetical protein

Conserved hypothetical protein

flagellar assembly protein FliH

Conserved hypothetical protein

phage related integrase (site specific recombinase)

AsnC family transcription regulator protein (amino acid
metabolism)
peptide synthetase (non-ribosomal)

lactoylglutathione lyase

transporter, Zip family (solute carrier; Fe(II) transporter)
LvhB9 (probable conjugal transfer protein TrbG)
ATP synthase gamma subunit C-terminus homolog
ORF (PilW?)

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

regulatory protein, SyrP-like (antibiotic production)
signal peptide protein (LysM domain protein)

4.25
4.21
4.15
4.14
4.13
4.12
4.10
4.08
4.07

4.07
4.03
4.00
3.94
3.94
3.92
3.91
3.90
3.90
3.88
3.87
3.84
3.83
3.81
3.81
3.73
3.73
3.70

3.69
3.67
3.66
3.66
3.63
3.62
3.61
3.60
3.60
3.59
3.55
3.54
3.53
3.53
3.53
3.49

1.56
-1.16
1.44
1.89
1.38
-1.30
-1.72
-1.11
1.08

-1.27
-1.05
-2.66
-1.11
-1.17
1.22
2.01
-1.25
1.05
1.15
-3.73
1.93
-1.00
-1.18
1.12
-2.48
-1.01
-1.28

1.32
1.72
-1.81
1.68
1.50
-1.67
1.57
-1.13
-1.28
1.22
1.21
1.74
-2.14
-2.14
-1.49
-1.46
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Ipg1650
Ipg0551
Ipg0975
Ipg0660
Ipg1300
Ipg0214
Ipgl176
Ipg1069
Ipgl018

Ipgl1329
Ipgl556
Ipg0209
Ipg1564
Ipg2264
Ipgl1648
Ipg0422
Ipg2544
Ipg2084
Ipgl789
Ipg2656
Ipg0777
Ipgl762
Ipg1326
Ipg2602
Ipg2020
Ipg1382

Ipg1936
Ipg1266
Ipgl528
Ipg1247
Ipg1260
Ipg1998
Ipgl257
Ipg0171
Ipg2717
Ipg2497
Ipg0265
Ipg0533

Ipg0981
Ipg0435
Ipgl716
Ipgl089
Ipg2082

iolD
pisC

gamA
mitA

prpA
hisC2

csrA
LegUl

traF

myo-inositol catabolism protein IoID
l-acyl-sn-glycerol-3-phosphate acetyltransferase
transmembrane protein (transporter, DME family)
ABC transporter permease protein

integral membrane protein COG5528

murein hydrolase exporter (LrgA family protein)
Zn-dependent protease (zinc metalloprotease)
similar to AbiD phage protein

chemiosmotic efflux system B protein C (outer
membrane efflux protein)
hypothetical protein

MutT/nudix family protein (phosphohydrolase)
hypothetical protein

membrane protein (nodulin 217?)

hypothetical protein

signal peptide protein

glucoamylase (glucan-1,4 alpha glucosidase)
membrane-bound lytic murein transglycosylase A
putative conjugative transfer protein TrbC
flagellar biosynthetic protein FliP

octaprenyl diphosphate synthase IspB
O-acetyltransferase (glycosyltransferase)
sigma 54-dependent response regulator
conserved hypothetical protein

conserved domain protein

transcriptional regulator OruR, AraC family

dehydrogenase, short chain (dhs-6C) (hydroxysteroid
dehydrogenase)
methoxymalonyl CoA synthase

methylase

conserved hypothetical protein

LvhB10 (type IV secretion system protein B10)

phage repressor (putative repressor protein of prophage)
histidinol phosphate aminotransferase

LvrC (carbon storage regulator)

FBOX-containing protein

Hypothetical protein

conserved hypothetical protein

multicopper oxidase

dihydrolipoamide succinyltransferase (2-oxoglutarate
dehydrogenase E2 component)
Hypothetical protein

SAM-dependent methyltransferase
Hypothetical protein
methyltransferase (N-methyltransferase?)

sex pilus assembly TraF

3.48
3.48
3.48
3.48
3.48
3.46
3.45
3.44
343

3.42
3.42
3.42
3.41
3.41
3.40
3.40
3.40
3.40
3.40
3.40
3.37
3.36
3.36
3.35
3.35
3.34

3.34
3.34
3.32
3.32
3.32
3.31
3.31
3.30
3.28
3.28
3.26
3.25

3.25
3.24
3.24
3.23
3.22

-1.57
-1.63
-1.42
-1.84
-1.15
1.38
1.63
-1.56
1.32

-2.45
-1.33
1.75
1.60
1.45
1.23
-2.38
1.60
1.60
1.73
-3.61
-5.06
1.72
1.32
1.48
1.42
-1.49

1.60
1.59
1.44
1.10
-1.15
-1.62
-2.35
1.02
1.20
1.16
1.44
1.12

-4.00
1.14
-1.46
1.21
-1.03
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1pg0992
Ipg0063
Ipg1299
Ipg1594
Ipg2332
Ipg2618

Ipgl1704
Ipg2244
Ipgl212

Ipg2014
Ipg2920
Ipg1494
Ipg1009

Ipg1680
Ipg1068
Ipg1467
Ipg0493

Ipg0902
Ipg2003
Ipg1884
Ipg1200
Ipg0549
Ipg0610

Ipg1259
Ipg0611
Ipg2267
Ipg1245
Ipg1989
Ipg0175
Ipgl815
Ipgl1222
Ipg0434
Ipg0996
Ipgl755
Ipg1607
Ipgl1228
Ipg1327
Ipg0712
Ipg1943
Ipg0208
Ipg1258
Ipg0429

cadA-1

dsbD

coaE

gt
legC2/ylfb
hisG

Hypothetical protein
phospho-2-dehydro-3-deoxyheptonate aldolase
transmembrane protein FimV

Hypothetical protein

competence protein ComF (phosphoribosyltransferase)

UDP-N-acetylmuramoylalanyl-D-glutamyl-2, 6-
diaminopimelate-D-alanyl-D-alanyl ligase
SOS (error prone) mutagenesis protein UmuD (RumA)

Hypothetical protein

TAA acetyltransferase/MarR transcriptional regulatory
protein
pyridoxal-5'-phosphate dependent enzyme family

Hypothetical (nucleotidyltransferase?)
Hypothetical protein

Cadmium translocating P-type ATPase CadA (Pb-eftlux
ATPase?)
thiol:disulfide interchange protein DsbD

Hypothetical protein
dephospho-CoA kinase (DNA repair protein?)

amino acid (glutamine) ABC transporter, ATP binding
component
Hypothetical protein

queuine tRNA-ribosyltransferase
Microtubule binding protein, putative
ATP phosphoribosyltransferase HisG
gamma-glutamyltranspeptidase

major facilitator family transporter (multidrug efflux
transporter)
LvrA

metal ion transporter

prolidase (aryldialkylphosphatase)
LvhD4 (VirD4)

Glutathione S-transferase?
Pyoverdine biosynthesis protein PvcB
hydrogen peroxide-inducible genes activator OxyR
flagellar L-ring protein FIgH
Hypothetical protein

Hypothetical protein

transmembrane protein (protease?)
phosphoenolpyruvate carboxylase
Hypothetical protein

Hypothetical protein

similar to endo-1,4-beta-xylanase
Hypothetical protein
serine/threonine-protein kinase

LvrB

outer membrane efflux protein

3.22
3.22
3.21
3.20
3.20
3.19

3.19
3.18
3.18

3.17
3.16
3.15
3.15

3.15
3.14
3.14
3.14

3.14
3.12
3.11
3.10
3.10
3.10

3.09
3.09
3.08
3.06
3.06
3.03
3.03
3.02
3.02
3.02
3.02
3.01
2.99
2.99
2.99
2.98
2.98
2.97
2.97

-1.05
-1.21
-1.04
-1.32
-1.13

1.08

-1.04
1.20
-1.17

1.37
1.14
1.34
1.30

-1.04
1.08
1.31
1.12

-13.64
-1.61
1.45
-1.88
-2.23
1.19

-1.38
1.48
-7.46
-1.05
-1.12
1.32
-1.22
1.53
-2.04
1.05
1.16
-1.06
-1.06
1.47
-1.32
-1.30
1.19
-1.11
1.20
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Ipg2127
Ipgl275
Ipg0330
Ipgl965
Ipg0615
Ipg0106
Ipgl841
Ipg0289
Ipg2151
Ipg2718
Ipg0275
Ipg0054
Ipg2059
Ipg0999
Ipg0959

Ipg2880
Ipgl1253
Ipg0247
Ipg0931
Ipg0769
Ipg1022
Ipg0169
Ipgl818
Ipg2855
Ipg1470
Ipg0635
Ipgl616

Ipg1937

Ipg1967
Ipgl1328
Ipg0042
Ipg2632
Ipg0701
Ipg0616

Ipg0263

Ipgl671
Ipg0876
Ipg0490
Ipg0658
Ipg0802
Ipg1806
Ipg0832

hbpA

nth
virB5

pilQ

deoA

holC
kbl

pntda
argR

Hypothetical protein

Transporter, TrkA family

508 ribosomal protein L4

Hypothetical protein

polypeptide deformylase

xanthine/uracil permease

27 kDa outer membrane protein

polyphosphate kinase (polyphosphoric acid kinase)
aminoglycoside 6-adenylyltransferase
Hypothetical protein

SdbA

Hypothetical protein

hypothetical (phage repressor) (putative regulator)
Hypothetical protein

bacterial extracellular solute-binding protein (peptide
ABC transporter, periplasmic peptide-binding protein)
endonuclease III (DNA

LvhBS5 (plasmid-related export protein)
Hypothetical protein

type IV pilus biogenesis protein PilQ
Hypothetical protein

thymidine phosphorylase

probable transmembrane protein

tetraacyl disaccharide 4'-kinase

TPR (repeat) domain protein

serine-type D-Ala-D-Ala carboxypeptidase
melitin resistance protein

ABC transporter ATP-binding protein Uup
(erythromycin resistance)

pyoverdine biosynthesis regulatory gene (SyrP-like
protein)

transcriptional regulator, TetR family

conserved repeat domain protein
Hypothetical protein
DNA polymerase 111, chi subunit

2-amino-3-ketobutyrate coenzyme A ligase

GTP cyclohydrolase I PLUS perhaps regulatory protein:

fused protein?

MEFS transporter family protein (major facilitator
superfamily)

alpha-amylase, putative

NAD(P) transhydrogenase subunit alpha
arginine repressor (transcriptional regulator)
HlyD family secretion protein

sulfate transporter (sulfate permease)

outer membrane protein

oxidoreductase dehydrogenase, short chain

2.97
2.97
2.95
2.94
2.94
2.94
2.94
2.94
2.93
2.93
2.92
2.91
2.90
2.89
2.89

2.89
2.89
2.89
2.88
2.88
2.88
2.87
2.87
2.86
2.85
2.84
2.84

2.83

2.82
2.81
2.81
2.80
2.80
2.80

2.79

2.79
2.79
2.79
2.78
2.77
2.76
2.75

-3.07
-1.15
-6.11
1.51
-1.82
-2.55
-2.14
-1.06
1.28
-1.18
1.36
-1.19
-1.34
1.20
1.10

-1.72
-1.06
-1.17
-1.23
-2.45

1.10
-1.17
-1.49
-1.57

1.35
-1.94

1.19

-1.93

-1.40
-1.91
-2.62
-2.46
-1.95

1.43

1.05

-1.10
-1.03
-1.17

1.18
-1.12

1.19
-1.31
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Ipg0743
Ipg1250
Ipg0921
Ipgl159
Ipg2062
Ipg0609
Ipg2048
Ipg0582
Ipgl126
Ipg0700
Ipg3000
Ipgl731

Ipg1048

Ipgl1184
Ipg1487
Ipg2015
Ipg0794
Ipg1188
Ipg2162
Ipgl167
Ipg1194

Ipg0692

Ipg1894
Ipg0105
Ipg1830
Ipg0626
Ipg0520
Ipgl662
Ipg2604
Ipg2058
Ipg2627
Ipg1301
Ipg2940
Ipg1190
Ipg0423
Ipg2538
Ipgl544
Ipg0466
Ipg1569
Ipgl851
Ipgl153
Ipg0372

pem

ugpA

atpAl

proC

kup2

waaM

yozG

hisS

smpA

glutamate synthetase

LvhB6 (conjugal transfer protein)
Hypothetical protein
Hypothetical (transporter?)
methylase

alanyl tRNA synthetase
Hypothetical protein
Hypothetical protein
calcium-transporting ATPase
protein-L-isoaspartate-O-methyltransferase
Hypothetical protein

sn-glycerol-3-phosphate transmembrane ABC
transporter

ATP synthase F1, subunit alpha (FOF1-type ATP
synthase alpha subunit)

Outer membrane protein RomA

acetyltransferase, GNAT family
pyrroline-5-carboxylate reductase
Transposase B

Kup system potassium uptake protein
Hypothetical protein

hypothetical (cytoplasmic protein)

imidazoleglycerol-phosphate synthase, cyclase subunit

HisF

ABC type dipeptide/oligopeptide/nickel transport,
ATPase component

Chloride channel protein (voltage gated?)

Cytochrome oxidase-like
hydroxymethylglutaryl-CoA lyase
DNA uptake/competence protein ComA
methyltransferase (ubiE/COQS5 family)
Putative transport protein

Hypothetical

hypothetical

hypothetical (periplasmic flavoprotein)
oxidoreductase

lipid A lauroyl acyltransferase
SAM-dependent methyltransferase
transcriptional regulator (cro family)
Hypothetical

histidyl tRNA synthetase

oxaloacetate decarboxylase alpha subunit
sulfurylase (ThiF family protein)
Hypothetical

amine oxidase

COG2913 small protein A (tmRNA-binding), outer
membrane lipoprotein

2.75
2.75
2.74
2.74
2.74
2.74
2.73
2.73
2.72
2.72
2.70
2.70

2.70

2.70
2.69
2.69
2.67
2.67
2.67
2.67
2.67

2.66

2.66
2.66
2.66
2.65
2.64
2.64
2.63
2.62
2.59
2.59
2.59
2.58
2.58
2.57
2.57
2.57
2.56
2.56
2.56
2.54

1.65
1.50
-1.01
-1.63
-1.82
1.35
1.08
-2.66
1.60
-1.82
1.42
1.32

1.39

1.02
1.22
1.13
-1.13
-1.63
1.37
-2.38
-1.22

1.00

-1.74
1.35
-1.04
-1.45
1.11
-2.16
1.21
-1.15
-1.43
1.16
-1.74
-3.39
-1.51
-1.02
-3.97
-1.69
1.16
-1.85
-1.25
-2.58
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Ipgl743
Ipg1990
Ipg2828
Ipg2572
Ipgl514
Ipg2416
Ipg2169
Ipg2114
Ipg0464
Ipg2415
Ipg0857
Ipg1847
Ipg2070
Ipg0680
Ipg0224
Ipg2357
Ipg0161
Ipg0015
Ipg0853

Ipg2757
Ipgl166
Ipg2439

Ipg2387

Ipg0883
Ipg0659
Ipg2306
Ipg2123
Ipg2941

Ipg0157
Ipg0216
Ipg2801
Ipg0173
Ipg2341
Ipg2573

Ipg0987
Ipg1907
Ipg0920
Ipg2699
Ipg2542
Ipg2166
Ipg0867
Ipg2600

waaM

map-1

oxyR
djlA

lem19
recQ

Fis transcriptional activator

Hypothetical protein

Hypothetical protein

Hypothetical protein

lipoprotein (inner membrane protein)

ankyrin repeat containing protein?

Hypothetical protein

Transposase

3-dehydroquinate dehydratase type

Transmembrane protein

Heme exporter protein CcmB

glutamate-cysteine ligase

reverse transcriptase

dipeptidyl aminopeptidase/acylaminoacyl peptidase
toxin secretion ABC transporter HlyB/MsbA family
O-sialoglycoprotein endopeptidase

Hypothetical protein

multidrug resistance protein (efflux pump protein FarA)

transcriptional regulator FleQ (sigma 54 dependent
transcriptional activator)
hypothetical protein

Hypothetical protein

NADPH-dependent FMN reductase domain protein
(chromate reductase)

plasminogen activator (coagulase/fibrinolysin) (outer
membrane protease E)

Hypothetical protein

ABC transporter EIsE
Rhodanese domain protein
cobalt zinc cadmium cation transporter

hypothetical (lipid A biosynthesis lauroyl
acyltransferase) (may be fused with subsequent ORF)
methionine aminopeptidase

Hypothetical protein
phosphatidylglycerophosphate synthase
transcriptional regulator, LysR

DNA binding protein Dnal, heat shock protein

transposase (resolvase, DNA invertase)
(resolvase/integrase)
membrane protein?

Hypothetical protein
Phosphatidylglycerophosphatase B (Pap2)
ATPase or kinase

Hypothetical protein

hypothetical protein

ATP-dependent DNA helicase RecQ

Acyltransferase

2.54
2.54
2.54
2.54
2.54
2.53
2.53
2.53
2.53
2.52
2.52
2.52
2.52
2.51
2.50
2.49
2.49
2.49
2.48

2.48
2.48
2.47

2.47

2.47
2.47
2.47
2.47
2.46

2.46
2.46
2.46
2.45
2.45
2.45

2.44
2.44
2.44
2.44
2.42
2.42
242
2.42

1.13
-1.45
1.20
-1.59
-1.34
-2.20
1.13
-2.46
1.06
-1.18
-1.60
-1.02
-1.13
1.29
-1.67
-1.62
-1.12
1.19
1.11

-1.31
1.21
-1.40

1.02

1.33
-2.27
-1.58
-1.92

1.39

1.14
-1.02
-1.11
-1.02
1.04
1.36

1.40

1.32
-1.51
-1.29
-1.15
-1.51
-1.21
-1.90
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Ipg0256
Ipg2388

Ipgl1324
Ipg1931
Ipg1460
Ipg1531
Ipg1807
Ipg0679
Ipg2167
Ipg0816
Ipg0734
Ipg2034
Ipg2066
Ipg2863
Ipg0929
Ipg0617
Ipg0248
Ipg0008
Ipg2947
Ipg0956
Ipg0764
Ipg0290
Ipg1798
Ipg1389

Ipgl765
Ipgl081
Ipg2506
Ipg2991
Ipg2272
Ipg1562
Ipg1254
Ipg0373
Ipg2679

Ipg0621
Ipg1886
Ipg1579
Ipg1240
Ipg0727
Ipg2270

Ipg0925

Ipg1120
Ipg2478

merAl
virB4

sidA
acyP

nusB

ponA

lem6

Conserved domain protein

amino acid permease (transporter) (L-asparagine
permease)
multidrug resistance efflux pump

Hypothetical protein

Hypothetical protein

phenazine biosynthesis PhzF (oxidoreductase)
periplasmic protein

adenylyl transferase

transcription regulator protein, DeoR family
isocitrate dehydrogenase, NADP-dependent
glutamine dependent NAD+ synthetase
cation efflux family protein
acetyltransferase, GNAT family

pteridine reductase 1

type IV pilus biogenesis protein PilO

major outer membrane protein

arsenate reductase

Hypothetical protein

ABC transporter, ATP binding protein
hypothetical protein

Hypothetical protein

lipoprotein

Hypothetical protein

tRNA (5 methylaminomethyl-2-thiouridylate)
methyltransferase (tRNA methyltransferase)
outer membrane lipoprotein carrier protein

reverse transcriptase

sensor histidine kinase/response regulator LuxN
hemolysin, lipoprotein

transmembrane protein

mercuric reductase

LvhB4 (type IV secretion system protein B4)
components of sensory transduction system

D-isomer specific 2-hydroxyacid dehydrogenase
(glycerate dehydrogenase)
SidA

acylphosphatase

glycine cleavage T protein (aminomethyl transferase)
Hypothetical protein

transcription termination factor NusB

oxidoreductase (NAD-dependent
epimerase/dehydratase)

penicillin binding protein 1A (transpeptidase)
(peptidoglycan synthetase)

hypothetical protein

glycosyltransferase, group 2 family protein (glycan
biosynthesis)

2.41
241

241
2.40
2.39
2.39
2.38
2.38
2.38
2.38
2.37
2.37
2.37
2.36
2.36
2.36
2.35
2.35
2.35
2.35
2.34
2.34
2.34
2.34

2.33
2.33
2.33
2.33
2.33
2.33
2.32
2.32
2.32

2.32
2.31
2.31
2.30
2.29
2.28

2.28

2.28
2.27

1.03
-1.13

1.04
1.25
-1.60
1.20
-1.19
-1.83
1.08
-2.22
1.17
-1.30
-1.14
-1.18
-1.44
-2.89
1.27
-3.23
-2.06
-1.40
1.07
-1.71
-1.27
-1.10

-1.52
1.16
-1.56
-1.44
1.01
-1.16
-1.03
1.08
-2.50

1.30
1.09
-1.38
1.09
-2.25
1.03

-1.93

1.17
-1.15

203



Ipg0458
Ipg0055
Ipg1647
Ipg1652

Ipg2032
Ipg0168
Ipg2806
Ipg2090
Ipg1988
Ipg1975
Ipg2404
Ipg2631
Ipg2286
Ipg2588
Ipg0375
Ipg1795

Ipgl296
Ipg0123

Ipgl772
Ipg0654

Ipgl261
Ipg2135

Ipg0040
Ipg0492
Ipgl103
Ipg0194
Ipg2484

Ipg2314
Ipg0111
Ipg2663
Ipg1309
Ipg0131
Ipg2378
Ipgl867
Ipg2911
Ipgl697
Ipg1970
Ipg0110
Ipgl475
Ipg2409
Ipg1479

icmF

dsbA

dam

IemF (Dot/Icm substrate)
transcriptional regulator, LysR family
hypothetical (exported protein)

myo-inositol-2-dehydrogenase (oxidoreductase, NAD
binding)
transporter, permease (integral membrane protein)

hypothetical protein

Hypothetical protein

putative conjugative transfer protein TraK
dihydrofolate reductase

Hypothetical protein

Hypothetical protein

aminopeptidase A/I (leucine aminopeptidase)
pirin (chromosome condensation) protein

acid sphingomyelinase-like phosphodiesterase
Hypothetical protein

oxidoreductase, short chain dehydrogenase/reductase
family
protein involved in catabolism of external DNA

thiol:disulfide interchange protein DsbA (disulfide
isomerase)
hypothetical (lipoprotein?)

DNA adenine methylase (DNA-adenine
methyltransferase) Dam
Hypothetical protein

chemiosmotic efflux system protein B (cation efflux
system)
integral membrane protein (YhfP-like protein)

amino acid (glutamine) ABC transporter, permease
hypothetical (esterase)
catalase/(hydro)peroxidase KatG

ribosomal protein HAM1 (xanthosine triphosphate
pyrophosphatase)
dihydropicolinate synthase

squalene and phytoene synthases
hypothetical protein

Hypothetical protein

dihydropicolinate reductase
Hypothetical protein

site specific recombinase, phage integrase
serine carboxypeptidase

conserved hypothetical protein
glutathione S-transferase

Hypothetical protein

ATP-dependent dethiobiotin synthetase
Hypothetical protein

potassium efflux system KefA (integral membrane
protein)

2.27
2.27
2.26
2.26

2.26
2.25
2.25
2.24
2.24
2.24
2.24
2.23
2.23
2.23
2.22
2.22

2.22
2.22

2.20
2.20

2.20
2.20

2.19
2.19
2.19
2.18
2.17

2.17
2.16
2.16
2.16
2.16
2.15
2.15
2.15
2.14
2.13
2.12
2.12
2.12
2.12

-2.27
1.18
1.35

-2.53

-1.09
-1.14
1.13
1.11
-1.24
1.03
-1.24
-1.49
-1.10
-1.06
1.05
1.11

-1.43
-1.54

-1.22
-1.74

1.16
1.09

-1.22
-1.03
-1.63
-2.64
-1.15

-2.25
-1.62
-1.25
1.12
1.00
-1.06
1.03
1.07
1.02

-1.65

-1.16
1.01

-1.09
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Ipg0186 - ABC sugar transporter, permease 2.11
Ipg0974 - Hypothetical protein 2.11
Ipg2436 - Hypothetical protein 2.11
Ipg2299 hepA ATP-dependent RNA helicase (RNA polymerase 2.11
associated) HepA
Ipg0128 - 3-hydroxyisobutyrate dehydrogenase 2.11
Ipg1874 - general secretion pathway protein L 2.11
Ipg0562 - Hypothetical protein 2.11
Ipg0235 - Hypothetical protein 2.10
Ipg0900 - Hypothetical protein 2.10
Ipg1319 - type Il secretory pathway protein E (ATPase EpsE) 2.09
Ipg1038 - Vi1rB (contains histidine/glycine rich portion) 2.09
Ipgl513 - type I secretion system LssZ 2.09
Ipg2877 - Hypothetical protein 2.09
Ipgl585 - Hypothetical protein 2.08
Ipg2514 - outer membrane efflux protein 2.08
Ipg0211 tspO tryptophan rich sensory protein TspO 2.08
Ipg2273 ugpB glycerol-3-phosphate binding periplasmic protein 2.07
Ipg2925 - Outer membrane efflux protein 2.07
Ipg0661 - ABC transporter permease protein 2.07
Ipg0886 - sodium:dicarboxylate symporter 2.05
Ipg0789 - alginate O-acetyltransferase Algl 2.04
Ipgl138 - spermidine/putrescine-binding periplasmic protein PotD 2.03
Ipg1028 - chemiosmotic efflux system C protein B 2.03
Ipg1198 hisC histidinol-phosphate aminotransferase 2.02
Ipg1033 - Hypothetical protein 2.02
Ipg2745 - Hypothetical protein 2.01
Ipg2072 - Hypothetical protein 2.01
Ipg0204 - 2-deoxy-D-gluconate-3-dehydrogenase 2.01
Ipg0212 phrB deoxyribodipyrimidine photolyase (DNA photolyase) 2.01
Ipg0899 - A/G specific adenine glycosylase 2.00
Ipg1883 - transmembrane protein 2.00

-1.12

1.19
-1.22
-1.79

-2.08
1.11
-1.22
-1.14
-1.54
-1.94
-1.78
1.05
1.15
-3.12
-1.24
-1.19
-1.62
1.13
1.02
-1.03
-1.41
-1.92
1.09
-1.21
1.09
-2.43
-1.03
-1.03
-2.04
-1.63
-1.08

* Data were obtained from Faucher, S. et al. (2011). Legionella pneumophila transcriptome during
intracellular multiplication in human macrophages. Front Microbiol 2: 1-18. Tys: 18 hours after
infection, Ty: infection at zero time.

® Data were obtained from Bruggemann, H., et al. (2006). Virulence strategies for infecting

phagocytes deduced from the in vivo transcriptional program of Legionella pneumophila. Cell
Microbiol 8: 1228-1240. Ty4: 14 hours after infection, Ty: 8 hours after infection.
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not be used in any other manner or for any other purpose. Permission is granted subject to
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3. With respect to the Materials, all rights are reserved. Except as expressly granted by the
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distributed, in any form or by any means, and no derivative works may be made based on
the Materials without the prior permission of the respective copyright owner. You may not
alter, remove or suppress in any manner any copyright, trademark or other notices displayed
by the Materials. You may not license, rent, sell, loan, lease, pledge, offer as security,
transfer or assign the Materials, or any of the rights granted to you hereunder to any other
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4. The Materials and all of the intellectual property rights therein shall at all times remain
the exclusive property of John Wiley & Sons Inc or one of its related companies (WILEY)
or their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Materials pursuant to Section 2 herein during the continuance
of this Agreement. You agree that you own no right, title or interest in or to the Materials or
any of the intellectual property rights therein. You shall have no rights hereunder other than
the license as provided for above in Section 2. No right, license or interest to any trademark,
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nearly as possible the same economic effect as the original provision, and the legality,
validity and enforceability of the remaining provisions of this Agreement shall not be
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10. The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of
this Agreement. No breach under this agreement shall be deemed waived or excused by
either party unless such waiver or consent is in writing signed by the party granting such
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13. These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes all
prior agreements and representations of the parties, oral or written. This Agreement may not
be amended except in writing signed by both parties. This Agreement shall be binding upon
and inure to the benefit of the parties' successors, legal representatives, and authorized
assigns.

14. In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions, these
terms and conditions shall prevail.

15. WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing transaction,
(i1) these terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

16. This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type
was misrepresented during the licensing process.

17. This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state's conflict of law rules. Any legal
action, suit or proceeding arising out of or relating to these Terms and Conditions or the
breach thereof shall be instituted in a court of competent jurisdiction in New York County
in the State of New York in the United States of America and each party hereby consents
and submits to the personal jurisdiction of such court, waives any objection to venue in such
court and consents to service of process by registered or certified mail, return receipt
requested, at the last known address of such party.

Wiley Open Access Terms and Conditions

Wiley publishes Open Access articles in both its Wiley Open Access Journals program
[http://www.wileyopenaccess.com/view/index.html] and as Online Open articles in its
subscription journals. The majority of Wiley Open Access Journals have adopted the
Creative Commons Attribution License (CC BY) which permits the unrestricted use,
distribution, reproduction, adaptation and commercial exploitation of the article in any
medium. No permission is required to use the article in this way provided that the article is
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properly cited and other license terms are observed. A small number of Wiley Open Access
journals have retained the Creative Commons Attribution Non Commercial License (CC
BY-NC), which permits use, distribution and reproduction in any medium, provided the
original work is properly cited and is not used for commercial purposes.

Online Open articles - Authors selecting Online Open are, unless particular exceptions
apply, offered a choice of Creative Commons licenses. They may therefore select from the
CC BY, the CC BY-NC and the Attribution-NoDerivatives (CC BY-NC-ND). The CC BY-
NC-ND is more restrictive than the CC BY-NC as it does not permit adaptations or
modifications without rights holder consent.

Wiley Open Access articles are protected by copyright and are posted to repositories and
websites in accordance with the terms of the applicable Creative Commons license
referenced on the article. At the time of deposit, Wiley Open Access articles include all
changes made during peer review, copyediting, and publishing. Repositories and websites
that host the article are responsible for incorporating any publisher-supplied amendments or
retractions issued subsequently.

Wiley Open Access articles are also available without charge on Wiley's publishing
platform, Wiley Online Library or any successor sites.

Conditions applicable to all Wiley Open Access articles:

e The authors' moral rights must not be compromised. These rights include the right of
"paternity" (also known as "attribution" - the right for the author to be identified as
such) and "integrity" (the right for the author not to have the work altered in such a
way that the author's reputation or integrity may be damaged).

e Where content in the article is identified as belonging to a third party, it is the
obligation of the user to ensure that any reuse complies with the copyright policies of
the owner of that content.

e If article content is copied, downloaded or otherwise reused for research and other
purposes as permitted, a link to the appropriate bibliographic citation (authors,
journal, article title, volume, issue, page numbers, DOI and the link to the definitive
published version on Wiley Online Library) should be maintained. Copyright notices
and disclaimers must not be deleted.

o Creative Commons licenses are copyright licenses and do not confer any other
rights, including but not limited to trademark or patent rights.

e Any translations, for which a prior translation agreement with Wiley has not been
agreed, must prominently display the statement: "This is an unofficial translation of
an article that appeared in a Wiley publication. The publisher has not endorsed this
translation."
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Conditions applicable to non-commercial licenses (CC BY-NC and CC BY-NC-

ND)

For non-commercial and non-promotional purposes individual non-commercial
users may access, download, copy, display and redistribute to colleagues Wiley
Open Access articles. In addition, articles adopting the CC BY-NC may be adapted,
translated, and text- and data-mined subject to the conditions above.

Use by commercial "for-profit" organizations

Use of non-commercial Wiley Open Access articles for commercial, promotional, or
marketing purposes requires further explicit permission from Wiley and will be
subject to a fee. Commercial purposes include:

o

Copying or downloading of articles, or linking to such articles for further
redistribution, sale or licensing;

Copying, downloading or posting by a site or service that incorporates
advertising with such content;

The inclusion or incorporation of article content in other works or services
(other than normal quotations with an appropriate citation) that is then
available for sale or licensing, for a fee (for example, a compilation produced
for marketing purposes, inclusion in a sales pack)

Use of article content (other than normal quotations with appropriate
citation) by for-profit organizations for promotional purposes

Linking to article content in e-mails redistributed for promotional, marketing
or educational purposes;

Use for the purposes of monetary reward by means of sale, resale, license,
loan, transfer or other form of commercial exploitation such as marketing
products

Print reprints of Wiley Open Access articles can be purchased from:
corporatesales@wiley.com

The modification or adaptation for any purpose of an article referencing the
CC BY-NC-ND License requires consent which can be requested from
RightsLink@wiley.com .

Other Terms and Conditions:

BY CLICKING ON THE "I AGREE..." BOX, YOU ACKNOWLEDGE
THAT YOU HAVE READ AND FULLY UNDERSTAND EACH OF THE
SECTIONS OF AND PROVISIONS SET FORTH IN THIS AGREEMENT
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TO ACCEPT ALL OF YOUR OBLIGATIONS AS SET FORTH IN THIS
AGREEMENT.
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