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Abstract
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How bacteria evolve pathogenic traits is shaped by their communities and environments.
Legionella pneumophila is ubiquitous in aquatic habitats, where it persists by replicating within
a broad range of protozoan hosts. Using the same mechanisms, L. pneumophila may also
accidentally infect humans, causing a severe pneumonia known as Legionnaires’ disease. As
hosts, humans are evolutionary dead-ends, resulting in the loss of human-specific adaptations
after infection. This thesis aims to identify and characterise these host adaptations.

In Paper I, we study the in-patient evolution of L. pneumophila. We collected a large
set of strains from sporadic infections and outbreaks, pairing clinical isolates with their
respective environmental sources. Using comparative genomic analyses, we identified two
genes individually mutated in three independent infections. One gene encoded an outer
membrane protein, a homolog from the OmpP1/FadL family, and the other an EAL domain-
containing protein. These results suggest that convergent evolution may be at play and that these
mutations are potential candidates for human-specific host adaptations.

In Paper II, we investigate host adaptation and the selective pressures that drive it using a
long-term experimental evolution approach. We passaged L. pneumophila in Acanthamoeba
castellanii and U937 macrophages, separately and in alternation, for over 800 generations. We
found 49 fixed mutations across the 18 evolved populations: two distinct mutations in RpsL,
which confers streptomycin resistance, as well as two additional mutations, each consistently
associated with one of the former, in the chaperonin GroES or in RpsD, a known compensatory
mutation. Mutations in the lipopolysaccharide synthesis operon were observed only in lineages
passaged in 4. castellanii, whilst mutations in LerC were fixed in six lineages passaged in U937,
making these candidate mutations for host-specific adaptations.

In Paper 111, we shift focus to 4. castellanii, a natural host of L. pneumophila. We describe a
novel method for high-efficiency transfection of this amoeba with a cationic polymer. Using a
systematic approach to test different parameters, we found that widely available and inexpensive
polyethylenimines can be used to transfect A. castellanii at a much greater efficiency than the
currently used reagents.

In conclusion, these studies suggest that although L. pneumophila can infect humans, it is sub-
optimally adapted for it, and offer potential determinants of host-specificity in L. pneumophila.
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Introduction

Historical perspective of Legionnaires’ disease and
Legionella

In July of 1976, over 4000 delegates of the American Legion gathered at the
Bellevue-Stratford hotel in Philadelphia to attend the 58" Annual Legion-
naires’ Convention. Within days of the meeting ending, the American Le-
gion’s Pennsylvania chapter headquarters began receiving calls reporting sev-
eral attendees with pneumonia-like symptoms and the death of others. As
news spread, similar accounts of people who had not attended the convention
but had been in the vicinity arrived. Ultimately, nearly 200 people contracted
this severe pneumonia, most of which required hospitalisation, which resulted
in the death of 34 people (McDade et al. 1977; Fraser et al. 1977).

Although the causative agent of “Legionnaires’ Disease” was not immedi-
ately identified, after thorough epidemiological investigations, the hotel lobby
was proposed as the point of exposure, and it was concluded that there was no
person-to-person transmission (Fraser et al. 1977).

The CDC initiated one of its most extensive investigation campaigns at the
time to find the “Philly killer”, as dubbed by Time magazine (Time Magazine
1976; Fraser et al. 1977). After months of intense microbiological and epide-
miological investigations under severe public scrutiny, the CDC researchers
Joseph McDade and Charles Shepard were finally able to isolate and identify
the causative pathogen: a Gram-negative, rod-shaped bacterium designated
Legionella pneumophila (McDade et al. 1977).

This eponymous event, however, was not the first disease outbreak caused
by L. pneumophila. One of the earlier reports of a similar epidemic occurred
in Fort Brags, North Carolina, in 1943. Then, the isolated bacterium was
thought to be a Rickettsia and became known as the “Tatlock strain” after the
doctor who isolated it (Tatlock 1944; Daniels and Grennan 1943). Not until
over 30 years later was it correctly identified as Legionella micdadei (Hébert,
Steigerwalt, and Brenner 1980). Likewise, two strains isolated in 1947 and
one in 1959 by Marilyn Bozeman, also believed to be Rickettsia, were later
identified as L. pneumophila, Legionella bozemannii, and L. micdadei (Cordes
et al. 1979; McDade, Brenner, and Bozeman 1979).

Chronic respiratory disease epidemics dating back to the 1950s have also
been attributed to L. prneumophila. Notably, an outbreak where patients
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suffered from a respiratory infection but no pneumonia in Pontiac, Michigan,
in 1958. This milder form of legionellosis was named Pontiac fever and was
thought to be spread via air conditioning systems (Glick et al. 1978; Arm-
strong and Miller 1985).

Since their discovery, Legionella species have remained a significant pub-
lic health risk and are among the most common causes of community-acquired
pneumonia. The most significant outbreaks infected over 800 people in Mur-
cia, Spain, in 2001 (Garcia-Fulgueiras et al. 2003) and 334 people in Vila
Franca de Xira, Portugal, in 2014 (Shivaji et al. 2014).

The remarkable effort by scientists at the time to isolate and develop cul-
turing and diagnostic techniques (McDade et al. 1977; Dumoff 1979; P H
Edelstein and Finegold 1979; Feeley et al. 1979), discover the source dissem-
ination (Shands 1985) and understand the importance of amoebae for Le-
gionella species (Rowbotham 1980) set the foundations for current research
(Winn 1988).
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Figure 1. Covers of the American Legion convention program (left) and Time
magazine from August 16™ 1976 (right)(Time Magazine 1976).
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Legionellosis

“Legionnaires’ disease is an undercounted, underestimated, and underappreci-
ated global threat to human health.” — George Dehner (Dehner 2018)

Clinical manifestations

Legionellosis collectively encompasses the different infections caused by Le-
gionella species (Kozak-Muiznieks, Mercante, and Raphael 2020). These in-
fections may manifest as Legionnaires’ disease (LD), Pontiac fever, or extrap-
ulmonary syndromes. LD is considered an atypical pneumonia since it lacks
distinct symptoms or signs. It has a 2-10 day period of incubation, and the
condition can last for weeks; symptoms include high fever, muscle pain, dif-
ficulty in breathing, vomiting, diarrhoea, confusion, and delirium, (Stout and
Yu 1997; Den Boer and Yzerman 2004; Bartram 2007). Risk factors contrib-
uting to individual susceptibility include age (>50 years old), cigarette smok-
ing, alcohol abuse, lung disease, cancer, diabetes, renal failure, and immuno-
suppression (Dehner 2018; Mercante and Winchell 2015; Mondino et al.
2020). The fatality rate depends on the patient’s susceptibility and the source
of infection (community or nosocomial) and can go up to ~35%. Treatment of
LD consists of antibiotic therapy (Mercante and Winchell 2015).

Pontiac fever is a milder form of legionellosis, with a short incubation pe-
riod (24 -48 h) and infection duration (2 -5 days) (Bartram 2007). The symp-
toms include influenza-like illness, loss of strength, high fever, and muscle
and joint pain. Treatment of Pontiac fever involves managing the symptoms,
but it may also be resolved without treatment (Glick et al. 1978; Bartram
2007).

Legionella may, on rare occasions, cause severe extrapulmonary syn-
dromes when they spread beyond the respiratory tract to other body parts,
which can be fatal due to a challenging diagnosis (Paul H. Edelstein 2006;
Bartram 2007).

Detection and diagnosis

Prompt laboratory diagnosis of LD is critical to positive patient outcomes; due
to the absence of specific LD symptoms, different diagnostic methods can be
used based on the type of sample obtained. Microbiological culture of sputum
or respiratory secretions is considered the gold standard due to its high speci-
ficity; it can identify any species of Legionella independent of serogroup. This
method also allows for subsequent antibiotic susceptibility and pathogenicity
tests, as well as epidemiological studies; its significant drawbacks are the long
incubation period of 3-10 days and the variability in sensitivity (11- 65%)
(Liick et al. 2006; Dunne, Picot, and van Belkum 2017; Mondino et al. 2020).
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Due to their easy sampling method, low cost, and readily available results,
urinary antigen tests are used as a first-line screening method. Using enzyme
immunoassays or immunochromatographic assays, this technique detects a
lipopolysaccharide component in the bacterial cell wall and is highly sensitive
(75-99%) and specific (99-100%). However, it can only detect L. pneumophila
serogroup 1 (Mondino et al. 2020; Bartram 2007; Liick et al. 2006; Ceccarelli
et al. 2020b).

Direct immunofluorescent assay (DFA) may also detect legionellae via an-
tigens. DFA uses antibodies conjugated with a fluorochrome to detect L. pneu-
mophila antigens in sputum samples. The sensitivity of this assay depends on
the sample source (25-80%), and while it is highly specific (95-99%), it has
not been validated for use with non-pneumophila species. Advantages of this
method include the short staining procedure (2- 4 h), which allows for a rapid
response time, and its use to detect antigens even after antibiotic treatment
(Liick et al. 2006; Bartram 2007).

Serological diagnosis was once the preferred method to identify Legionella
infections. This type of indirect immunofluorescence assay detects antibody
levels from blood serum and has a high sensitivity (70-90%) and specificity
rate (95-99%); however, because seroconversion of the antibodies can take 3-
9 weeks and there is difficulty in obtaining samples from patients with a stand-
ardised immunological response this method has limited use in diagnostic la-
boratories. Still, it is a valuable tool for epidemiological studies (Stout and Yu
1997; Bartram 2007).

Detection of legionellae through nucleic acids was first performed in 1984
using a radioisotopically labelled RNA probe. Still, due to this assay's low
sensitivity and specificity, it was later withdrawn from use (Fields, Benson,
and Besser 2002). Currently, PCR assays are widely used to detect legionellae
from environmental samples, but they may also be used for clinical diagnosis.
The target genes are 16S ribosomal RNA to detect Legionella spp and the mip
gene to detect L. pneumophila. For diagnostic tests, this rapid assay’s sensi-
tivity is sample dependent, with those from the respiratory tract being better
(85-92%) than samples from urine serum (33-70%). The specificity is high
regardless of the sample (94-98%) but may require other diagnostic tests to
confirm positive results (Fields, Benson, and Besser 2002; Liick et al. 2006;
Bartram 2007).

Treatment

With prompt and accurate diagnosis, LD can easily be treated with antibiotics.
Due to the nature of the infection, the antibiotics chosen must be able to pen-
etrate and reach a high concentration within alveolar macrophages. Macro-
lides and fluoroquinolones, such as azithromycin and levofloxacin, are the
commonly prescribed antibiotics, but depending on the patient and diagnosis,
tetracyclines and rifampicin may also be part of the therapy. Species-specific
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diagnosis is not required for treating LD because all most legionellae that
cause human infection are sensitive to these antibiotics (Mercante and
Winchell 2015; Stout and Yu 1997; Bartram 2007; Ceccarelli et al. 2020a;
Tan et al. 2021; Pedro-Botet and Yu 2006).

Natural antibiotic resistance is observed in Legionella spp: L. pneumophila
(amongst others) is resistant to beta-lactams (e.g. penicillin) (Thornsberry and
Kirven 1978; Marre, Medeiros, and Pasculle 1982), Legionella drancourtii,
Legionella dumotffii and Legionella fallonii are resistant to erythromycin, and
L. fallonii is also resistant to chloramphenicol (Gomez-Valero et al. 2014).
Acquired antibiotic resistance, conversely, is more infrequent: a ciprofloxa-
cin-resistant L. pneumophila strain has been isolated from a patient with LD,
and there is a report of in vivo selection of fluoroquinolone resistance after
patients were treated with these antibiotics (Bruin et al. 2014; Shadoud et al.
2015).

Transmission and epidemiology

Legionellosis has been termed a disease of affluence as the top niches in which
Legionella propagate are built by humans (Dehner 2018; Bartram 2007). Alt-
hough legionellae are ubiquitous in freshwater habitats in low abundance
(Graells et al. 2018), most legionellosis occurs from inhalation of Legionella-
containing aerosols spread by showers, faucets, air-conditioning, and foun-
tains originating from contaminated artificial water systems such as plumbing
networks, water reservoirs, and cooling towers, where legionellae find favour-
able conditions for replication: warm temperatures (25-45°C), biofilms and
protozoans (Woo, Goetz, and Yu 1992; Falkinham et al. 2015). Legionellosis
may also arise from contaminated water used to irrigate wounds, or from res-
piratory equipment; however, these cases seem to be particular to hospitals
and care facilities (Dehner 2018; Falkinham et al. 2015). Transmission be-
tween humans is rare, with a single case described to date (Correia et al. 2016;
Borges et al. 2016), but human-to-environment transmission has been sug-
gested as the source of some particularly virulent strains of L. pneumophila
(David et al. 2016).

Presently, over 65 species of Legionella, encompassing more than 70
serogroups, have been discovered (Mondino et al. 2020; Mercante and
Winchell 2015). While almost half of these species have been isolated from
clinical samples, all species are considered potential human pathogens. De-
spite this phylogenetic breadth, 80-90% of legionellosis worldwide is caused
by L. pneumophila, except in Australia and New Zealand, where 50-60% of
cases are caused by L. longbeachae. L. micdadei and L. bozemanae cause the
remaining occurrences. Interestingly, even in infections caused by L. pneu-
mophila, of its 15 serogroups, strains of serogroup one are overrepresented,
comprising 90% of the cases. Furthermore, it has also been observed that
clones from this serogroup are responsible for 50% of LD in northern Europe,
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which suggests specific adaptations to anthropogenic environments (David et
al. 2016; Den Boer and Yzerman 2004; Fields, Benson, and Besser 2002;
Mondino et al. 2020; Kozak-Muiznieks, Mercante, and Raphael 2020; Mer-
cante and Winchell 2015).

The worldwide occurrence of legionellosis is challenging to estimate due
to misdiagnosis and underreporting, but it has been established as a critical
contributor to both community- and hospital-acquired pneumonia. In the
United States alone, legionellae account for 2-9% of all community-acquired
cases of pneumonia, requiring about 8000-18000 hospitalisations every year.
(Diederen 2008; Falcéd et al. 1991; Lau and Ashbolt 2009; Mercante and
Winchell 2015; Kozak-Muiznieks, Mercante, and Raphael 2020). In the past
decade, the reported legionellosis cases have increased over two-fold in both
the United States and Europe; this is thought to be due to a combination of
factors, including environmental conditions, an increase in susceptible popu-
lations and better diagnostic testing. Most legionellosis cases are attributed to
sporadic infections. There is also a widespread increase in cases during the
summer months (Kozak-Muiznieks, Mercante, and Raphael 2020; Mondino
et al. 2020).

Prevention and Control

Legionella species constitute a significant health burden to humans; to prevent
their dissemination, risk management approaches must consider their ecolog-
ical niches and the modes of transmission. To address the persistence of le-
gionellae in anthropogenic water systems, frameworks have been devised to
control the level of nutrients, prevent low flow and stagnation of water, control
the temperature, and control the microorganisms present in these habitats.
These measures can be implemented with a range of methods, from dosing the
water with disinfectants, copper and silver ionisation, and thermal and UV
disinfection, to point-of-use filters (Muraca, Stout, and Yu 1987; Biurrun et
al. 1999; Kusnetsov et al. 2001; Darelid, Lofgren, and Malmvall 2002; Bar-
tram 2007; Surman-Lee and Walker 2020).
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Biology and pathogenesis of Legionella pneumophila

Overview

Soon after the identification of L. pneumophila, the Legionellaceae family was
established (Brenner 1979). While at first Legionellaceae was comprised of
three genera: Legionella, Tatlock and Fluoribacter (Garrity, Brown, and
Vickers 1980), this was later contested by microbiologists due to the pheno-
typic similarities between them; Legionella is now the only recognised genus
in this family. Species within the Legionella genus are all facultative intracel-
lular bacteria, except for ‘Candidatus Legionella polyplacis’, a symbiont of
the louse Polyplax serrata (Rihova et al. 2017). Over 45 years since L. pneu-
mophila, new species are still being discovered, with Legionella antarctica
and Legionella bononiensis just in the past year (Shimada et al. 2021;
Girolamini et al. 2022).

Bacteria of the genus Legionella are Gram-negative, pleomorphic, non-
sporulated bacilli with dimensions ranging from 0.3-0.9 um wide and 2-20 um
in length. Most have a polar flagellum (although some might have two) which
makes them motile (Thomason 1979), except for L. longbeachae and L. oa-
kridgensis (Appelt and Heuner 2017).

Life cycle and ecology

L. pneumophila exhibits a biphasic lifecycle alternating between replicative
(avirulent) and transmissive (virulent) forms as it transitions between extra-
cellular and intracellular growth, through highly regulated mechanisms
(Oliva, Sahr, and Buchrieser 2018).

These forms are characterised by distinct morphogenic, metabolic, and
gene expression patterns. When the environmental conditions are favourable
for replication, as when it enters host cells, L. preumophila upregulates the
expression of genes for metabolism, amino acid degradation, cell division and
biosynthetic processes. As the resources in the environment are spent, it ar-
rests replication by upregulating transmissive traits such as motility, osmotic-
and acid-resistance, and virulence, enabling it to escape the host. Once out-
side, they can find a new host or remain in the planktonic form (Oliva, Sahr,
and Buchrieser 2018; Mondino et al. 2020; Chauhan and Shames 2021).

In liquid culture, L. pneumophila displays a similar life cycle where the
replication phase corresponds to bacteria in exponential growth, and the trans-
missive phase corresponds to stationary growth phage (Oliva, Sahr, and
Buchrieser 2018).
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L. pneumophila can be found in nearly all natural and engineered aquatic en-
vironments, associated with biofilms and protists (Fields, Benson, and Besser
2002). These freshwater habitats may vary significantly in their composition
of abiotic and biotic factors, which affect how well L. pneumophila can sur-
vive and replicate.

Abiotic factors that affect L. pneumophila in freshwater environments

The temperature has one of the most critical influences in regulating L. pneu-
mophila density in the environment. L. pneumophila grows best at warm tem-
peratures ranging from 30-40°C. It may tolerate higher temperatures, as evi-
denced by high levels of L. pneumophila in hot water tanks. At the colder end
of the spectrum, although L. pneumophilahas been isolated from water at 6°C,
this does not indicate it can grow at these temperatures (Gardufio 2020). In a
study following Legionella from water reservoirs to a potable water distribu-
tion system, it was observed that the population at the source was more diverse
and cold-adapted than the population in the potable water, which was less var-
ied and thermotolerant (Lesnik, Brettar, and Hofle 2016). Adaptations to tem-
perature are regulated at the gene level; thermotolerance is mediated by heat-
stress proteins such as chaperonins and chaperone proteins. L. pneumophila
has a more filamentous shape at high temperatures, linked to increased HtpB
chaperonin levels (Piao et al. 2006).

L. pneumophila grown in culture media requires a narrow pH range, how-
ever, in laboratory-defined water cultures it has been shown to replicate at pH
levels 0f 5.5-9.2 (Wadowsky et al. 1985). These parameters are more complex
to establish in the environment because L. pneumophila grows intracellularly
inside protozoan hosts, which shelter it (Gardufio 2020).

The amino acid requirements for L. preumophila were established during
the formulation of the chemical-defined media for its growth (Warren and
Miller 1979). More recently, in silico analysis of the L. pneumophila genome
predicted that it cannot synthesise Arg, Ile, Leu, Met and Val (Price et al.
2014). In the environment, L. pneumophila gets access to amino acids by pro-
ducing extracellular proteases, which digest proteins in the background, gen-
erating free amino acids. Inside host cells, L. pneumophila employs mecha-
nisms to sequester amino acids into the LCV. The availability of amino acids
affects L. pneumophila’s differentiation regulation (Molofsky and Swanson
2004).

For L. pneumophila, metal ions like calcium, magnesium, iron and sodium
have a non-nutritional function. Calcium and magnesium affect the adherence
of L. pneumophila to surfaces, which may have a role in biofilm formation
(Koubar, Rodier, and Frére 2013). The impact of iron on L. pneumophila’s
growth has been long known as it is an essential supplement to the media
(Feeley et al. 1979). In artificial water systems, it is thought that L. pneumoph-
ila has access to iron and other metals from (corroded) pipes and tanks. L.
pneumophila can acquire iron in the environment by direct uptake through
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membrane proteins or siderophores (Cianciotto 2015). Sodium sensitivity in
L. pneumophila is growth phase-dependent; it inhibits the growth of virulent
L. pneumophila, although the mechanism has not been described (Byrne and
Swanson 1998). This mechanism may also be temperature-regulated, as at low
temperatures L. pneumophila is less sensitive to sodium (Garduiio 2020).

Biotic factors that affect L. pneumophila in freshwater environments
The intracellular lifecycle of L. preumophila inside amoebae was first de-
scribed by Rowbotham in 1980 (Rowbotham 1980). Although it has been es-
tablished that protists are integral for the persistence of L. pneumophila in
freshwater niches, in natural environments interactions between the two seem
to be much more infrequent than in engineered ones. These systems are thus
considered “hot spots” for the evolution of L. pneumophila and emerging path-
ogens (Berk et al. 20006).

L. pneumophila can infect a range of protozoa such as Acanthamoeba,
Naegleria and Vermamoeba, although this may be strain-specific, and temper-
ature dependant (Buse and Ashbolt 2011). Equally, not all amoeba species and
strains are permissive to L. pneumophila, such as Naegleria lovanienesis and
some strains of Willaertia magna (Declerck et al. 2005; Dey et al. 2008).
Amoebae that resist L. pneumophila infection do so by avoiding uptake, ex-
pulsing pellets of undigested, or by digesting L. preumophila (Amaro et al.
2015). L. pneumophila also interacts with other protozoans such as ciliates and
flagellates, the former does not digest L. pneumophila, but also does not sup-
port intracellular replication, and the latter consumes L. pneumophila as food
(Garduno 2020).

Biofilms are responsible for the survival and persistence of L. pneumophila
in man-made environments and have been associated with LD outbreaks.
Planktonic L. pneumophila may colonise and survive in existing multi-species
biofilms, which protects them from environmental stresses such as biocides,
but it cannot replicate in biofilms without the presence of amoebae (Abu
Khweek and Amer 2018).

Pathogenesis and virulence

The intracellular life cycle of L. pneumophila
L. pneumophila can replicate inside a range of host cells, from protists to mac-
rophages, following a similar life cycle (Figure 2).

L. pneumophila enters host cells through phagocytosis, although it can also
infect non-phagocytic cells. As soon as it enters, it loses its flagella and starts
secreting effector proteins. Once entirely inside the cell and encapsulated in a
phagosome, it must evade the traditional path of phagosome maturation and
degradation. To achieve L. pneumophila creates a protective environment, the
LCV. It hijacks ER-Golgi vesicles and mitochondria and recruits them to the
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LCV membrane. While the association with the mitochondria is transient, the
ER vesicles fuse with the LCV membrane. This process expands the LCV and
makes it look like a host cell compartment, thereby protecting the L. pneu-
mophila inside. Because of this appearance, the host decorates the LCV with
ribosomes. In this safe replication-permissive niche, the L. pneumophila starts
replication. Once the nutrient availability is exhausted, L. pneumophila differ-
entiates into its transmissive phase, expressing virulence traits, including fla-
gella, which allow it to escape the host cells (Chauhan and Shames 2021; Kay
et al. 2020; Mondino et al. 2020). It’s these free flagellated bacteria that if
aerosolised, can infect human macrophages. Thus, through this process, amoe-
bae prime L. pneumophila for infection (Molmeret et al. 2005).
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Figure 2. Intracellular life cycle of L. pneumophila. L. pneumophila enters
the host cell. Once the phagosome, it starts secreting effector proteins through
the Dot/Icm T4SS system that enable it to evade degradation by recruiting
ER-derived vesicles to the LCV membrane, and transiently associating with
mitochondria. The LCV becomes decorated with ribosomes and effector pro-
teins and L. pneumophila safely replicates inside. Once there are no more
nutrients, the transmissive stage is activated and L. pneumophila exits the
cell. Created with BioRender.com.

The Dot/Icm type IV secretion system

The Dot/Icm T4SS translocates over 300 effector proteins involved in the in-
tracellular replication of L. prneumophila. These effector proteins interfere
with various host processes, such as vesicular trafficking, LCV formation and
protein ubiquitination. It is the best-characterised secretion system of L. pneu-
mophila due to its importance. The dot/icm gene loci are present in all Le-
gionella species and are highly conserved, underlining their importance for
intracellular replication of L. pneumophila.
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The complex is made of 26 proteins, and although not all have been char-
acterised, a working model proposes a core transmembrane subcomplex lo-
calised at the polar ends of the bacterium and a coupling protein subcomplex
(Figure 3). In the transmembrane complex, DotH forms the outer membrane
pore, is anchored by DotC and DotD, and receives energy from DotG. DotF
interacts with DotG to regulate its energy-transducing activity. The coupling
protein subcomplex recruits and carries substrates to the secretion channel;
DotL in the inner membrane is an ATPase, bound to the DotM-DotN internal
membrane/cytoplasm component, the two chaperones IcmS and IemW, and
the LvgA protein. There are 16 other proteins required for a functional system,
particularly DotA, a cytoplasmic-membrane protein, without which effectors
cannot be secreted. In the laboratory, Adot4 mutants cannot replicate intracel-
lularly (Gomez-Valero, Chiner-Oms, et al. 2019).
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Figure 3. Model of the Dot/Icm type IV secretion system. Based on Gomez-Valero
et al. 2019. Created with BioRender.com.

Regulation of effectors
The Dot/Icm T4SS is responsible for translocating proteins crucial for the in-
tracellular survival of L. pneumophila. Thus, these effectors have to be tightly
regulated at the gene expression level to insure the correct and timely expres-
sion of genes. Over 100 effector genes are regulated by three regulatory sys-
tems: the PmrAB two-component system (TCS), the CpxRA TCS, and the
LetAS-RsmYZ-CsrA regulatory cascade (Figure 4).

The PmrAB TCS is composed of PmrB sensor histidine kinase, and PmrA
DNA binding response regulator. The signals that activate PmrB are unknown,
but there are some indications it could be triggered by low pH concentrations
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(Al-Khodor et al. 2009). PmrA activates the expression of CsrA translational
expression, resulting in higher levels of CsrA when the PmrAB TCS is active.
PmrA additionally actives the connector protein LerC, which inhibits the
LetAS regulatory cascade by binding to LetS.

The CpxRA TCS also comprises a sensor histidine kinase — CpxA, and a
response regulator — CpxR. This dual regulator activates and inhibits the ex-
pression of Dot/Icm effectors, and activates the expression of Dot/Icm genes.
CpxR also activates LetE, a connector protein that connects the CpxRA TCS
to the LetAS-RsmYZ-CsrA regulatory cascade.

The LetAS-RsmYZ-CsrA regulatory cascade contains the LetAS TCS, two
small RNAs (sRNAs) — RmsY and RmsZ, and the post-transcriptional re-
pressor CsrA. LetS is activated during L. pneumophila’s differentiation into
the stationary phase form. It then phosphorylates LetA, which in turn activates
RmsYZ. These sSRNAs bind and sequester CsrA molecules, which can longer
interact with the mRNA, resulting in the inhibition of Dot/Icm effector ex-
pression. CsrA has an inhibitory effect on LerC expression (Kay et al. 2020;
Feldheim et al. 2016; 2018; Linsky and Segal 2021).
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Figure 4. Model of the three regulatory systems that controls the expression of the
Dot/Icm system: the CpxAR TCS, the letAS-RsmYZ-CrsA regulatory cascade, the
PmrAB TCS, and the connector proteins LetE and LerC. Arrows indicate activation,
T-shapped symbols indicate repression, dashed curved arrows indicate the phosphore-
lay mechanism between sensor kinase and response regulaor. Based on Linsky and
Segal 2021. Created with BioRender.com.

The genome and evolution of L. pneumophila

The genome size of Legionella species ranges from 2.7- 4.9 Mb, with an av-
erage G+C content of 34-51%; for L. pneumophila, these values are 3.3-3.5
Mb and 38%, respectively (Cazalet et al. 2004; Chien et al. 2004). The pres-
ence of plasmids, episomal- and mobile elements, which can be integrated in
the chromosome or carried by plasmids, varies between species and strains
(Schroeder et al. 2010).

Analyses of the genus reveal a high level of genomic heterogeneity and
plasticity. A study of 58 Legionella species and 80 strains found that the core
genome of the genus comprises only 6% of all the genes, while within a spe-
cies, it was 32% (Gomez-Valero, Rusniok, et al. 2019). These results differed
from a previous study where 38 species were analysed, illustrating that the
pan-genome of Legionella is still not defined (Burstein et al. 2016; Gomez-
Valero, Rusniok, et al. 2019). The high variability in the Legionella genome
has been attributed to a combination of different factors: (i) mobile genetic
elements associated with genes encoding for transfer regions, (ii) high
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recombination rates, and (iii) horizontal gene transfer (HGT) (Khodr et al.
2016; Gomez-Valero, Rusniok, et al. 2019). While DNA exchange between
species is rare, there is a high number of eukaryotic-like genes and domains
(Gomez-Valero, Rusniok, et al. 2019).

Not surprising, due to their essential role in intracellular replication, the
dot/icm genes are highly conserved and a part of the core genome. While the
Dot/Icm T4SS is highly conserved at the sequence level, the effector protein
repertoire it translocates varies substantially. The effector pan-genome cur-
rently consists of over 18,000 putative proteins encoding over 200 eukaryotic-
like proteins and 137 eukaryotic-like domains. The most abundant domains
identified were ankyrin repeats, F- and U-box; a GTPase-like domain, unique
in prokaryotes, has also been identified. Only eight effectors were found
across all species, and seven others were in almost all. The core effector ge-
nome within a species is only 65% of all the effectors, showcasing high vari-
ability even at a species-level (Gomez-Valero, Rusniok, et al. 2019). These
eukaryotic-like genes and domains are thought to have been acquired during
Legionella’s co-evolution with protozoan hosts.

HGT plays a critical role in the evolution of bacteria, archaea and unicellu-
lar eukaryotes (Boto 2010). Studies have documented gene exchange within
and between members of these different domains. However, exchanges be-
tween prokaryotes and eukaryotes are not as widely reported (Boto 2010;
Gomez-Valero and Buchrieser 2019). The Dot/Icm system in L. pneumophila
secretes over 10% of its proteome, the highest number of effectors secreted by
any prokaryote. The second closest is Coxiella burnetti, an obligate intracel-
lular pathogen also part of the Legionellales order, which secretes over 100
effectors, close to 5% of its proteome (Best and Abu Kwaik 2018). However,
there is a high level of redundancy in the effector repertoire. Minimisation of
one-third of L. pneumophila’s effectors had minimal effect on growth in
mouse macrophages (O’Connor et al. 2011).

When looking at host-adapted bacteria, researchers found “some of the
smallest, most stable, most deteriorated, most highly repeated and most highly
recombined bacterial genomes” (Toft and Andersson 2010). Host adaptation
is a dramatic ecological process which happens unidirectionally in stages and
is governed by different selective forces (Toft and Andersson 2010). During
integration, there are severe genomic changes in the bacterial genome (Figure
). At first, as it transitions from the free-living to the facultative intracellular
stage, the bacteria gain new genes through HGT, which it modifies through
duplication and recombination events. The next stage, obligate intracellular,
may be triggered by the loss and further modification of bacterial genes, mak-
ing the bacteria unable to grow extracellularly and restricted to specific hosts.
As their genome continues to be reduced through gene non-functionalisation
and loss, they become endosymbionts and start co-evolving with the host,
which leads to the further minimisation of the genome, eliminating genetic
redundancy between the host and symbiont. In the final stage, the symbiont
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becomes part of the host as an organelle, and its genes are transferred to the
host or replaced by host nuclear genes(Moya et al. 2008; Toft and Andersson
2010).
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Figure 5. Genomic dynamics during different host-adaptation stages. Arrows pointing
towards the genome indicate gene acquisition by HGT. Arrows looping towards the
genome indicate changes within the genome. Arrows pointing away from the genome
indicate gene loss or transfer to the host. The weight of the arrow indicates the influ-
ence of each type of process at the different stages. Based on Toft and Andersson
(2010). Created with BioRender.com.

So, despite what is expected from a facultative intracellular pathogen, Legionella
have preserved this high level of genomic redundancy.

The current hypothesis is that the diversity of effectors between species is
what enables Legionella to replicate in such a broad range of hosts. Legionella
use this arsenal of effectors in different combinations depending on the host.
Selective pressures act on both their ability to replicate in a single host, and
their ability to replicate in a variety of hosts, so they maintain and acquire new
genes to add to their effector repertoire. A highly regulated differentiation be-
tween transmissive and replicative phases and expression virulence genes also
has a significant role as it reduces the fitness costs of gene expression. Ulti-
mately, it is this redundancy in effectors coupled with the similarities between
protists and human phagocytic cells that permit Legionella to accidentally in-
fect humans, despite not having an evolutionary history with these hosts.
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Current investigations

Legionella pneumophila contains multitudes. Since it catapulted to fame after
the eponymous Legionnaires’ disease outbreak, it has become an increasingly
important human pathogen. Its appeal, however, does not stem simply from
the consequences of its interactions with humans — L. preumophila is a re-
markable and unique microorganism. With its life cycle, complex secretion
systems, and interaction and co-evolution with other organisms, L. pneumoph-
ila is a valuable model organism.

The work in this thesis is primarily focused on studying the evolution of L.
pneumophila. Papers I and 11 delve into this, asking: “How do potential path-
ogens adapt to cause disease in specific hosts?” and “What are the critical
phenotypes and genes underlying these traits?”. We try to answer these ques-
tions by looking at host-specific adaptations over short- and long-term time-
frames, in natural (in vivo) and experimental (in vitro) settings. Paper III de-
scribes a novel method for the genetic manipulation of Acanthamoeba castel-
lanii. While this may appear as a departure from the main topic, it illustrates
the multitudes one faces when studying L. pneumophila. As a natural host of
L. pneumophila, A. castellanii is a critical model for understanding host-path-
ogen interactions. Thus, it is crucial to develop more efficient and practical
tools.

Paper I: Microevolution of L. pneumophila during
human infection

L. pneumophila is ubiquitously found in natural and man-made aquatic habi-
tats. In these environments, they encounter a range of protists which they use
as hosts for replication. This intracellular life cycle is thought to have
equipped L. pneumophila with the tools to infect human alveolar macro-
phages(Best and Abu Kwaik 2018). Thus, humans accidentally infected may
develop a severe, often-fatal pneumonia termed Legionnaires’ disease or a
milder form of legionellosis, Pontiac fever.

Despite the shared similarities between protists and human macrophages,
it is hypothesised that the different host-specific requirements result in high-
selective value mutations in L. preumophila that confer a significant fitness
advantage in humans. However, due to limited person-to-person transmission,
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these human-specific adaptations are not returned to the main L. pneumophila
population after each accidental infection(Ensminger et al. 2012).

To identify these mutations, we collected L. pneumophila strains from in-
dependent infections, pairing patient isolates with their inferred environmental
source samples. These sample pairs originated from sporadic cases of Legion-
naires’ disease and outbreaks. Additional strains were obtained from pub-
lished work.

We implemented a system to filter through the samples and discard those
caused by co-infections, or those from short incubation periods. After cura-
tion, we were left with 171 sample pairs, 24 of which were from two outbreaks
and the remainder from independent cases. We whole genome sequenced 100
pairs and obtained the sequences from published data for the remaining sam-
ple sets.

Genomic variations between the clinical and environmental isolate sample
pairs were assessed using the de novo assembled environmental strain se-
quences as a reference for the clinical strains. In nine genes, mutations were
independently identified more than once, and for two of the genes, we identi-
fied three independent mutations. Our simulations suggest that the mutations
in these two genes may have arisen from convergent evolution and not merely
by chance.

One of these potentially adaptive in the human host (PAHH) genes encodes
an outer membrane protein (Ipg0707), an Omp1/FadL homolog. Two (out of
three) mutations in this gene lead to premature stop codons, resulting in trun-
cated proteins that are 3% or 40% the length of the full-size protein.

The other PAHH gene encodes an EAL domain-containing protein
(Ipg0891); all three mutations in this gene cause amino-acid substitutions,
which are not predicted to result in a complete loss of function.

To evaluate the effect of these mutations in vitro, we performed extracel-
lular and intracellular growth assays with both pairs of isolates and the L.
pneumophila strain Paris as reference. Each pair's clinical and environmental
isolates exhibited similar growth rates in the extracellular assays. There was
no difference in growth rate in A. castellanii for the OmpP1/FadL-mutant
(clinical isolate) compared with its environmental isolate; however, a signifi-
cant relative growth rate increase (34.9%) was observed in U937 human mac-
rophages. In contrast, the EAL-mutant exhibited a slight decrease in growth
rate when grown in A. castellanii compared to its environmental isolate and
an evident reduction in growth rate in U937 macrophages. Although these re-
sults seem promising and confounding, respectively, it is essential to note that
experimental conditions, especially when using macrophages, do not account
for the entire human immune system. Further studies are required to under-
stand the role of these genes and their subsequent mutations in infection.

In conclusion, our comparative genomic analyses identified mutations in
two genes in L. pneumophila that could potentially be responsible for human
adaptation. One, encoding an OmpP1/FadL outer membrane protein, gave —
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when knocked out — L. pneumophila a substantial increase in growth rate in
human macrophages, consistent with the original hypothesis predicting the
availability of high-selective value in-patient mutations; the other, an EAL-
domain containing protein, which regulates cyclic-di-GMP, is involved in vir-
ulence and motility of L. pneumophila. In our assay, the mutated version of
this gene displayed a surprising loss of fitness in macrophages. As these mu-
tations repeatedly occurred in independent infections over a short period, there
is a strong indication that they provide an evolutionary advantage in the human
host. Together, these results suggest that L. pneumophila, despite being able
to infect humans, is sub-optimally adapted to this host.

Future perspectives

i. Follow-up functional studies on the gene candidates in the context
of different L. pneumophila hosts, including amoebae, human cell
lines, and animal models (e.g., Galleria mellonella and Caeno-
rhabditis elegans).

il. Sequence more clinical and environmental isolate pairs to identify
additional mutations, determine mutation frequency, and
strengthen conclusions on whether the observed mutations result
from convergent evolution or random mutation.

Paper II: Long-term experimental evolution of L.
pneumophila

In Paper I, we looked at host-specific adaptations of L. pneumophila resulting
from its short incubation period during human infection. In this study, we fur-
ther explore the hypothesis that L. preumophila’s environmental lifestyle gov-
erns its evolution as a generalist pathogen by selecting against mutations that
may decrease fitness in the various hosts it encounters;, we investigate
whether, conversely, host restriction would drive L. pneumophila to become
a specialist.

To answer this question, we set up a long-term experimental evolution sys-
tem in which we cycled L. preumophila in three different host settings: A.
castellanii, U937 human macrophage-like cells, and alternating between the
two hosts (Figure 2). With this system, we aimed to identify the critical muta-
tions that drive the evolution of host adaptation in L. pneumophila.

The two fluorescently tagged isolates of L. pneumophila strain Paris (-
SYFP2 and -dTomato) have now been passaged for over 1000 generations.
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Each of the six lineages for all three host conditions was sequenced at the
population level at two or three time points.
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Figure 6. Long-term experimental evolution set-up.

Identifying mutations of interest proved to be more challenging than expected.
In summary, the mutations found can be classified into four groups: (i) adap-
tations to laboratory conditions, specifically to streptomycin; (ii) compensa-
tory mutations to restore the fitness losses caused by the previous group of
mutations; (iii) mutations in the lipopolysaccharide (LPS) synthesis operon,
which were only observed in lineages passaged in A. castellanii; and (iv) mu-
tations in LerC, a regulator of effector expression, fixed in five lineages pas-
saged in U937 macrophages.

Streptomycin resistance was found in most evolved lineages, with muta-
tions in the ribosomal protein S12 RpsL (K43T and K88R), previously iden-
tified in L. pneumophila. Although we did not purposely expose the L. pneu-
mophila to streptomycin, both hosts were grown in media supplemented with
penicillin and streptomycin. We suspect that a fraction of the supplemented
media was accumulated in the hosts’ cytosol, which would come into contact
with L. pneumophila.

In almost all instances, we found that each of the two RpsL mutations was
accompanied by another mutation. RpsL43 was systematically found with a
known compensatory mutation in RpsD (ribosomal protein S4), which re-
stores efficient translation in cells with the former RpsL mutation. On the
other hand, RpsL88 was often identified with a mutation in the co-chaperonin
GroES, also known as HtpA in Legionella. The role of GroES is not well de-
scribed, but chaperonins have been shown to be involved in different phases
of the Legionella life cycle.
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The LPS synthesis cluster contains close to 30 genes in L. preumophila,
however the specific function of each gene is not fully understood. In our
evolved lines we found mutations in four of these genes (Ipp0831, lpp0832,
Ipp0833, and 1pp0835), which are part of the Paris strain-specific genes. The
prevalence of independent mutations found in this gene cluster in the lineages
cycled in A.castellanii suggest that these are pathoadaptive mutations.

The protein LerC is involved in the network regulation of effector proteins
in L. pneumophila. Specifically, it has been described as a connector between
the PmrAB and LetAS two-component systems. We identified six distinct mu-
tations in the lerC gene, some fixed in five evolved populations. None of the
LerC mutations were observed in the lineages cycled in 4. castellanii, which
suggests that these mutations could decrease fitness in this host. Conversely,
these mutations increased fitness in U937 macrophages, making it a good can-
didate gene for human-specific adaptive mutation.

In conclusion, the function, fate and histories of the mutations in these 18
evolved lineages remain unclear. Additional studies of the candidate muta-
tions in the LPS gene cluster and lerC gene are required to understand their
role in L. pneumophila host adaptation. As mentioned in Paper I, it is chal-
lenging to comprehensively quantify fitness costs and advantages in an organ-
ism with a complex extra- and intracellular life cycle. Therefore, further meth-
odological optimisation is also necessary to better characterise the effect of
these mutations.

Future perspectives

Experimental evolution allows us to “turn back the evolutionary clock and
replay life’s tape” by trying to recreate in the lab what we hypothesise happens
in nature. In some ways, this project is still at the early stages of realising its
potential, as we have more questions than answers. As we continue to se-
quence the evolved populations and analyse the data, we will get a clearer
picture of the evolutionary trajectories of the two original strains. Neverthe-
less, there are some steps to answer the more pressing questions.

. Characterise the function and effect of the mutations described
here.

1i. Optimise an assay for fitness measurements.

1. Isolate and sequence colonies from specific populations.

iv. Sequence the remaining lineages at the latest time point.

31



Paper III: A method for highly efficient transfection of
A. castellanii

A. castellanii is an emerging human pathogen of ecological, clinical, and evo-
lutionary importance (Rayamajhee et al. 2022). Still, few genetic manipula-
tion tools have been developed for this organism, which hinders its use as
model organism(Moon et al. 2009; Swart et al. 2018).

The ability to introduce and express exogenous genes in eukaryotic organ-
isms ( i.e., transfection) has been paramount for studying gene function and
expression in cells(Bono et al. 2020; Fus-Kujawa et al. 2021; Gam et al. 2019).
Different transfection methods have been described for 4. castellanii(Hu and
Henney 1997; Kong and Pollard 2002; Lee et al. 2015; Leitsch et al. 2021;
Rolland et al. 2020; Yin and Henney Jr. 1997), with commercial reagents pres-
ently being the most broadly used(Lee et al. 2015; Rolland et al. 2020). How-
ever, the reported transfection efficiency remains low, at around ~5% (Moon
et al. 2009; Peng, Omaruddin, and Bateman 2005).

In this study, we describe the transfection of A.castellanii with polyethyl-
enimine (PEI), a cationic polymer extensively used to transfect a range of eu-
karyotic cells(Bono et al. 2020; Boussif et al. 1995; Ponti et al. 2021). We
systematically explored three forms of PEI and evaluated their effect on cell
viability and transfection efficiency based on parameters established for other
cell types.

We found that linear PEIs were less toxic to the cells and more effective
than the branched form of PEI. Our high-throughput approach also revealed
the importance of the DNA:PEI ratio and concentrations for optimal transfec-
tion conditions. Furthermore, we demonstrated that co-transfection of more
than one plasmid per cell is common and can potentially be modulated by the
concentration of PEI used. When comparing the PEIs to the commercial rea-
gents — SuperFect” and ViaFect™, we found the PEISs to be at least ten times
more efficient at transfecting 4. castellanii with plasmid DNA.

In conclusion, we demonstrated that these readily available and inexpen-
sive cationic polymers can be used to transfect A. castellanii with high effi-
ciency. We also detailed the effect of different factors in optimising transfec-
tion conditions.

Future perspectives

While this work provides a sound basis for the transfection of A. castellanii
with PEIs, there remain parameters of importance for the standardisation of
this protocol that have not yet been investigated.
i. Understand the biophysical and biochemical properties of PEI
and PEI-DNA complexes and how they interact with the 4. cas-
tellanii at a molecular level.
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il. Explore the size and type of nuclei acid constraints on transfection
efficiency, particularly siRNA.
iil. Establish this protocol with other Acanthamoeba species.
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