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Abstract

Legionella pneumophila is a facultative intracellular pathogen, and it is the causative agent of
Legionnaires’ disease, a life-threatening form of pneumonia. L. pneumophila is commonly found
in most water systems including freshwater bodies, rivers, and lakes as well as in engineered water
systems and man-made water distribution systems such as cooling towers. Free-living amoeba in
aquatic environments are the primary reservoir of L. pneumophila. Following inhalation of
contaminated water droplets by humans, L. pneumophila infects and replicates within lung alveolar
macrophages and potentially causes Legionnaires’ disease (LD) in susceptible individuals. The
bacterium establishes its intracellular niche by forming the Legionella-containing vacuoles
(LCVs). L. pneumophila governs the formation of the LCV and intracellular growth through the
Icm/Dot type IVB secretion system. Icm/Dot is able to translocate around 300 protein effectors in
the host cell allowing L. pneumophila to modulate many signalling and metabolic pathways of the
host to its benefit. It is believed that Small Regulatory RNAs (sRNAs) are major players of
regulation of virulence-related genes in L. pneumophila. We investigated the regulatory role of the
two sRNA Lpr0050 and Lpr0024. Lpr0050 is encoded on the complementary strand of the effector
SdeA. Using northern blot we showed that the cis-encoded sSRNALpr0050 is expressed in the
Exponential (E) phase and Post-Exponential (PE) phase in the wild-type, 4cpxR and AletS. We
showed by qPCR that the SdeA effector and its homologs (SdeB, SdeC and SidE) are co-regulated
by Lpr0050. On the other hand, our results showed that the trans-encoded sRNA Lpr0024 is
regulated by LetA/S in the PE phase. Furthermore, the analysis of the genomic region of Lpr0024
shows that it is present in multiple copies and uncovers a new mobile genetic element and a new

endonuclease.



Résumé

Legionella pneumophila est un pathogene intracellulaire facultatif et la cause de la maladie du
Legionnaire, une forme mortelle de pneumonie. L. pneumophila est retrouvé couramment dans la
plupart des systémes hydriques tel que les rivieres et les lacs, ainsi que dans les systémes fabriqués
par I’homme comme les tours de refroidissement. Les amibes qui vivent dans ces environnements
sont le réservoir primaire de L. pneumophila. Suite a I’inhalation de gouttelettes d’eau contaminé
par ’humain, la bactérie entre dans les poumons et infectent les macrophages alvéolaires. La
bactérie établit sa niche intracellulaire en format la « Legionella-containing vacuole » (LCV). L.
pneumophila contréle le développement de la LCV et sa croissance intracellulaire griace au
systéme de sécrétion de type IVb appelé Icm/Dot. Ce systéme est capable de transloquer environ
300 protéines, appelé effecteur, qui modulent plusieurs systemes de signalement et des voies
métaboliques au bénéfice de L. pneumophila. Les petits ARN non-codants (SRNA) ont des roles
importants dans la régulation de génes de virulence chez L. pneumophila. Nous avons investigué
le r6le des deux sRNAs Lpr0050 et Lpr0024. Lpr0050 est encodé sur le brin complémentaire de
I’effecteur SdeA. Lpr0050 est exprimé en phase exponentielle (E) et en phase post-exponentielle
(PE). Nous avons montré que SdeA et ses homologues (SdeB, SdeC et SidE) sont co-régulés par
Lpr0050. D’un autre coté, I’analyse de la région génomique autour de Lpr0024 a permis

d’identifier un nouvel élément génétique mobile ainsi qu’une nouvelle endonucléase.
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Introduction
Legionella pneumophila is a facultative intracellular pathogen and it is the causative agent of
Legionnaires disease (an acute form of pneumonia) and Pontiac fever (milder flu-like illness). In
Europe and North America, L. pneumophila is responsible for over 90% of reported Legionellosis
cases. L.pneumophila is commonly found in almost all natural systems including freshwater
bodies, rivers, and lakes as well as in the engineered water systems such as cooling towers. It is
able to replicate inside amoeba in the water environment, and inside lung macrophages in humans.
The bacterium establishes its intracellular niche by forming the Legionella-containing vacuoles
(LCVs). In both macrophage and protozoan host cell, a series of events that disrupt normal
endocytic trafficking are needed for the intracellular multiplication of L. pneumophila starting with
preventing phagolysosome fusion and the acidification of the LCV. L. pneumophila governs
the formation of the LCV and intracellular growth through the Icm/Dot type IVB secretion system
which is able to translocate around 300 effectors in the host cell allowing L. pneumophila to
modulate many signalling and metabolic pathways of the host to its benefit. L. pneumophila
replicates inside LCV until nutrients become limited, which limitation then leads to the transition
to transmissive phase where many virulence-associated traits are expressed allowing the release
and transmission to new host cells. This biphasic life cycle of L. pneumophila is reflected by a
major shift in gene expression from replicative to transmissive phase. Moreover, efficient
regulation of gene expression is critical for responding to the different environmental conditions

that L. pneumophila encounters as well as for its intracellular multiplication in host cells.

The discovery of a class of regulatory elements, called small noncoding RNAs (sSRNAs) uncovered
a high complexity of posttranscriptional gene regulation in both prokaryotes and eukaryotes. Small

RNAs are short RNA molecules that are approximately 80 to 500 nucleotides in length. SRNAs
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have regulatory role in processes, such as stress response, virulence, and competence. SRNAs are
classified into cis or trans encoded SRNAs that modulate gene expression through complementarity
to their adjacent or distant mRNA targets, respectively. The main objective of my research project
is to characterize two of these sRNAs, the cis-encoded sRNA Lpr0050 and the trans-encoded
SRNA Lpr0024. Lpr0050 is encoded complimentary to Icm/Dot substrate SdeA, therefore the first
aim of this project is to test the effect of the SRNA on the expression of sdeA and its homologs by
qPCR. Lpr0024 is a trans-encoded sRNA and its target is therefore unclear. However, it is found
in multiple copies in the genome. Thus the second aim of this project is to use PCR and Sanger
sequencing to test if there is recombination between the repeated copies and if that recombination

leads to the excision of that region in an episomal form.
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1. Literature review

1.1 Legionella pneumophila: an environmental and human pathogen

Legionella pneumophila is an opportunistic and facultative intracellular pathogen that causes
Legionellosis disease which combines two clinically distinct forms: Legionnaires’ disease (LD),
an acute form of pneumonia and Pontiac fever, a milder flu-like illness (Fraser et al. 1977, Glick
et al.1978). In 1977, Legionella spp. were first identified during a major outbreak of pneumonia
during the American Legion annual three-day convention at the Bellevue-Stratford Hotel in
Philadelphia (McDade et al 1977). As a result, there were 182 cases; 29 deaths and the
hospitalization of 147 people (Fraser et al 1977). After extensive research and investigation, the
causative agent was identified as a Gram negative bacteria that was subsequently named
Legionella pneumophila (Brenner et al 1979). L. pneumophila is an aerobic Gram negative, motile
and rod-shaped bacterium of the y-proteobacterial lineage, belonging to the family Legionellaceae,
genus Legionella (Washington et al 1996, Chien et al 2004).

L. pneumophila is characterized as a water-borne pathogen as it is found in the aquatic
environments inhabiting most natural aquatic systems where it is found free-living, within
biofilms, and as an intracellular parasite of aquatic amoebae (Newton et al 2010, Buchrieser and
Hilbi 2019). Therefore, unlike other environmental bacteria, L. pneumophila can grow in
extracellular niches and intracellularly (Buchrieser and Hilbi 2019). Furthermore, L. pneumophila
has been recovered from a wide range of engineered water systems such as cooling towers,
fountains, and spa baths (Morris et al 1979, Sethi et al 1983, Spitalny et al 1984). On the other
hand, L. pneumophila is characterized as an intracellular human pathogen as they can enter the
human lung and infect alveolar macrophages (Newton et al 2010, Faucher and Shuman 2011).
Transmission to human usually occurs only upon inhalation of contaminated aerosols, often from

exposure to showers or whirlpool baths (Newton et al 2010, Spitalny et al 1984). Recently the first
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potential transmission of a highly virulent L. pneumophila strain from person-to-person was
reported (Correia et al., 2016). To date, outbreaks of legionellosis have not been associated with
natural freshwater lakes (Lau and Ashbolt 2009).

1.2 Epidemiology of Legionnaires’ disease

Legionnaires’ disease usually begins with a mild cough, malaise, muscle aches, low fever and
gastrointestinal symptoms. At later point of the infection, high fever, alveolitis and bronchiolitis
start to appear (Steinert et al 2002). Legionnaires’ disease is a major reportable illness in Europe,
USA, Canada, New Zealand, Japan, Singapore, and Australia (Phin et al 2014). Although to date
more than 60 Legionella species have been identified (Buchrieser and Hilbi 2019), L. pneumophila
is responsible for over 90% of cases, which makes it the most clinically relevant and thus, well-
studied among all other Legionella spp. (Lau and Ashbolt 2009). Legionella longbeachae comes
to the second place since it causes more than 30% of reported cases in Australia and New Zealand
(Newton et al 2010, Swart et al 2018). Although there is a at least 16 serogroups of L. pneumophila
identified (Benson et al 1998), L. pneumophila serogroup 1 is responsible for more than 84% of
Legionnaires’ cases worldwide (Marston et al 1997, Yu et al 2002).

The case-fatality rate of Legionellosis ranges between 10 and 40% and can reach up to 50% in
nosocomial outbreaks since persons at risk are usually elderly and immuno-compromised people
(Buchrieser and Hilbi 2019, Hilbi 2014). Epidemiological studies indicate that there is
approximately 8000 to 18000 patients hospitalized with Legionnaires’ disease in the United States
each year (Bartley et al 2016). The average length of stay in hospitals is estimated to be 10.2 days
and average cost of $26 741 to $38 363 was estimated (Collier et al 2013). Moreover, data from
Center of Disease Control and Prevention (CDC) surveillance and reporting systems indicate that
the incidence of legionellosis has been increasing (Dooling et al 2011, Beer et al 2015), with a

significant increase around 3.5-fold increase between 2000 and 2011 in the United States (Dooling
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et al 2011). Additionally, during the period between 2000-2014, CDC investigated 27
Legionnaires’ disease outbreaks, with a total of 415 cases and 65 death (Herwaldt et Marra 2018).
Moreover, a systematic review was performed to provide a summary of LD outbreaks between
2006 and 2017. The records covered 136 outbreaks with 3642 total confirmed cases and 251 total
deaths (Hamilton et al 2018). The global incidence of LD is unknown, it is under-reported in many
countries, mainly due to lack of awareness and poor diagnostics and surveillance systems
(Chaudhry et al 2018) thus, it continues to cause disease outbreaks of public health significance
(Phin et al 2014).

1.3 Environmental niches of L. pneumophila

L. pneumophila is an environmental bacterium ubiquitous within freshwater environments
(Newton et al 2010, Hilbi et al 2011). Environmental bacteria, including L. preumophila, are
usually exposed to predators such as free-living protozoa and nematodes (Hilbi et al 2011).
Furthermore, bacteria living in such environments are continuously competing for nutrients to be
able to survive in these harsh environments (Lau and Ashbolt 2009). In these environment L.
pneumophila can acquire nutrients by residing in relatively nutrient-rich communities called
biofilms (Lau and Ashbolt 2009). Biofilm formation is favored at high temperatures (37-42°C)
(Lau and Ashbolt 2009). These biofilms represent a network of metabolic interactions, which
provides nutrients and protects the resident bacteria from physical, chemical and biological hazards
(Hilbi et al 2011). It has been shown that within biofilms L. pneumophila can grow by
‘necrotrophy’ on dead bacteria and potentially other organic materials (Hilbi et al 2011).
Interestingly, model biofilm systems have demonstrated that the replication of L. pneumophila
within biofilm depends on the presence of a protozoan host (Murga et al 2001). Huws et al. (2005)
have shown that certain protozoa are able to graze on biofilm and therefore play a critical role in

the development of the biofilm (Huws et al 2005). It has been shown that L. pneumophila survive
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their encounter with free-living protozoa, that graze on the biofilm, and establish a parasitic
relationship with these hosts (Greub and Raoult 2004, Lau and Ashbolt 2009). Therefore, it is
believed that free-living protozoa may serve as the main source for the spread of L. pneumophila
by providing an intracellular environment for multiplication of these pathogenic strains (Lau and

Ashbolt 2009).

1.4 Intracellular replication of L. pneumophila

In order to understand how L. pneumophila is able to cause the disease, it is important to
understand the interaction of L. pneumophila with their host cells. This relationship has been
studied for a wide variety of protozoan and mammalian host cells (Newton et al 2010).
Evolutionarily, the interactions between L. pneumophila and their protozoan hosts have led to
adaptive responses, which in turn makes the bacterium able to also infect mammalian phagocytes
such as human alveolar macrophages (Swart et al 2018). Amoebae-resistant L. pneumophila are
also resistant to macrophages, which is a key for the bacteria to cause disease in humans (Hilbi et
al 2011).

It is known that free-living protozoa share many characteristics with the mammalian phagocytes,
in particular macrophages (Hilibi 2011). Given the similarity of the infection process in amoebae
and macrophages, the amoebae have been a strong model organism to study L. pneumophila-
macrophage interactions (Hilbi et al 2007, Escoll et al 2013, Hoffmann et al 2013). In particular,
Acanthamoeba castellanii, Hartmannella vermiformis, Naegleria spp., and Dictyostelium
discoideum have been widely used to study the relationship of L. pneumophila with their
environmental hosts (Steinert et al 2005). For mammalian cells, much work has been performed
using macrophage-like cultured cells and murine bone marrow-derived macrophages (Newton et

al 2010).
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When L. pneumophila is engulfed by free-living amoeba or by lung alveolar macrophages, it
replicates intracellularly within a well-developed vacuole called Legionella-containing vacuole
(LCV) (Escoll et al 2013). Within this protected vacuole, L. pneumophila replicates and becomes
acid tolerant (Jules and Buchrieser 2007). Successful intracellular multiplication of L.
pneumophila requires a set of well-ordered and organized events that modulate the normal
endocytic trafficking pathways in both macrophages and protozoan host cells (Hovel-Miner et al
2009). These events include preventing the acidification of LCV and fusion with lysosomes, thus
preventing the maturation of the LCV into a phagolysosome (Horwitz and Maxfield 1984).
Moreover, the establishment of the LCV requires remodeling of the LCV by recruiting the early
secretory vesicles, mitochondria, and vesicles derived from the Golgi and from the endoplasmic
reticulum (ER) (Isberg et al 2009, Escoll et al 2013, Faucher and Shuman 2011). The early
secretory vesicles that transport between the ER and the Golgi are disrupted, their luminal content
are merged into the LCV, an ER-like organelle is created to support replication of L. pneumophila
(Derré and Isberg 2004, Kagan and Roy 2002). Interestingly, when intact cells and isolated LCVs
were analyzed, ER-associated proteins were found located close to the LCV shortly after L.
pneumophila uptake (Derré and Isberg 2004, Kagan et al 2004). Among these proteins is Sec22b,
which is a member of the membrane fusion proteins family SNARE (Derre et al 2004).
Furthermore, Rabl is a small GTPase that regulates trafficking from ER to Golgi (Isberg et al
2009).

It has been reported that one hour after infection, the LCV is surrounded by smooth vesicles and
by at least one mitochondrion close to the vacuolar membrane (Escoll et al 2013). Mitochondria
recruitment around the LCV has also been shown after L. pneumophila infection of the amoeba D.

discoideum, N. fowleri and H. vermiformis (Abu Kwaik 1996, Francione et al. 2009).
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1.5 Type IV secretion system and Dot/Icm effectors

Of the most important virulence factors of L. pneumophila is the Type IV secretion systems
(T4SSs) which are evolutionarily related to bacterial conjugation system (Escoll et al 2013, Halbi
et al 2011). The most important T4SS for L. pneumophila is the Dot/Icm T4bSS. The doubled
name was because the Isberg and Shuman groups independently discovered it and named it
Dot/Icm (defective in organelle trafficking/intracellular multiplication system) (Marra et al 1992,
Berger et al 1994). Shuman group discovered the locus that was able to restore the wild type
phenotype of the mutant with defective intracellular multiplication and named it icm (Marra et al
1992). On the other hand, Isberg group discovered the locus that was able to restore the wild type
phenotype of the mutant with a defect in organelle trafficking calling it do¢ (Berger et al 1994).
The Dot/Icm system is made up of approximately 27 proteins (Trigui et al 2013, Hovel-Miner et
al 2009). It is essential for intracellular replication of L. pneumophila in both, amoeba and
macrophages (Wood et al 2015, Segal and Shuman 1999). Moreover, LCV formation and other
Legionella—host interactions are mainly controlled by Dot/Icm (Kubori and Nagai 2016 ,
Grohmann et al 2018, Isberg et al 2009). It has been reported that mutations in many of these genes
cause defective recruitment of ER-derived material to the LCV (Isberg et al 2009).

The major function of the Dot/Icm system is to deliver proteins, known as effectors, across the
host cell membrane into the host cytosol (Isberg et al 2009, Backert and Grohmann 2018). These
effectors function to remodel LCV and make it a safe environment for replication (Wood et al
2015). Dot/Icm translocates nearly 300 different effectors into host cells (Hubber and Roy 2010,
Finsel and Hilbi 2015). About 10 % of L. pneumophila genome code for these translocated
effectors (Al-Quadan et al 2012). Moreover, whole genome sequencing has revealed that the

presence of these effectors is quite variable among the sequenced genomes.
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Nagai et al (2002) first reported that the effector protein RalF is secreted and translocated by the
Dot/Icm system (Nagai et al 2002). Following this finding, several Dot/Icm substrates were
discovered via multiple genetic screens and bioinformatic approaches (Campodonico et al 2015,
Luo et al 2004, Nagai et al 2002).

Dot/Icm substrates often carry conserved protein domains mostly found in eukaryotic organisms,
such as serine—threonine kinase, ubiquitin ligase, Sel-1, Sec7, U-box, F-box, ankyrin repeats
(Cazalet et al 2004; de Felipe et al 2005). This suggests that L. pneumophila acquires foreign
genetic material from eukaryotic cells that is incorporated into its genome and therefore, retains
part of its original activity (de Felipe et al 2005). These proteins are likely acquired by horizontal
gene transfer (HGT), indicating that some effector proteins may have been acquired through
horizontal gene transfer (de Felipe et al 2005). de Felipe et al performed a bioinformatic screen for
eukaryotic motifs in all open reading frames of the L. pneumophila Philadelphia-1 genome. They
identified 44 uncharacterized genes and confirmed that seven of these gene products were
translocated into host cells through Dot/Icm (de Felipe et al 2005).

Screening for mutant defective for intracellular growth was used as approaches to identify Dot/Icm
substrates (Isberg et al 2009). This method has only identified a few genes, the best example is
sdhA whose deletion generally blocks intracellular growth (Laguna et al 2006). Additionally, there
are other methods used to identify Dot/Icm substrates such as the use of bioinformatics analysis to
identify proteins that have similar sequences to those involved in the eukaryotic processes (Isberg
et al 2009), these Legionella -like- eukaryotic genes are called /eg and they include kinases, lyases
and esterases (Cazalet et al 2004). Moreover, identification of L. pneumophila proteins that disrupt

cellular processes in the yeast Saccharomyces cerevisiae can be used to identify Dot/Icm
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substrates (Campodonico et al 2005). The identification of regulatory networks that control the
translocated effectors is another approach of Dot/Icm substrates identification (Zusman et al 2007).
The main function of these translocated effectors is to control different steps in the infection by
targeting and modulating many cellular pathways and different eukaryotic organelles, including
endocytosis, gene expression, protein production, transcription factors (Escoll et al 2016, Qiu and
Luo 2017). Additionally, many effectors contribute to evade phagosome maturation and to
promote fusion of the LCV with the ER-derived vesicles (Wood et al 2015). Furthermore, L.
pneumophila actively modulates the vesicle trafficking pathway through the activity of Dot/Icm
effectors (Qiu and Luo 2017).

A key to disrupt trafficking events within eukaryotic cells is the ability of L. pneumophila to recruit
GTPases and control GTP cycling (Newton et al 2010). Dot/Icm effectors act on different
organelles of the infected cell to manipulate small GTPases and other molecules that are important
for vesicle trafficking (Newton et al 2010). For example, the Dot/Icm substrate LegG1 activate the
small GTPase Ran (Rothmeier et al 2013). Arfl (ADP-ribosylation factor) and Rabl are small
GTPases whose requirement is important for vesicle transport between the ER and the Golgi appa-
ratus (Hardiman et al 2012) therefore, it was hypothesized that they are potential targets of the
Dot/Icm substrates. The translocated substrate RalF activates arfI, ralF’ mutant was defective for
recruitment of arfl to the LCV (Isberg et al 2009). Rab1, the GTPase that promotes the fusion of
ER-derived vesicles with Golgi compartments, is recruited to the LCV within minutes of bacterial
uptake (Derre et al 2004, Kagan et al 2004). The recruitment of Rab1 to the LCV is regulated by
the effector SidM (Qiu and Luo 2017). The screening for mutants defective in Rab1 recruitment

identified several other effector such as LepB (Murata et al 2006).
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The Dot/Icm T4SS is not only required for the establishment of the LCV, but also involved in
other processes in the infection including bacterial entry, the inhibition of host cell apoptosis,
autophagy, cell death pathways and the egress of L. pneumophila from host cells (Hilbi et al 2001).

1.5.1 SidE effector proteins
The SidE effector family contains four large effector proteins SidE, SdeA, SdeB, and SdeC that

are translocated into macrophages via the Dot/Icm system (Isberg et al 2004, Bardill et al 2005).
Three members of this family, sded, sdeB, and sdeC, are organized in an operon-like structure,
where they are located on the same locus sdeC-sdeA (Liu et Luo 2007). sidJ (Ipg2155) and Ipg2154
are located between the sdeC and sdeB genes but they are not part of SidE family, while the fourth
member sidE is located in a different area on the chromosome (Luo and Isberg 2004, Jeong et al
2015). The sidE family is predicted to encode proteins of approximately 170 kDa in size, with the
exception of sdeB, which is a little larger and is predicted to encode a 200 kDa protein.

1.5.1.1 Function of SidE family effectors

SidE family effectors are required for virulence and intracellular growth of L. pneumophila
(Bardill et al 2005). A strain with a complete sidE family deletion was unable to grow to wild-type
levels exhibiting approximately 10-fold less growth than wild-type (Bardill et al 2005, Jeong et al
2015). In 2007, Liu and Luo studied the role of the three genes sded, sdeB, and sdeC in L.
pneumophila intracellular replication (Liu and Luo 2007). They constructed a strain with a deletion
of the entire region from sdeC to sdeA; this mutant exhibited about 20-fold decrease in the
intracellular replication, intracellular defect could not be complemented by either sdeA, sdeB, or
sdeC alone (Liu et Luo 2007). However, sidJ was used to complement the mutant and the growth
defect was partially restored, indicating that this gene is responsible for the observed growth defect
(Liu et Luo 2007). Jeong et al (2015) showed that expression of SidJ and at least one member of

the SidE family is required for a full virulence of L. pneumophila within A. castellanii (Jeong et al
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2015). Overall, these results suggest an important role of the SidE effectors, however, their actual
function remains unclear because the lack of homology of the SidE family with proteins of known
function makes it difficult to predict their function (Bardill et al 2005).

1.5.1.2 SidJ is a metaeffector

The characterization of SidJ provides an example of metaeffector or effector—effector interactions
(Hilbi et al 2017). Metaeffector is a class of effectors which targets another effector protein instead
of host factors (Hilbi et al 2017). Given that SidJ and SdeC, SdeB, and SdeA are all expressed
from the same locus, it is believed that there is a functional connection between these proteins
(Jeong et al 2015). In an extensive study, Jeong and co-workers proposed that the molecular
connection between SidJ and SidE family members occurs within host cells as they found that SidJ
does not seem to regulate the secretion of SidE family members and that SidE proteins do not
influence the export of SidJ (Jeong et al 2015).

SidE proteins are translocated into the host cells by the Dot/Icm at early points during the infection
and localized on the cytoplasmic face of LCV (Bardill et al 2005). As the infection proceeds, SidJ
begins to accumulate in the host cell, eventually reaching a critical peak (Liu et Luo 2007). There
is correlation between the gradual accumulation of SidJ during the infection and the decreased
level of the SidE family on the LCV (Jeong et al 2015). This observation suggests that SidJ directly
promote the removal of SidE proteins from the LCV. Additionally, Qui et al (2017) suggested that
SidJ may modulate the function of SidE when they found that the expression of SidE proteins is
toxic in both yeast and mammalian HEK293 cells, but this toxicity can be repressed via the co-
expression of SidJ (Qui et al 2017). In summary, the Dot/Icm substrate SidJ functions as a

metaeffector which regulates the activity of other effector protein such as SidE (Kubori et al 2010).
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1.5.1.3 SidE are involved in host ubiquitination

SidE family play major role in modulating host ubiquitination pathways (Sheedlo et al 2015, Qui
et al 2016, Qui et al 2017). Ubiquitin, a small 76-aa protein modifier, is involved in most of the
eukaryotic cellular processes (Sheedlo et al 2015). Ubiquitination, the covalent attachment of
ubiquitin to a substrate protein, is catalyzed by the E1, E2 and E3 three-enzyme cascade which
links the carboxy terminus of ubiquitin to the e-amino group of the substrate through an isopeptide
bond (Qui et al 2016). The three-enzyme cascade includes deubiquitinases (DUBs) whose function
is to remove ubiquitin from the modified substrates (Hershko 2000). Ubiquitination is a post-
translational modification and is considered one of the most essential signaling mechanisms in
eukaryotes since it is involved in many cellular processes such as cell cycle, development and
immunity (Popovic et al 2014). Thus, disrupting the host ubiquitin signaling is critical for the
success of many infectious agents. Many bacterial pathogens use virulence factors to interfere with
the host ubiquitin pathway for a successful infection (Zhou et al 2015).

Members of the SidE effector family of L. pneumophila ubiquitinated multiple Rab small GTPases
associated with the endoplasmic reticulum (Luo et al 1999). SdeA induces a biochemical
modification of multiple ER-associated Rabs, and at least Rab33b and Rab]1 are substrates during
bacterial infection without the need of the E1 and E2 enzymes (Qui et al 2016). Therefore, the
study of the SidE effectors of L. pneumophila has uncovered a new mechanism of ubiquitination
that does not require the E1 and E2 enzymes (Qui et al 2017).

On the other hand, extensive study by Qui et al (2017) showed that SidJ reverses ubiquitination of
SidE-modified substrates by cleaving the phosphodiester bond that links phosphoribosylated
ubiquitin to protein substrates (Qui et al 2017). Therefore, SidJ has deubiquitinase activity against
ubiquitination induced by the conventional three-enzyme cascade. This deubiquitinase activity of

SidJ is essential for its role in L. pneumophila infection. Finally, the activity of SidJ is required to
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efficiently reduce the flood of ubiquitinated Rab33b in the infected cells within a few hours after
bacterial uptake. These results propose that SidJ is a ubiquitin-deconjugating enzyme that
functions to regulate the activity of SidE effectors (Qui et al 2017).

1.6 Other Virulence factors

L. pneumophila possesses several virulence factors that are involved in every step in the infection
cycle (Zhan et al 2015). Theses bacterial determinants that are essential for L. pneumophila
pathogenicity include lipopolysaccharide (LPS), flagella, pili, a type II secretion system (T2SS),
and outer membrane proteins (Newton et al 2010).

1.6.1 Attachment and Entry

The attachment and entry of L. pneumophila to the host cell surface is the first and most important
step in the infection cycle. (Escoll et al 2013, Zhan et al 2015). Several proteins and bacterial
factors are involved in the entry of L. pneumophila into host cells including PilEL, RtxA, EnhC,
and LpnE (Cirillo et al 2000, Cirillo et al 2001, Escoll et al 2013). The pi/EL gene, responsible for
the expression of a long pili (discussed below) in L. pneumophila, plays important role in the
attachment of L. pneumophila to Acanthamoeba polyphaga (Stone and Abu Kwaik 1998). RtxA
is involved in the attachment and entry of L. pneumophila into Acanthamoeba castellanii and it
mediates L. pneumophila attachment to human cells, since rtx4 mutants exhibited a decreased
adherence and entry into human epithelial and monocytic cell lines (Cirillo et al 2000). EnhC is a
periplasmic protein and it is important in the adherence of L. pneumophila to A. castellanii as well
as for attachment and entry into human epithelial and monocytic cell lines (Cirillo et al. 2000).
Additionally, EnhC was found to be essential for efficient replication in macrophages and for the
maintenance of cell wall integrity (Liu et al 2012). LpnE is required for full entry of L.
pneumophila into the macrophage cell line THP-1, and the epithelial cell line A549 (Zhan et al

2015). Furthermore, LpnE is required for an efficient infection of 4. castellanii and for the
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replication of L. pneumophila in the lungs of A/J mice (Newton et al 2007). Other L. pneumophila
proteins contributing to the adhesion to macrophages have been identified which include the major
outer membrane protein (MOMP), collagen like protein named Lcl, and a putative L. pneumophila
-specific adenylate cyclase named LadC (Bellinger-Kawahara and Horwitz 1990, Krinos et al
1999, Newton et al 2008).

1.6.2. Pili

One of the main determinants for attachment and entry of L. pneumophila into epithelial cells is a
type IV pili (Zhan et al 2015, Stone and Abu Kwaik 1998). Pili have been shown on the surface of
Legionella by transmission electron microscopy (Rodgers et al 1980). L. pneumophila expresses
pili of variable lengths, either long (0.8 to 1.5 um) or short (0.1 to 0.6 um) (Stone and Abu Kwaik
1998). The PilE protein is the main constituent of long type IV pili. The encoding genes of
Legionella pili include pilB, pilC, pilD, pilE, pilM, pilN, pilO, pilP and pilQ (Zhan et al 2015).
Strains lacking the type IV pilin gene showed disappearance of long pili on the surface of L.
pneumophila and nearly a 50% decrease in the adherence to human epithelial cells, macrophages
and 4. polyphaga (Stone and Abu Kwaik 1998). Additionally, this pili is involved in the formation
of biofilm (Coil and Anné 2009).

1.6.3 Flagella

L. pneumophila possesses a single monopolar flagellum (Liles et al., 1998; Stone and Abu Kwaik,
1998). Rodgers and co-workers used negative stain electron microscopy to examine strains of L.
pneumophila, and they provided the first report that these strains possess both flagella and pili
(Rodgers et al 1980).This organelle plays an important role in cell motility, adhesion, and host
invasion and it is also involved in biofilm formation (Heuner and Albert-Weissenberger 2008).
Importantly, switching from the replicative phase to the transmissive phase (section 1.7) is co-

regulated with the expression of flagella (Jules and Buchrieser 2007, Molofsky et al 2004).

26



Regulators that control flagellation also regulate other important virulence traits such as lysosome
avoidance and cytotoxicity (Shevchuk et al 2011).

1.6.4 Cell envelope

The bacterial envelope plays important roles in the pathogenesis of L. pneumophila (Zhan et al
2015). It mainly protects the bacterium from environmental hazards, allows a passage of nutrients
and waste products in and out of the cells, and mediates the direct contact with other organisms
(Shevchuk et al 2011). The inner membrane (IM) and outer membrane (OM), periplasm,
Lipopolysaccharides (LPS), outer membrane vesicles (OMV) are components of L. pneumophila
cell envelope and they all mediate its virulence (Shevchuk et al 2011, Cianciotto 2001).

An important function of the inner membrane of L. pneumophila is the regulation of iron
acquisition (Cianciotto 2007). Iron uptake is an essential process during all phases of L.
pneumophila growth (Shevchuk et al 2011). Furthermore, the inner membrane proteins often
regulate different cytoplasmic processes such as gene expression (Shevchuk et al 2011).

The outer membrane (OM) is a special characteristic of Gram-negative bacteria; it is a lipid bilayer
composed of phospholipids, lipoproteins, LPS, and proteins (Shevchuk et al 2011). The outer
membrane is where mature LPS molecules and the shedding of OMVs are located (Zhan et al
2015, Cianciotto 2001). Strains lacking phosphatidylcholine from the L. pneumophila envelope
causes reduced cytotoxicity and multiplication of the bacterium inside macrophages (Conover et
al 2008). Furthermore, the strains lacking this lipid do not efficiently bind to macrophages
(Palusinska-Szysz et al 2011).

Some of the outer membrane protein components are directly involved in adhesion and invasion
(Shevchuk et al 2011). The major outer membrane protein (MOMP) which is encoded by ompS
gene, contributes to the attachment to host cells (Zhan et al 2015). Moreover, the heat shock protein

Hsp60 is also important for attachment and invasion (Garduiio et al, 1998). Hsp60 is a member of
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the GroEL family molecular chaperones and is synthesized particularly during intracellular growth
(Gardufio et al, 1998). Finally, Mip, the macrophage infectivity potentiator, is a membrane-
associated homodimeric protein which is found on the bacterial surface and is essential for
replication within host cells efficiently (Riboldi-Tunnicliffe et al, 2001, Wagner et al, 2007).
Lipopolysaccharides (LPS) are found on the outer membrane and consist of a lipid and a
polysaccharide composed of O-antigen based on which L. pneumophila can be divided into at least
15 serogroups (Helbig and Amemura-Maekawa, 2009). LPS are considered a virulence factor, L.
pneumophila LPS interacts with the host cells and modulate intracellular trafficking (Shevchuk et
al 2011). Moreover, LPS production is correlated with serum resistance and intracellular growth
(Liineberg et al, 1998).

Outer membrane vesicles (OMVs) are shed from the outer membrane (Zhan et al 2015). L.
pneumophila OMVs contain a large number of virulence-associated proteins (Galka et al, 2008)
OMVs adhere to cell surfaces and can translocate toxins and other virulence factors. Additionally,
the immune response, cytokine profile, inflammation and innate immunity are modified by contact
with OMVs (Ellis and Kuehn, 2010).

1.6.5 Type Il secretion systems

In addition to the Dot/Icm T4SS, L. pneumophila also possesses a type Il protein secretion system
(T2SS) known as Lsp. (Hales and Shuman 1999, Soderberg et al 2008). Substrates of T2SSs are
translocated across the inner membrane via Sec or Tat machinery (Newton et al 2010). The first
evidence that L. pneumophila possess T2SS was when pilD, which processes the pilin of type IV
pili, was discovered as one of the T2SS components that encodes the pseudo pilin peptidase (T2S
O) (Liles et al, 1999). L. pneumophila T2SS has 12 components located in five loci throughout the
chromosome (Newton et al 2010). Initially, 12 substrates were demonstrated to be secreted by the

T2SS (Cianciotto 2005, Rossier et al 2004) suh as ProA and ChiA that are associated with the LCV
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membrane (Truchan et al 2017). Lsp is required for full virulence and environmental persistence
(Newton et al 2010). Mutant of the /sp system are defective for replication of L. pneumophila in
the lungs of mice compared to wild-type indicating that Lsp plays a role in the intracellular growth
(Rossier et al 2004, Zhan et al 2015). On the other hand, a disruption of the Lsp secretion system
makes L. pneumophila unable to survive at low temperatures ranging from 4°C to 17°C in tap
water, and from 22°C to 25°C in the presence of aquatic amoebae (Soderberg et al 2008). This

observation suggests that Lsp plays a role in the survival of L. pneumophila at low-temperature

(Zhan et al 2015).

Table 1. List of L. pneumophila virulence factors other than the TIVSS and its effectors

Nmae Function Reference
PilE Expression of the long pili. attachment of L. pneumophila to (Stone and
Acanthamoeba polyphaga Abu Kwaik
1998)
RtxA adherence and invasion of host cells (Cirillo et al
2000).
EnhC maintenance of cell wall integrity, facilitating Legionella (Cirillo et al
intracellular growth 2000).
LpnE mediate L. pneumophila attachment and entry to human cells (Zhan et al
2015)
Lcl enhances invasion and cytokine expression, recruitment of (Krinos et al
mitochondria to the nascent LCV 1999)
LadC adhesion to macrophages, intracellular replication, putative | (Newton et al
modification of protein functions 2008)
MOMP attachment to host cells (Horwitz
1990)
Hsp60 Attachment to and invasion of a HeLa cell, mediate (Gardufio et
phagocytosis of L. pneumophila al, 1998)
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Mip Efficient replication within host cells and transmigration (Riboldi-
Tunnicliffe et
al, 2001)
type IV pili entry of L. pneumophila into macrophage, influenced (Zhan et al
trafficking of the L. pneumophila vacuole 2015).
LPS interacts with the host cells and modulate intracellular (Shevchuk et
trafficking al 2011)
Flagella motility (Rodgers et
al 1980).
LsP Type II secretion system, virulence and environmental (Hales and
persistence Shuman
1999)

1.7 L. pneumophila life cycle

In natural and drinkable water supplies, L. pneumophila stays within biofilm communities where
it is grazed by amoebae (Lau and Ashbolt 2009). When L. pneumophila are ingested by protozoan
hosts or macrophages, it resists digestion and replicates actively within the LCV and eventually it
kills its host and returns to the aquatic environment searching for new host (Molofsky and Swanson
2004). The life cycle of L. pneumophila within A. castellanii mirrors that found in alveolar
macrophages (Swanson and Hammer 2000). Once the nutrients are depleted and the LCV is no
longer a suitable niche for replication, switching to the transmissive phase is required which is
coordinated through a regulatory cascade leading to the expression of traits that promote
transmission to a new host cell (Bruggemann et al 2006).

Therefore, L. pneumophila exhibits a biphasic life style, switching between a replicative phase
(RP) which does not express transmission and virulence traits and a transmissive phase (TP) which
is an infectious, non-replicating form (Molofsky and Swanson 2004, Byrne and Swanson, 1998).
In the laboratory this can be represented by growing the bacteria in AYE broth, where the

exponential phase (E) mimics RP, and the post-exponential stationary phase (PE) models TP
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(Molofsky and Swanson 2003). During RP L. pneumophila is less virulent, sodium resistant and
not flagellated; however, once L. pneumophila enters TP, or PE in broth cultures, the bacteria
express transmission traits which include: (1) motility; (2) resistance to the stresses such as heat,
osmotic pressure and nutrient limitation; and (3) virulence factors to prevent lysosome fusion
(Molofsky and Swanson 2004). These traits are not expressed in the RP or E phase. After L.
pneumophila, establishes another intracellular niche successfully, it goes back to the RP in order
to start a new cycle (Molofsky and Swanson 2004).

Successful transition from replicative to transmissive phase and from the extracellular to the
intracellular environments requires a precise adaptation to the different conditions that L.
pneumophila encounters (Jules and Buchrieser 2007). The global expression profiles of L.
pneumophila strains showed genes, around 405, that are upregulated at earlier points during the
infection (RP), around 393 genes that are upregulated at late points (TP) (Jules and Buchrieser
2007).

The RP genes included DNA and RNA polymerase complexes, transcription and translation
elongation factors, ribosomal proteins, protein secretion and translocation systems (secAB, secEF,
secGY, etc.) and other genes encoding metabolic processes. On the other hand, among the genes
induced during TP, there are several regulators (e.g. flid, cpxR, rpoE), virulence factors (e.g. ralF,
dotA, letE, enhA, sdeA, sdcA) and flagella biosynthesis genes (e.g. fIiS, fliD, fliN) (Bruggemann et
al 2006). Together, these results confirm that during RP bacteria is less virulent and the
transcriptome during RP shows that cell division and intracellular multiplication is active. In
contrast, during TP, L. pneumophila becomes more virulent which prepares it to evade the host

cell and to search for a new one.
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Amino acids (especially Ser, Thr, and Glu) are major sources of carbon, nitrogen, and energy for
L. pneumophila (Eisenreich et al 2015). Transcriptome analysis showed that 1) high number of the
genes involved in the metabolism of amino acids, lipids, carbohydrates, nucleotides, cofactors, and
vitamins, 2) many genes encoding transporters for amino acid and oligopeptides, and 3) genes
encoding for enzymes involved in degradation of Lys, Arg, His, Thr, Glu, and Gln, were highly
induced during growth in macrophages (Faucher et al 2011).

L. pneumophila requires large amounts of iron to grow in broth and inside host cells and the
bacterium has many systems to acquire sufficient amounts of iron (Cianciotto, 2007). Iron
transport systems are induced during intracellular growth (Jules and Buchrieser 2007).

1.8 Regulation of gene expression

The biphasic life cycle of L. pneumophila is regulated by a major shift in gene expression from
replicative to transmissive phase (Bruggemann et al 2006). Efficient regulation of gene expression
is necessary for responding to the different environmental conditions that L. pneumophila
encounters as well as for its intracellular multiplication in host cells (Trigui et al 2013). Intensive
research indicated that many regulators are implicated in the control of virulence-related genes and
proteins through well-regulated stress response pathways (Faucher et Shuman 2011, Buchrieser
and Hilbi 2019, Hilbi 2014). Two-component systems (TCS) are major regulators of stress
response pathways and virulence factors required during host cell infection (Faucher et Shuman
2011, Segal 2013). These include PmrA/PmrB (Zusman et al, 2007), CpxR/CpxA (Altman and
Segal, 2008), LetA/LetS (Hammer et al, 2002) and LqsS/LqgsR (Tiaden et al 2010). Additionally,
the sigma factor RpoS (%) regulates a number of known virulence factors including many Icm/Dot

effectors (Hovel-Miner et al 2009) and it is required for intracellular multiplication.
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1.8.1 Two component systems

Two-component systems (TCSs) are common signal transduction systems that make bacteria able
to sense and respond to various environmental stimuli through changes in gene expression (Segal
2013, Gotoh et al 2010, Jung et al 2012). TCSs are widely used by many pathogenic bacteria to
control the expression of their virulence genes (Segal 2013). A typical TCS is composed of a
membrane-integrated sensor kinase (histidine kinase, HK), and a cytoplasmic transcriptional
response regulator (RP) containing an N-terminal receiver domain and a C-terminal DNA binding
domain (Segal 2013, Jung et al 2012). An environmental stimuli is detected by the sensor histidine
kinase leading to its autophosphorylation. Then the phosphoryl group from the histidine residue
is transferred to an aspartic acid residue in the receiver domain of the response regulator leading
to its activation (Segal 2013, Gotoh et al 2010). Bacteria usually have multiple TCSs, each one
responding to a specific environmental signal, such as pH, nutrient level, osmotic pressure, quorum
signals and antibiotics (Gotoh et al 2010). In L. pneumophila, 13 histidine kinases and 14 response
regulators were identified (Cazalet et al, 2004); however, to date only a few of these systems have
been studied (Sahr et al 2009). Four TCSs regulate stress response pathways and virulence as well
as the expression of L. pneumophila effector-encoding genes: CpxRA, LetAS, PmrAB and LqsRS)

1.8.1.1 The CpxRA TCS

This system consists of the CpxR cytoplasmic response regulator and the CpxA sensor histidine
kinase (Raivio et al 1997). CpxA phosphorylate CpxR allowing it to bind to the DNA and modulate
transcription (Segal 2013). In the absence of the suitable signals or environmental stimuli, CpxR
remains dephosphorylated and therefore inactive (Segal 2013). In E. coli, the CpxAR system is
activated by envelope stress signals: CpxA was shown to sense misfolded proteins in the bacterial
envelope, leading to phosphorylation of CpxR transcriptional activation of target genes (Gal-Mor

and Segal 2003).
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In L. pneumophila , CpxRA system is a major player in virulence as it is known to regulate many
virulence factors (Tanner et al 2016). Genetic screening searching for regulators of the icmR gene
was the first evidence of the involvement of the CpxRA in L. pneumophila virulence and its
contribution to the regulation of Dot/Icm system genes and effectors (Gal-Mor and Segal 2003).
CpxR directly activate the expression of four Dot/Icm system genes: icmR, icmV, icmW and lvgA
as well as the regulation of 11 effector proteins (Gal-Mor and Segal 2003, Altman and Segal 2008).
An extensive study of CpxRA TCS by Tanner et al (2016) shows, via analyses of the cpxR4 mutant
strains, that CpxRA system regulates several of Dot/Icm effectors, other than the 11 effector
proteins, as well as other major virulence factors including type II secreted substrates (Tanner et
al 2016). They have also shown that intracellular growth in A. castellanii requires CpxRA (Tanner
et al 2016).

1.8.1.2 LetAS TCS

LetAS TCS consists of the LetA response regulator and the LetS sensor histidine kinase (Hammer
et al. 2002). In L. pneumophila LetAS is a major regulator of differentiation in response to
starvation inside the host cells as well as in broth culture (Edwards et al 2010).The first report that
LetAS TCS is involved in L. pneumophila virulence came from a genetic screening looking for
mutants that express the flagellin gene poorly (Hammer et al. 2002). L. pneumophila LetAS system
belongs to a family of signal-transducing proteins that is known to use multiple steps in order to
regulate gene expression (Edwards et al.2010). LetS was shown to include three main domains
(transmitter (T), receiver (R) and histidine phosphotransfer (HPT) domains) that are all
contributing to the activation of its response regulator LetA. (Dupré et al 2015, Edwards et al.
2010). LetAS is activated by different stimuli (Edwards et al. 2010). Once LetA is activated, the

T domain is phosphorylated by an ATP molecule which leads to the phosphorylation of the R
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domain. Lastly, the HPT domain receives the phosphate from the R domain and sends it to LetA
(Edwards et al.2010).

LetAS induces genes that enable efficient host transmission and survival in the environment,
including cytotoxicity, motility, pigment production, infectivity, and lysosome evasion (Dalebroux
et al 2009, Mendis et al 2018). Activated (phosphorylated) LetA positively regulates the
transcription of two small regulatory RNAs, RsmY, and RsmZ, and then the transmission phase is
regulated by LetAS-RsmYZ-CsrA regulatory cascade discussed below (Segal 2013, Faucher and
Shuman 2011, Trigui et 2013, Sahr et al 2009). Additionally, it has been shown that LetAS is
required for efficient intracellular multiplication of L. pneumophila (Gal-Mor and Segal 2003).
Strains lacking LetA was found to be defective for intracellular growth of L. pneumophila in
amoeba (Gal-Mor and Segal 2003, Hammer et al. 2002, Lynch et al 2003)

1.8.1.3 PmrAB TCS

The PmrAB TCS consists of the PmrA response regulator and the PmrB sensor histidine kinase
(Zusman et al 2007). PmrAB was studied widely in Salmonella enterica where it was involved in
regulating the expression of virulence genes (Gunn 2008). Moreover S. enterica PmrAB TCS is

active when the bacteria are inside macrophages and during infection of mice (Merighi et al 2005).
PmrAB respond to several environmental stimuli such as low concentrations of Mg+2, high levels

of Fet3 and low pH (Zusman et al 2007).

The contribution of PmrAB TCS in L. pneumophila virulence was first identified via a
bioinformatic analysis of several L. pneumophila effector-encoding genes with a conserved
regulatory element consisting of a tandem repeat sequence (CTTAATatT) (Zusman et al 2007).
Further researches have reported that a very similar sequence to that tandem repeat sequence has

been previously identified in S. enterica, and were recognized by PmrA (Marchal et al 2004). The
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environmental stimulus that activates the L. pneumophila PmrB is not known, but its activation is
related to the pH levels of the LCV (Segal 2013). PrmAB control the Icm/Dot type IV secretion
pathway (Gunn 2008). Moreover, the gene encoding for PmrA is required for intracellular growth
of L. pneumophila in amoeba (Zusman et al 2007).

1.8.1.4 LgsRS TCS
LgsRS TCS consists of the LqgsR response regulator and the LgsS sensor histidine kinase (Spirig

et al 2008). The L. pneumophila LqsSR is homologous to the Vibrio cholerae quorum sensing
system CqsAS (Miller et al 2002). The first identification of LqsSR TCS in L. pneumophila was
throughout a bioinformatic analysis of the L. pneumophila genome to find a homologous system
to the CqsAS system from V. cholerae; the corresponding L. pneumophila proteins were termed
LgsA and LgsS (for Legionella quorum sensing) (Tiaden et al 2007).

LgsR was found to promote phagocytosis, intracellular replication and cytotoxicity, and it plays a
role in the transition from the stationary to the replicative growth phase (Tiaden et al 2007, Tiaden
et al 2010). Additionally, it regulates the expression of virulence genes including 12 effector-
encoding genes (Tiaden et al 2007). L. pneumophila strain lacking LgsA is highly defective for
efficient uptake by phagocytes, while strains lacking LqsR shows various phenotypes regarding
virulence (Tiaden et al 2010). The production of LgsR is controlled by RpoS (discussed below)
and LetAS TCS (Tiaden et al 2010). Moreover, the production of LqsR was regulated at a
posttranscriptional level by the SRNAs RsmY and RsmZ and by CsrA (Sahr et al 2009).

1.8.2 RpoS

RpoS (c%), is a sigma factor, a subunit of the RNA polymerase (Hengge-Aronis 2002, Trigui et al
2013). The ¢° factor has been extensively studied in multiple Gram-negative bacteria and it is
important for the expression of virulence-related genes in several pathogens (Iriarte 1995, Merrell

2000, Hovel-Miner 2009). In E. coli, 65 is considered the general stress sigma factor because it
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senses and responds to different stress signals by regulating the transcription of multiple resistance
and survival systems (Horwitz et al 1983).

In L. pneumophila, RpoS is involved in the regulation of virulence, stress response, and
intracellular multiplication (Abu-Zant et al 2006, Hovel-Miner et al 2009). L. pneumophila strains
lacking rpoS gene, which encodes o°, exhibited dramatic decrease in the intracellular
multiplication within protozoan hosts (Hales et al 1999).

In an extensive study, Hovel-Miner et al. compared the global gene expression of an rpoS mutant
to L. pneumophila wild-type during E and PE phases in rich medium. They showed that RpoS
regulates a number of virulence factors including many Icm/Dot effectors and is required for
intracellular multiplication (Hovel-Miner et al 2009). Further, during PE phase, RpoS upregulated
the transcription of many virulence-related genes. Additionally, RpoS affects the expression of
genes associated with multiple pathways required for L. pneumophila intracellular multiplication
such as the transcription of the cpxR and pmrA (Hovel-Miner et al, 2009). In addition, the virulence
regulator RpoS also controls the expression of the small RNA RsmY and RsmZ by regulating the

expression of /letS (Hovel-Miner et al 2009, Rasis and Segal 2009).

1.9 Small Regulatory RNA (sRNAs)

Small noncoding RNAs (sRNAs) is a class of regulatory elements that are involved in
posttranscriptional gene regulation in both prokaryotes and eukaryotes (Waters and storz 2009).
sRNAs are major players in the regulation of virulence factors and other processes in bacterial
pathogens via interaction with mRNA targets and RNA-binding proteins (Waters and Storz 2009,
Papenfort and Vogel, 2010). Earlier studies reported that SRNAs were associated with the control
of replication of the ColE1 plasmid and transposition of Tn10 (Simons and Kleckner 1983).This
early study presented sSRNAs that were encoded on mobile genetic elements, however in 1984,

MicF was the first reported bacterial SRNA encoded on the chromosome (Mizuno et al 1984).
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MicF, was discovered in E.coli and was found to inhibit the translation of the major outer
membrane porin OmpF throughout direct interaction with its target mRNA (Mizuno et al 1984).
Since then, different approaches have been used to discover SRNA and reveal their significant role
in regulation of gene expression, these approaches including: bioinformatic tools, RNA
sequencing, and tiled microarrays with full genome coverage (Waters and Storz 2009).

sRNAs are short RNA molecules (80-500 nucleotides) that typically do not encode proteins.
sRNAs are found in both intergenic regions and on the complementary strand of mRNAs
(Weissenmayer et al 2011). It has been reported that most of SRNAs modulate gene expression at
the post-transcriptional level (Weissenmayer et al 2011). Two different ways show how sRNA can
be produced: sSRNAs are transcribed from their own promoter and their transcription stops at a
Rho-independent terminator, in other words they can originate from primary transcripts, or they
can originate from the processing of larger transcripts (Faucher and Shuman 2011). In bacterial
pathogens, including L. pneumophila, SRNAs regulate the expression of virulence genes and genes
involved in the stress response important for survival in the host (Romby et al 2006).

1.9.1 Identification of sSRNA in L. pneumophila

Putative SRNA molecules expressed by L. pneumophila have been identified by both bioinformatic
approaches as well as by deep RNA-sequencing from growth in liquid bacterial culture and inside
A. castellanii or by identification of Legionella homologs of sRNAs in other bacteria
(Weissenmayer et al, 2011). Three main studies have identified SRNA expressed by L.
pneumophila. First, Faucher el al (2010) used an in silico approach to identify SRNAs by searching
for the presence of Rho-independent terminators in intergenic regions (Faucher et al 2010). 143
sRNAs were predicted in this study; however, microarray experiments showed that only few were
actively transcribed. Six sRNAs were confirmed by Northern blot and rapid amplification of

cDNA ends (RACE), including a 6S RNA homolog, which will be discussed below (Faucher et al
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2010). The Second study was performed by Weissenmayer et al (2011). RNA sequencing was
used to identify SRNAs expressed by the L. pneumophila Philadelphia-1 strain during E and PE
phases in AYE broth and during infection of amoeba (Weissenmayer et al 2011). Sahr et al (2012)
have done the third study using the same method as Weissenmayer group to identify sRNAs
expressed by the Paris strain during the E and PE phases in AYE (Sahr et al 2012). Most of the
identified sSRNA are uncharacterized, only a few sRNAs have been studied in detail and those will
be discussed below (Table 2).

Table 2. sSRNAs that have been identified and characterized in L.pneumophila (The position of the

sRNA is given relative to L. pneumophila Philadelphia-1 genome or Paris genome).

Name 5' end 3'end | Size (nt) | regulator | Target Reference
Protein-binding SRNAs
RsmX 3397553 | 3397653 101 LetA, RpoS | CsrA (Sahr et al 2012)

RsmY 7168 7059 110 LetA, RpoS | CsrA (Sahr et al 2012)
RsmZ 1892720 | 1892592 132 LetA, RpoS | CsrA (Sahr et al 2012)
6S RNA 951819 | 951673 147 RNAP | (Faucher et al 2010)

Cis-encoded sRNAs
LpPnc0584 | 2854265 | 2854119 146 LetA, RpoS | phoA (Sahr et al 2012)
Trans-encoded sRNAs

Lppnc405 | 1911295 | 1911105 196 (Sahr et al 2012)
Lpr0035 | 1355695 | 1355444 251 Ipg1229 (Jayakumar et al
2012)

1.9.2 Base pairing SRNA

The most common type of regulatory SRNA are base-pairing SRNAs (Trigui et al 2013). They are
short, highly structured RNA molecules called antisense SRNAs as they are complementary, to
some degree, to their target mRNAs (Faucher and Shuman 2011, Brantl 2007). sSRNAs can up-

regulate or down-regulate the expression of a gene. (Waters and Storz 2009).They can bind at or
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near the ribosomal binding site (RBS) to prevent recognition by the ribosome and subsequent
translation (Faucher and Shuman 2011, Figure 1A). sSRNA-binding to the mRNA can also induce
its degradation (Waters and Storz 2009, Figure 1A). On the other hand, they can increase the
stability of the target or modify the secondary structure of the mRNA target so that the ribosomal

binding site (RBS) is exposed allowing translation initiation (Figure 1B).

mRNA i — g
| sRNA |
mRNA cleavage No translation and
or termination of transcription mRNA degradation

B ,: ORF L_

RBS l
MRNA —ir
sRNA
Inhibition of translation
and/or mRNA degradation
c—on

RBS  No translation

sRNA

RBS  Translation

Figure 1. Mechanisms of sRNA-mediated regulation. A) Cis-encoded base pairing sSRNA. B)
Trans-encoded base pairing SRNAs. Source (Faucher and Shuman 2011)

1.9.2.1 Cis encoded sRNA

Cis-encoded sRNAs are located in the same DNA region on the complementary strand of their

mRNA target and are, therefore, perfectly complementary to their mRNA targets (Figure 1A)
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(Brantl 2007). Initially, the majority of cis-encoded sRNAs have been found in plasmids, phages
and transposons (Brantl 2002). Because of technical difficulties to distinguish the source of
expressed RNAs between the two DNA strands, the search for cis-encoded sSRNAs using high
throughput methods has been difficult compared to the search for trans-acting SRNAs (Cho and
kim 2015). However, during the recent years, many cis-encoded sRNAs that are antisense to
chromosomal genes have been discovered in bacteria using different approaches such as in silico
or cDNA library sequencing (Cho and kim 2015). Cis-encoded sSRNAs can control gene expression
by binding to their mRNA targets, the binding can occur at the 5'end , 3’end, or in the middle of
mRNAs (Cho and kim 2015, Trigui et al 2013). Depending on the location of their binding,
regulatory mechanisms used by cis-encoded sRNAs varies between transcriptional attenuation,
inhibition of translation or promotion of RNA degradation or cleavage (Brantl 2007). Thirty-three
cis-encoded sRNAs were identified in L. pneumophila Philadelphia-1 that were at least partially
complementary to genes encoding protein, some being known virulence factors (Weissenmayer et
al 2011). Sahr et al identified around 450 cis-encoded sRNA in L. pneumophila strain Paris (Sahr
et al 2012). Some cis encoded sRNA are antisense to genes encoding Icm/Dot effectors. For
example, Lpr0050 is found antisense to the Icm/Dot effector SdeA and Lpr0003 and Lpr0004, are
antisense to the gene encoding the Icm/ Dot effector LegA10 (lpg2157; Bardill et al, 2005,
Weissenmayer et al 2011).

1.9.2.2 Trans encoded sRNA

Trans-encoded sRNAs are located in another chromosomal location than their targets and are only
partially complementary to them (Figure 1B) (Brantl 2007, Trigui et al 2013). Trans-encoded
sRNAs can regulate the expression of many different mRNAs. For instance, the SRNA RyhB in E.
coli controls the expression of approximately 56 genes in response to changes in iron homeostasis

(Massé et al 2005).

41



Because trans-encoded sSRNAs are not fully complementary to their targets, they usually require
the assistance of the RNA chaperone Hfq to enhance their interaction with their mRNA targets
(Oliva et al 2017, Waters and Storz 2009). Hfq is a key regulator of expression of large variety of
bacterial genes that impact many molecular processes in bacterial physiology, stress response, and
virulence (Franze de Fernandez et al 1968, Updegrove et al 2016). In bacterial pathogens, deletion
of the Afg gene often leads to a reduction in virulence, as was observed for E. coli, Salmonella,
Shigella, Yersinia, and Listeria (Chao and Vogel 2010). In Salmonella enterica, Hfq is essential
for optimal growth in epithelial cells as well as in macrophages (Sittka et al 2008). Additionally,
in Staphylococcus aureus, deletion of hfg reduces virulence (Bohn et al 2007).

In L. pneumophila, the length of the lag phase period was affected in Afg mutant (McNealy et al
2005). Moreover, when a strain lacking Afg was grown in medium with low iron concentration, it
exhibited reduction in the growth rate and reduced expression of the ferric uptake regulator (fur).

In addition, the /g mutant shows a small reduction in intracellular growth (McNealy et al, 2005).
Therefore L. pneumophila base- pairing SRNAs acting through Hfq may regulate iron acquisition,
virulence-related functions and possibly other systems. Around 38 trans-encoded sRNAs were
identified in L. pneumophila Philadelphia (Weissenmayer et al 2011). Sahr et al identified around
91 trans-encoded sRNA in L. pneumophila strain Paris (Sahr et al 2012). More studies and more
investigation are required to uncover their mechanism of action and their regulatory function
(Cazalet et al 2004, Weissenmayer et al 2011).

1.9.3 Protein binding sSRNA

Another class of sRNA influence gene expression by binding protein regulators of transcription
(Waters and Storz 2009 ). RsmY, RsmZ and 6S RNA are the only sSRNAs known to regulate gene

expression through interaction with proteins (Trigui et al 2013, Sahr et al 2009).
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1.9.3.1 CrsA and RsmYZ

CsrA is a RNA-binding protein first identified in E. coli where it was shown to control the
expression of genes related to glycogen biosynthesis (Romeo et al 1993). An early study by Romeo
(1998) reported that CsrA affects the stability or the translation of their mRNA targets by binding
to a GGA motifs in the S'UTR, effectively preventing translation (Romeo, 1998). In E.coli, CsrA
expression is regulated by the SRNA CrsB and CsrC. These sSRNAs contain many GGA motifs
allowing them to bind multiple CsrA proteins resulting in sequestration of CsrA. This, in turn,
prevent CsrA from binding to its target mRNAs (Romeo et al 1993). In E.coli, transcription of
CsrB and CsrC is regulated by the BarA/UvrY TCS (Trigui et al 2013, Sahr et al 2009).

A similar regulatory system is found in L. pneumophila, where CsrA is responsible for the
repression of transmissive traits during E phase, including pigmentation, motility, and cell
shortening (Fettes et al 2001, Molofsky and Swanson 2003). Moreover, CsrA is required for
intracellular growth in both mammalian macrophages and A. castellanii (Molofsky and Swanson
2003). In L. pneumophila, CrsA is regulated by the two SRNA RsmY/Z which are CsrB homologs
(Kulkarni et al 2006). In L. pneumophila, expression of RsmY/Z is regulated by the LetA/S TCS
(Faucher and Shuman 2011, Molofsky and Swanson 2003).

When infecting a host cell, it is essential that L. pneumophila turn off survival and transmission
genes, whereas genes important for intracellular replication are turned on (Trigui et al 2013). This
is regulated by LetAS-RsmYZ-CsrA regulatory cascade (Segal 2013, Trigui et al 2013). During E
phase CsrA represses the expression of transmissive phase genes (Shar et al 2010). Direct
regulation by CsrA is post-transcriptional and occurs by CsrA binding to the mRNA of target genes
(Babitzke and Romeo, 2007).

During PE phase LetA/S activates the expression of RsmY/Z (Sahr et al 2009) which will bind to

CsrA (Trigui et al 2013) allowing expression of post-exponential traits (pigmentation, cytotoxicity,
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and motility). RsmY/Z are essential for the expression of some virulence determinants, and for the
switch between the replicative and transmissive phases of L. pneumophila (Trigui et al 2013).
Deletion of either nsmY or rsmZ had minimum effect on virulence, but deletion of both strongly
reduced replication in macrophages as well as in A. castellanii (Sahr et al., 2009). Some Icm/Dot
effector genes (ralF , sidC , sdeA , sdeC , sidF , sdhB , legC7 , legC2, and vipA ) are regulated by
LetA/S in an RsmY/Z-dependant manner (Rasis and Segal 2009, Sahr et al 2009).

1.9.3.2 6S RNA
The 6S RNA was first identified and sequenced in E. coli 40 years ago (Hindley 1967). Wassarman

and Storz (2000) showed that 6S RNA binds to 6’-containing RNA polymerase (RNAP) and acts
to reduce its activity in stationary phase. (Wassarman 2007, Cavanagh et al 2008). In 2010,
Faucher et al (2010) identified 6S RNA in L. pneumophila based on its expression pattern and
predicted secondary structure which is similar to the E. coli 6S RNA, and by its capacity to bind
to L. pneumophila RNAP (Faucher et al 2010). A second 6S RNA, named 6S2 RNA was identified
in the Philadelphia-1 strain along with an antisense transcript (Weissenmayer et al. 2011);
however, only the sense transcript was detected in the Paris strain (Sahr et al 2012). The deletion
of 6S RNA significantly reduced L. pneumophila intracellular multiplication in macrophages as
well as in A. castellanii (Faucher et al 2010). Strain lacking 6S was also unable to compete against
the wild-type strain during infection of macrophages and A. castellanii. Therefore, 6S RNA is
essential for optimal intracellular growth (Faucher et al 2010, Trigui et al 2013).

1.10 Legionella genome

Genome sequencing is required in order to understand the genetic characteristics of L.
pneumophila (Cazalet et al 2004). Several strains of L. pneumophila have been sequenced, for
example; Philadelphia-1 (Chien et al 2004) derived from the original Philadelphia outbreak

(McDade et al 1977), Paris (Cazalet et al 2004), Lens (Cazalet et al., 2004), Alcoy (D’ Auria et al
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2010), Corby (Glockner et al 2008), Lorraine (Gomez-Valero et al 2011), HL 0604 (Gomez-
Valero et al 2011) and 570-CO-H (Amaro et al 2012). The analysis of L. pneumophila genomes
provide a reference for molecular epidemiology as well as allow researchers to better understand
the fundamental mechanisms of pathogenesis of L. pneumophila (Newton et al 2010). Moreover,
genome analysis as well as expression profiling of L. pneumophila and its host are required to
identify various regulatory pathways that mediate the adaptation of L. pneumophila to the different
intracellular environment (Jules and Buchrieser 2007)

The general features of the genomes including size (3.3 to 3.5 Mb), GC content (38%), number of
predicted genes (3,001 to 3,259), percentage of coding regions (88 to 90.2%), and average length
of the coding regions are conserved amongst isolates (Cazalet et al 2004, Chien et al 2004,
Glockner et al 2008).

Bacteriophages, plasmids and other mobile genetic elements (MGE) are essential players in
genome plasticity (Dagan et al 2008). Analysis and comparison of the genome sequences of the
Paris and Lens strains of clinical L. pneumophila revealed that this bacterium is highly versatile
organism that shows extensive genome plasticity and diversity (Cazalet et al 2004). In addition,
some strains contain chromosomal regions, which can be excised and maintained as plasmids-like
elements (Cazalet et al 2004, Chien et al 2004, Doleans et al 2004). These elements contain a type
IVA secretion system: the Lvh T4SS in strains Paris, Lens and Philadelphia-1 and two new type
IVA secretion systems (trb/tra) in strain Corby (Glockner et al 2008). The Lvh type IVA secretion
system was reported to be involved in virulence (Jules and Buchrieser 2007) thus diversity in this
system as well as differences in copy number due to excision might be of importance for survival

and spread of L. pneumophila in the environment (Doleans et al 2006). Overall, the excision and

45



integration of plasmids or genes might represent one mechanism that L. pneumophila exploits to

adapt to different environments (Cazalet et al 2004).
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2. Hypothesis and objectives

In recent years small noncoding RNAs (sSRNAs) have become a major player of posttranscriptional
gene regulation in both prokaryotes and eukaryotes (Oliva et al 2017). sSRNAs have many
regulatory roles including stress response, virulence, and competence (Trigui et al 2013). About
thirty-three cis encoded sRNAs and around 38 trans encoded sRNA have been identified in L.
pneumophila Philadelphia-1 but the majority have not been previously characterized
(Weissenmayer et al 2011). The main objective of my research project is to characterize two of
these SRNAs, the cis-encoded sSRNA Lpr0050 and the trans-encoded sSRNA Lpr0024 (Table 3).

In general, we hypothesized that these two sRNAs play role in the regulation of virulence trait in

L. pneumophila.

Table3. Lpr0050 and Lpr0024 (The position of the SRNA is given relative to L. pneumophila
Philadelphia-1

Name |5'end 3'end | Size (nt) | Target Reference
Lpr0050 | 2418574 | 2418506 68 Ipg2157 (Weissenmayer et al 2011)
Lpr0024 | 816705 | 816590 115 Unknown (Weissenmayer et al 2011)

Lpr0050 is encoded complimentary to Icm/Dot substrate SdeA. Therefore, our hypothesis is that
Lpr0050 regulates the expression of sde4 and its homologs. The objectives are:

*  Confirm expression of Ipr0050 by northern blotting.

* Study the role of Ipr0050 by cloning sded fragment complementary to lpr0050 then

measuring the expression of 1pr0050 by northern.

* Test the effect of Ipr0050 on the expression of sde4 and its homologs by gPCR.
Lpr0024 is a trans-encoded sRNA and its target is therefore unclear. It is found in multiple copies
in the genome. Hypothesis: the genomic region of Lpr0024 can excise from the chromosome and

exist in an episomal form
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Objectives
* Confirm expression of lpr0024 by northern blotting
» Test if there is recombination leading to the excision of that region, by PCR and Sanger

sequencing
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3. Materials and methods

3.1 Media, antibiotics and growth conditions:

L. pneumophila was routinely grown on CYE (charcoal yeast extract) agar supplemented with 0.1
mg /ml a-ketoglutarate, 0.25 mg /ml L-cysteine and 0.4 mg /ml ferric pyrophosphate (Feeley et al,
1979). Plates were incubated at 37 °C for three days. For liquid culture, AYE (ACES buffer yeast
extract) broth was used (Sadosky et al, 1993). L. pneumophila was inoculated in AYE at an optical
density of 600 nm (ODsoo) of 0.1 overnight at 37°C with shaking. Exponential phase (E) bacteria
were harvested at an ODgoo of 0.7—0.8 and post-exponential phase (PE) bacteria were harvested at
an ODeoo between 3.5 and 4.0. Antibiotics and supplements were used at the following
concentrations: kanamycin, 25 pg/mL; chloramphenicol, 5 pg/mL; IPTG, 1 mM. E. coli strains
were grown on LB plates and in LB broth (Sezonovo et al 2007). If needed, either chloramphenicol
was added to a final concentration of 25 pg/mL, or ampicillin at 100 pg/mL.

3.2 Bacterial strains and plasmids

All strains used in this study are listed in Table4. Strains were stored at —80 °C in AYE with 10%
glycerol. All L. pneumophila strains are derivatives of JR32, a streptomycin resistant, salt-sensitive
and restriction negative mutant of L. pneumophila strain Philadelphia-1 (Sadosky et al 1993).
KS79 is a AcomR mutant of the JR32 strain making it actively competent, which in turn makes
allelic exchange mutations through natural transformation possible (de Felipe et al 2008).
Therefore, KS79 will be referred to as the wild-type (WT) strain in this study.

3.3 Cloning of the complementary sequence to /pr0050
A 300 bp fragment of sde4 complementary to the SRNA /pr0050, was cloned into pMMB207c

plasmid under Ptac promoter (Morales et al, 1991). The fragment was amplified from the KS79
wild-type strain by PCR using One Taq polymerase (NEB) according to the the manufacturer’s

protocol. The annealing temperature used was 54°C. Primers trap-F and trap-R (Table 5) were
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used which contain EcoRI and Xbal restrictions sites respectively (underlined in Table 52). PCR
amplicon was visualized on 0.7% agarose gels. The amplicon and the pMMB207¢ plasmid were
then digested using EcoRI and Xbal (NEB) according to the manufacturer’s protocol. The digested
amplicon and the digested plasmid were then ligated using T4 DNA ligase (NEB). The
recombinant plasmids were then transformed into E. coli DH5a competent cells which were made
according to CCMB protocol. Colonies that grew on antibiotic plates (LB plates with 25ug/ ml
chloramphenicol) were patched and tested by PCR to confirm the insertion of the insert into
pMMB207c¢ plasmid. The resulting plasmid was named pSF118 (Table 4). The plasmid was
extracted using a plasmid extraction kit (Qiagen) according to the manufacturer’s protocol and
introduced into the wild type strain KS79 by electroporation (Chen et al 2006) to produce strain
SPF482.

3.4 RNA Extraction

Strains were grown to E-phase and PE-phase as explained above. To extract RNA, 10 mL of
exponential phase culture or 5 mL of post exponential phase culture was centrifuged for 10 minutes
at 4500 rpm. Then the supernatant was discarded and the pellet was suspended in ImL of TRIzol
reagent (Invitrogen). RNA was extracted according to the manufacturer’s protocol. For
quantitative PCR (qPCR) analysis, the extracted RNA was treated with TURBO DNase
(Invitrogen) and incubated for 30 minutes at 37 °C. The DNase was inactivated by adding DNase
inactivation buffer (Invitrogen). The purity and quantity of the RNA were measured using a
NanoDrop (Thermo Scientific).

3.5 quantitative PCR (qPCR)
RNA was extracted from WT and from SPF482 ON and OFF as explained above. cDNA was

prepared using 1pg of total RNA (Protoscript II, NEB) following the manufacturer’s instructions.

qPCR was performed according to the manufacturer’s protocol using the iTaq Universal SYBR
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Green Supermix (Bio-Rad) and primers in (Table 5). For each strain, three replicates of cDNA
were used and a no reverse-transcriptase reaction was carried out as a negative control. For each
tested gene, two sets of primers were designed; one set was designed at the 5’ end of the gene
(before the binding site) and the other after at the 3° end after the (binding site). 16S rRNA was
used as a house keeping gene. A relative quantification strategy was used to perform analysis of
the qPCR data. The calculated CT was normalized to the value of the house keeping gene control
16S amplified from the corresponding samples and the fold-change of the gene expression was
calculated as previously described (Livak and Schmittgen, 2001).

3.6 Northern Blotting

Strains were grown to exponential and post exponential phases and RNA was extracted as
described above. Samples were prepared in PCR tubes by combining 1 or 10 pg of RNA with 5 pl
of Novex TBE Urea sample buffer (Invitogen). For the ladder, 2 pl RNA century plus marker
(Invitogen) was mixed with 2 pl of Novex TBE Urea sample buffer. Samples were heated at 70
°C for three minutes to denature the samples. RNA was loaded and migrated on 6%
polyacrylamide urea gel at 180 mV in TBE buffer. The RNA was transferred onto a positively
charged nylon membrane (Thermo Scientific) using a semi-dry gel blotting system (BioRad) for
20-30 minutes at 200 mA. The membrane was placed into UV Stratilinker 1800 in order to fix
RNA to the membrane. The membranes were pre-hybridized in ULTRAhyb-Oligo Hybridization
Buffer (Ambion) for 1 hour at 37 °C before hybridization with the designed oligonucleotides (60-
mers) coupled to biotin at the 5’ end Table 4. Hybridization was done overnight in a rotating
chamber at 37 °C. Membranes were washed twice with 2X SSC (0.15 M NaCl and 0.015 M sodium
citrate) and 0.5% SDS for 30 minutes at 37 °C in a rotating chamber. Detection was performed
using the Chemiluminescent Nucleic Acid Detection Module (Thermo Scientific) as per the

manufacturer’s instructions.
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3.7 DNA Sequencing

Analysis of the genomic region of Ipr0024 was performed from the L. pneumophila Philadelphia-
1 strain by PCR using One Taq polymerase (NEB). Reaction set up and thermocycling conditions
were as per the manufacturer’s protocol, annealing temperature used is 56 °C. The primers used
are described in (Table 5) and shown in (Figure 8). Primers iraB-F and yhbQ-R were used to
amplify the region between iraB and yhbQ and are shown in blue arrows Primers episome-R and
episome-F were used to test the episome formation and are shown in green arrows. PCR amplicons
were visualized on 0.7% agarose gels. PCR products were ligated into pGEM-T Easy Vector
(Promega) following the manufacturer’s instructions using an overnight incubation at 4 °C. The
ligation products were transformed into E. coli DH5a chemically competent cells as per CCMB
protocol. Transformants were selected on LB agar plates containing 100 pg/mL Ampicillin, 0.5
mM IPTG and 80 pg/mL X-Gal. The recombinant plasmids were extracted using a plasmid
extraction kit (Qiagen) according to the manufacturer’s protocol. The purity and quantity of the
DNA were measured by NanoDrop. In order to confirm insertion of the correct fragment,
restriction digestion reaction was done using EcoRI (NEB), reactions were incubated at 37°C for
1 hour. Digestion products were visualized on 0.7% agarose gel. Sequencing of the amplicons
was performed at the Plate-forme d'Analyses Génomiques de 1'Université Laval, Quebec City,

Quebec, Canada.
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Table 4. Strains and plasmids

Strain name Relevant genotype Reference
L. pneumophila
JR32 Philadelphia-1; Sm"; r m* (Sadosky et
al, 1993)
KS79 (WT) JR32 AcomR de Felipe et
al. (2008
AletS (GAH338) KS79 letS:: Kn* (Hovel-Miner
et al 2009)
AcpxR (SPF159) KS79 cpxR::Kn" Lab
collection
SPF482 Ks79+pSF118, Cm" This study
E. coli
DH5a F~ endAl hsdR17 (r” m") supE44 thi-1 A~ recAl relAl NEB
A(argF-lacZYA)U169 ¢80dlacZAMI15 deoR gyrA96
Nal"
Plasmids
pMMB207¢ RSF1010 derivative, IncQ, lacl® Cm* Ptac oriT AmobA | Morales et al,
1991
pSF118 pMMB207¢ + SdeA (only region complementary to This study
Ipr0050 was cloned , Cm"
pGEMT-easy PCR cloning vector, Amp" Promega

Sm’, streptomycin resistance; Cm", chloramphenical resistance; Gm', gentamicin resistance; Km",

kanamycin resistance.
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Table 5. Primers and oligonucleotides probes

Name Sequence
Trap F TCATCA GAATTC GAGCACGATGCGAAAACGATG
Trap R TCATCA TCTAGA TGTCGGTGTCATTGAGGAGTG
sdeA 5end F GCACGCATGGGGTATGGAGAT
sdeA 5end R ACACGGGCATAAAACCTTGCC
sdeA 3end F GAACTGGATCGGCTGGACAGA
sdeA 3end R TGTCAAGTCGTTCGTCTGTGG
sdeC5'F GGAGTACCGACTATTGACACAGAG
sdeC 5'R GATGTTTTACCCAGTGGGTCAAAG
sdeC 3'F GCTGAAGCAAGAAGAGTGAGACTTC
sdeC 3'R CGCTCTAAGAGTTTGCTCCTTC
sdeB 5'F GGCATCCCGAGATTAAAAGCG
sdeB 5'R GAGTCTCTCTTAGGTCCTACCC
sdeB 3'F CGCCTGTAGAAATTCTCTCCTTG
sdeB 3' R GATTATCAAGTGAGTGAAGCCTGG
sidE 5'F GGATGCATGCTATTTTTGAGCGC
sidE 5'R GGCATAAAGCCTTGCCTGTCAAG
sidE 3'F GAAGCTCATCAAGCTCAAATGGC
sidE 3' R CAAGAGTTACCCGCTCATCTGTAG
sidJ 5'F CGGTGGAAACAACCGATGTTTC
sidJ 5'R GATTGTCTCGGGTTTGACAGAACC
sidJ 3'F CAGGACTTGGGTGGATATAACAGG
sidJ 3' R CTGCTTCAAAGCACGAATTGGC
iraB F GCTTTGGGGCTTGGTATTCTGATG
yhbQ R GTCTGATAACGCTTGCCAGTCTCC
episome-R GCCCTGTATAATAACTCTTGTCAC
episome-F GGCAAGCGTTATCAGACTATTC
1pr0024 CCCATCGGGCCATTCTTGCTTCAAGATGGTGCTTCGCACTTCCTCAGCAT
probe GAACGGT
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Ipr0050 | CGATGAAATTGCTGCTGCCCGCATCATTCAGCAAATCTTGGCCAATCCTG
probe ATTGCAT

Trap probe | ATGCAATCAGGATTGGCCAAGATTTGCTGAATGATGCGGGCAGCAGCAA
TTTCATCG

Xbal and EcoRI restriction sites are underlined
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4. Results

4.1 Ipr0050 is expressed in the E and PE phases
The cis-encoded /pr0050 was detected by Northern Blot (Figure 2). Results revealed that [pr0050

is expressed in both E and PE phases in the KS79 wild-type strain. Furthermore, it is also expressed
in AletS and AcpxR at the wild-type level, indicating that [pr0050 is not regulated by LetS nor

CpxR.
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Figure 2. Expression of /pr0050 by northern blot in exponential (E) and post exponential (PE)
phases in WT, AcpxR and AletS strains. A) RNA was loaded and migrated on 6% polyacrylamide
urea gel. RNA century plus marker was used. The gels were stained with ethidium bromide (EtBr)
and viewed under UV light. B) Detection of Lpr0050 by using oligonucleotides (60-mers) coupled
to biotin at the 5’end.

2.4 A fragment of sdeA complementary to lpr0050 is overexpressed in the E phase

Ipr0050 is encoded on the complementary strand of the Icm/Dot effector SdeA (/pg2157; Bardill
et al 2005). Therefore, [pr0050 cannot be deleted without affecting its target. In order to study the
role of the SRNA, a fragment of sde4 complementary to the SRNA, called the trap, was cloned.
This method was used by Duhring et al to study the role of the cis encoded SRNA IsrR which

regulates expression of the photosynthesis gene isi4 in the cyanobacterium Syrnechocystis sp. PCC
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6803 (Duhring et al 2006). The rationale is that overexpression of the trap could block 1pr0050
function by sequestering it and therefore preventing it from interacting with the target, sde4. In
order to test this hypothesis, the trap, which is 300bp, was cloned in pMMB207c¢ under the Ptac
promoter and transformed into L. pneumophila to produce SPF482 (Table 4). Northern blotting
was performed to test the expression of the trap using 5’ biotinylated Trap probe (Table 5). The
expression was tested in exponential (E) phase and in post exponential (PE) phase in two strains:
KS79 wild-type and SPF482 grown with ImM IPTG to induce the expression of the trap (ON) or
without IPTG (OFF) (Figure 3 A, B). The results showed that the 300 bp trap is expressed only in
the E phase in the (ON) condition. It is not expressed in the PE phase maybe because it is degraded
but the absolute reason is unknown.

In order to test if overexpression of the trap affects the expression level of [pr0050, northern blot
was performed to test the expression of the SRNA after the trap was overexpressed (Figure 3 C,
D). The results demonstrate that Ipr0050 is expressed normally, which suggests that
overexpression of the trap does not affect the stability of the SRNA. However, it could still affect
or block its function. Therefore, we moved forward to test this by measuring the expression of

sdeA and its homologos.
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Figure 3. Expression of the trap by NB (A, B) and Ipr0050 (C, D) was tested by northern blot. in
exponential (E) and post exponential (PE) phases in KS79 wild-type strain, and in SPF482 with
(ON) and without (OFF) IPTG. A&C) Gel electrophoresis. RNA was loaded and migrated on 6%
polyacrylamide urea gel. RNA century plus marker was used. The gels were stained with ethidium
bromide (EtBr) and viewed under UV light. B&D) Detection of the trap (C) and lpr50 (D) using
oligonucleotides (60-mers) coupled to biotin at the 5’ end.

3.4 Lpr0050 regulates the expression of sdeA and its homologs

Overexpression of the trap had no effect on Ilpr0050 expression (Figure 3 C, D), one explanation
is that the trap could block the function of the SRNA by titration/sequestration which in turn could
affect the expression of sde4. To test this, the expression of sded was measured by qPCR (Figure

4 B). Two sets of primers were designed (Table 5) one set of primers was designed at the 5’ end

58



of sdeA, whereas the other set was designed at the 3’ end. The rational is to measure the expression
of the transcript before and after the Ipr0050 binding site. The results show that for the beginning
of the transcript (5’ end) there is no significant difference in the expression of sde4 whether the
trap is turned on or off. In contrast, expression of the end of the transcript (3’ end) is reduced when
the trap is expressed. This result suggests that the trap can block the function of /pr0050 and
therefore affect the expression of the mRNA target (sde4). Which suggests that [pr0050 regulates
the expression of sdeA.

Since SdeA shares extensive homology with the other SidE homologs, it was hypothesized that
Ipr0050 could regulate their expression as well. The putative binding site in the other SidE
homologs was predicted using RNA predator (Figure 5) (Florain et al 2011).To test if the other
SidE members are affected by expression of the trap, their expression was also measured using the
same strategy as for sded (Figure 4 B). Overexpression of the trap induces the expression of the
whole transcript of the other sidE homologs. The expression of sidJ was also measured (Figure 4
B). SidJ is located in the same locus but not part of the SidE family. The results reveal that
expression of sidJ is decreased upon the expression of the trap, and contrary to sdeA, the whole

transcript is affected.
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Figure 4. qPCR was used to measure the expression of sidE family genes in E phase. A) Depiction
of the genetic organization of SidE family effector and SidJ (adapted from Jeong et al 2015). sdeA,
sdeB, sdeC are located in sdeC-sdeA locus whereas sidE is located on different location. sidJ is
located on the same locus but it is not part of the SidE family. B) gPCR was used to measure the
expression of sdeAd, the mRNA target of [pr0050 as well as the expression of the sde4 homologs
sdeB, sdeC, side sidJ. The results compare SPF482 grown with IPTG (ON) to SPF482 grown
without IPTG (OFF). The OFF fold changes are not statistically significant.
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SdeA 5'.

Lpr50 3'

SdeCc 5'.

Lpr50 3'

SdeB 5'.

Lpr50 3'

SidE 5°'.

Lpr50 3'

1812 1881

.CTAATGTCGATGAAATTGCTGCTGCCCGCATCATTCAGCAAATCTTGGCCAATCCTGATTGCATCCATG...

GATTACAGCTACTTTAACGACGACGGGCGTAGTAAGTCGTTTAGAACCGGTTAGGACTAACGTAGGTAC

1865 1857

.CTAATATGGATGAAATTGCGGCCGCCCGCATTATTCAACAAATCATGGCCAATCCTGATTGCATCCATG...

GATTACAGCTACTTTAACGACGACGGGCGTAGTAAGTCGTTTAGAACCGGTTAGGACTAACGTAGGTAC

1880 1872

.CTAATATGGATGAAATTGCGGCCGCCCGCATTATTCAACAAATCATGGCCAATCCTGATTGCATCCATG...

GATTACAGCTACTTTAACGACGACGGGCGTAGTAAGTCGTTTAGAACCGGTTAGGACTAACGTAGGTAC

1844 1912

.CCAATATGGATGAAATTGCTGCTGCACGTATTGTTCAGCAAATCATGGCCAATCCTGATTGTATCCATG...

GATTACAGCTACTTTAACGACGACGGGCGTAGTAAGTCGTTTAGAACCGGTTAGGACTAACGTAGGTAC

3"

5

3"

5

3"

5

3"

5

Figure 5. Corresponding sequence and complementarity between Lpr0050 and SdeA and its
homologs. The putative binding site was predicted using RNA predator.

4.4 Ipr0024 is regulated by LetS in the PE phase

The expression of [pr0024 was detected by Northern blot (Figure 6 A , B). The results showed that

Ipr0024 is expressed in both E and PE phases in the KS79 wild-type strain. Deletion of cpxR

resulted in wild-type expression in E phase but reduced expression in PE phase. Similarly Lpr0024

is only expressed in the E phase in AlezS. These results indicate that lpr0024 is regulated by CpxR

and LetS in the PE phase.
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Figure 6. Expression of /pr0024 by Northern blot in exponential (E) and post exponential (PE)
phases in WT, AcpxR and AletS. A) RNA was loaded and migrated on 6% polyacrylamide urea
gel. RNA century plus marker was used .The gels were stained with ethidium bromide (EtBr) and
viewed under UV light. B) Detection of /pr0050 by using oligonucleotides (60-mers) coupled to
biotin at the 5’end.

4.5 Lpr0024 is a multicopy sRNA
Figure 7 shows the analysis of the genomic region of the trans encoded SRNA Ipr0024. The goal

was to design primers to delete [pr0024. After extensive inspection of this region it was clear that
the Ipr0024 sequence was repeated multiple times. Detailed analysis revealed that /pr0024 is
encoded between iraB and Ipg()745 genes and it is present in several copies in the L. pneumophila
strain Philadelphia-1 genome.

Additionally, a previously unannotated ORF at the 3’ side of the SRNA was identified. Using
BLAST analysis, the ORF was identified as a putative endonuclease that belongs to GIY-YIG
nucleases superfamily(Kumar et al 2016). We found that that ORF is homologous to y2bQ which
is found in E. coli and other bacteria, therefore we named the ORF yhbQ. The analysis revealed

that there are four full copies of [pr0024 and two partial copies are encoded on both sides of y2bQ.
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The precise sequences of the full and partial copies was double-checked to ensure they correspond
to the genomic sequences, which have slight differences, and not copies produced by repriming of

PCR amplicons on themselves.

|raB F yth:E
ir aB copyl copy2 copy3 copy4 partial ~ yhbQ partial  partial Ipg0745
- o=
episome F episome R

Figure 7. Analysis of the genomic region of lpr0024. [pr0024 is encoded between iraB and lpg0745
and it is present in several copies. Primers used in this study are: iraB-F & yhbQ-R (blue arrows ) for
PCR analysis of the number of copies (Figure 8) , and episome-F & episome-R (green arrows) for PCR
analysis of the formation of an episome (Figure 9).

4.6 Recombination between the repeated sequences leads to variation of Ipr0024 copy
numbers

The repeated sequences suggest possible recombination between them which will results in a
variation in the copy numbers of the SRNA at the population level. To test this hypothesis, PCR
analysis of the genomic region between iraB and yhbQ was performed (Figure 8). The expected
size of the amplicon with the four full copies is 1172 bp: 632 bp for the four full copies (158 bp
each) and 540 bp for the rest of the region including yhbQ. As the results show, the PCR resulted
in multiple amplicons of different size suggesting that the number of copies of the SRNA actually
varies at the population level. For instance, an amplicon of the size of 1200 bp contains the four
full copies. Some bands were stronger, such as the bands at 700 bp (one copy) and the one at 800
bp (two copies), indicating that some number of copies are favored at the population level. To
confirm these results, the amplicons were cloned in pPGEM-T easy vector and sequenced by Sanger

sequencing. The sequencing results are represented in (Figure 8 and Table 6).
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Figure 8 . PCR analysis and sequencing of Lpr0024 genomic region. The size of the genomic region
between iraB and the yhbQ was investigated by PCR. Samples are: 1, negative control (water); 2, DNA
from the wild type. Primers iraB-F and yhbQ-R were used. The genomic organization of some of the
bands is depicted on the right side. The expected size of the amplicon containing 4 copies is 1172 bp.
Amplicons were cloned with pGEMT-easy and were sequenced by Sanger sequencing to confirm the
number of copies of the SRNA (Table 5).

Table 6. Sequencing results of the region between iraB and yhbQ

Colony| Size on Size based on #

# Gel sequencing copies
2 ~800 bp 856 bp 2
3 ~1100 bp 1172 bp

4 ~700 bp 698 bp

5  ~1000 bp 1014 bp
6

8

9

4
1
3
~1200bp  1330bp 5
~1100bp 1172 bp 4

4

~1100 bp 1172 bp
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4.7 Lpr0024 can exist in an episomal form

The recombination event between the repeated sequences with any of the two inverted partial copy
downstream of yhbQ could lead to the excision of this region from the chromosome. To test this
hypothesis, PCR analysis was performed using primers episome-F and episome-R (shown in green
arrows in Figure 7). These primers amplify the region between the partial copies encoded on both
sides of yhbQ that presumably exists in the episome to investigate the presence of the episomal
form. If an episome is formed, we would get an amplicon which represents recombination between
the repeated sequences and at least one of the partial copies downstream y4bQ. This method was
previously used to identify the pLP100 genomic island in L. pneumophila that can excise itself
from the chromosome and exist as an episomal form (Trigui et al 2013).

The results of the PCR analysis (Figure 9) show multiple bands of different size which suggest
that the region excises from the chromosome and forms an episome of different size containing
vbhQ as well as a variable number of [pr0024. To confirm these results, the amplicons were cloned
in pGEMT-easy vector and were sequenced by Sanger sequencing (Table 7). Total size of the
amplified region 1116 bp, the size of each full copy of the SRNA is 158 bp so it is 632 bp for the
four full. There is a partial copy on the left of y2bQ of 134 bp, on the right of yAbQ there are two
partial copies of 90 bp and 72 bp. For instance, an amplicon of the size of 950 bp contains three
full copies and the three partial copies, it is an episome because the recombination happened with

the partial copies on the right of y2bQ.
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Figure 9. PCR analysis and sequencing to test the excision of Lpr0024 genomic region. Excision
was tested by PCR using the primers episome-F and episome-R. Samples are: 1, negative control
(water); 2, DNA from the wild-type (KS79). Amplicons were cloned with pGEMT-easy and were
sequenced by Sanger sequencing to confirm the episome formation. The genomic organization of some
of the bands is depicted on the right side.

Table 7. Sequencing results to confirm the episome formation

Colony # Size based on | # of full copies # of partial copies
sequencing based on based on
sequencing sequencing
1 ~950 bp 1013 bp 3 1 upstreamyhbQ &
2 downstream yhbQ
2 ~500 bp 551 bp 1 1 upstreamyhbQ &
1 downstream yhbQ
3 ~450 bp 532 bp 1 1 upstreamyhbQ &
1 downstreamyhbQ
4 ~700 bp 710 bp 2 1 upstreamyhbQ &

1 downstreamyhbQ
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5. Discussion

Legionella pneumophila is a facultative intracellular pathogen and it is the causative agent of
Legionnaires’ disease, an acute form of pneumonia, and Pontiac fever, milder flu-like illness
(Cazalet et al 2004, Weissenmayer et al 2011). It is a water borne pathogen which can be found in
most water systems including freshwater bodies, rivers, and lakes as well as in engineered water
systems and man-made water distribution systems such as cooling towers (Oliva et al 2017,
Mendis et al 2015). Free-living amoeba in aquatic environments are the primary reservoir of L.
pneumophila. It can be transmitted to human by inhalation of contaminated aerosols. Upon entry
into the human’s lung, L. pneumophila infects and replicates inside alveolar macrophages (Trigui
et al 2013, Swanson and Hammer 2000).

L. pneumophila possesses a biphasic life cycle, switching between a replicative phase (RP), during
infection of host cells, and a transmissive phase (TP), when the resources inside the cells are
depleted and transmission to a new host cell is needed (Molofsky and Swanson 2004). Efficient
regulation of gene expression is critical for the switch between the two phases as well as for
intracellular multiplication and virulence (Bruggemann et al 2006). Small Regulatory RNAs
(sRNAs) are major regulators of L. pneumophila gene expression (Faucher and Shuman 2011).
This study investigates the role of two sRNA that have not been previously characterized, Lpr0050
and Lpr0024 which were identified by transcriptome analysis by RNA sequencing of L.
pneumophila Philadelphia-1(Weissenmayer et al 2011).

Lpr0050 is a cis-encoded sSRNA which is encoded on the complementary strand of its mRNA target
sdeA (Oliva et 1 2017). We were able to confirm by northern blot the expression of Ipr0050 in L.
pneumophila wild-type in E and PE phases (Figure 2). The expression of the SRNA was also tested

in two different regulatory mutants, AcpxR and AletS. CpxR is the response regulator protein of
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the two-component system CpxRA which was shown to directly activate or repress the expression
of 12 effector-encoding genes and several icm/dot genes (Altman and Segal 2008). On the other
hand, LetS is the sensor protein of the two-component system LetAS which is a critical regulator
for differentiation of L. pneumophila in response to starvation inside the host cells as well as in
broth culture (Edward et al 2010). The results showed that lpr0050 is expressed in both mutants in
the E and PE phases indicating that [pr0050 is not regulated by any of these regulators. That could
be an indication that this SRNA is not involved in the transmission of L. pneumophila from the
replicative to the transmissive phase. Testing the expression of /pr0050 in other regulatory mutants
maybe required to gain more knowledge on its potential role.

Lpr0050 is encoded on the complementary strand of the Iecm/Dot effector SdeA (Bradill 2007). In
order to study the function of a specific gene, one of the methods used is creating a deletion
mutation of that gene. However, such a method cannot be used to study the role of /pr0050 because
it is a cis-encoded sRNA and it is complementary to its mRNA target which is sdeA. In order to
study the role of Ipr0050, a fragment of sdeA complementary to the SRNA was cloned under the
Ptac promoter. This produces an RNA complementary to the sSRNA, called the trap. Our goal was
to deplete the SRNA without making changes in the mRNA target, sdeA, to identify its function.
The rationale behind this method is that overexpression of the trap could affect the expression of
Ipr0050 or block its function by sequestering and therefore preventing it from interacting with its
target, sdeA, thus relieving the effect of Ipr0050. A 300 bp fragment of sded was overexpressed
by cloning in pMMB207c (Table 4) under the Ptac promoter. In order to test if the trap was cloned
successfully, we performed northern blot to detect its expression using the designed
oligonucleotides probes (Table 5). It is shown in Figure 3 A and B, that the 300 bp trap was

expressed in SPF482 (Table 1) grown with ImM IPTG.
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The results show that the trap is expressed in the E phase but not in PE phase, the reason of which
is unknown. Overexpression of the trap had no effect on the SRNA expression or stability (Figure
3C, D). If the expression of [pr0050 was reduced by the overexpression of the trap, that would be
explained as SRNA-mRNA degradation (Waters and Storz, 2009). This would be similar to the
IsrR/isiA system involved in photosynthesis in Synechocystis sp. PCC 6803 where IsrR-mediated
isiA-mRNA degradation has been suggested (Duhring et al 2006).

On the other hand, overexpression of the trap may somehow affect the function of the SRNA which
in turn affect the expression of the mRNA target. Cis-encoded SRNAs can control gene expression
by binding to their mRNA targets on the complementary strand. The binding occurs at the 5’ end,
3’ end or in the middle of mRNAs, depending where it is encoded (Cho and Kim 2015). Based on
their binding sites on their mRNA targets, cis-encoded sSRNAs may act as transcription terminators
through transcription attenuation or transcription interference, potential inhibitors of translation
initiation, or modulators of mRNA degradation (Cho and kim 2015).

In transcription interference, two promoters of an antisense RNA and its target sense RNA exist
very close in cis-position and their transcriptions occur in the convergent direction and then the
transcription from one promoter becomes suppressed by the other one (Callen et al, 2004).
Transcriptional interference can occur due to the collision of the RNA polymerases rather than
sRNA binding to the mRNA (Prescott and Proudfoot 2002). This can be evaluated by using
reporter genes which encode protein that can be easily assayed (Herschman 2004). Reporters are
very efficient tools to evaluate the efficacy of gene expression (Gambhir 2002). Among the
conventional reporter genes that have been commonly used are those that encode for the following
proteins: chloramphenicol acetyltransferase, p-galactosidase (GAL), B-lactamase and green

fluorescent protein (GFP) (Nomura et al 1997, Lee et al 1999, Sauvonnet and Pugsley1996,
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Kunert et al 2000). The introduced reporter gene is driven by a promoter of choice (Gambhir 2002).
The reporter gene is cloned downstream of a regulatory region such as promoter or enhancer that
is usually responsible for the controlled expression of a specific gene (sdeA in this case). This
would permit the evaluation of transcriptional interference due to the collision of the RNA
polymerases (Gambhir 2002).

The expression of sded, the mRNA target of [pr0050, was measured in the E phase (Figure 4B)
since the trap was expressed only in the E phase (Figure 3B). The expression of sde4 was measured
before the binding site at the 5° and after the binding site at the 3’ end to be able to test if the SRNA
would affect the expression of the whole transcript or only the section downstream of the binding
site. As the results reveal, there was no significant difference in the expression of sdeA at the 5’end
whether the trap was expressed or not. However, at the 3” end the expression of sde4 was reduced
when the trap was overexpressed. The results indicate that sequestering the SRNA lowers the
expression of sdeA (significantly at the 3’ end) which suggests that [pr0050 might be necessary to
maintain expression of sded along the whole transcript, maybe by increasing its stability as was
shown for other SRNAs (Waters and Storz 2009).

The effect on SdeA expression could be merely some indirect effect of overexpression of an RNA.
For instance, overexpression of the trap could titer down Hfq which in turn might affect the
expression of SdeA indirectly. To test this, the expression of SdeA could be measured after
overexpression of a “trap scrambled sequence”. If overexpression of the scrambled trap has no
effect on SdeA, it means that the changes of SdeA expression was due the trap overexpression not
because it is just some indirect effect due to overexpression of an RNA.

The expression of sde4 homologs was also measured in the E phase using the same strategy as for

sdeA (Figure 4 B). As the results show, there is significant difference in the expression of whole
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transcript of sde4 homologs before and after the binding site upon overexpression of the trap.
Thus, in contrast to sded, Ipr0050 could downregulate sde4A homologs maybe by inducing the
decay of the target, or by inhibiting translation (Faucher and Shuman 2011, Waters and Storz 2009,
Brantl 2007). Therefore, blocking the function of [pr0050 by sequestration with the trap induces
the expression of sde4 homologs. Taken together, these results suggest that sde4 and its homologs
are co-regulated through /pr0050.

Inhibition of translation cannot be tested by qPCR because it is used to measure gene expression
at the transcriptional level only. Therefore, other techniques such as western blot can be used to
test the expression of SdeA and its homologs at the protein level which could confirm the results
on regulation of SidE family by Lpr0050.

L. pneumophila is an excellent model organism to study the interactions between secreted effector
proteins, as its Dot/Icm T4SS translocate around 300 substrates among which SidE effector
proteins and SidJ (Jeong et al 2015). sidJ is located on the sdeC-sdeA locus, but it is not part of the
SidE family (Liu and Luo 2007). It has been shown that sidJ functions as a metaeffector to regulate
the activity of the SidE substrates (Jeong et al 2015). We have measured the expression of sidJ in
a similar manner as for sded and its homologs (Figure 4B). As the results show, when the trap is
overexpressed there is lower expression of sidJ (before and after the binding site), indicating that
Lpr0050 is a positive regulator of SidJ.

As mentioned, Lpr0050 represses all the SidE homologous but induces the expression of SdeA
and SidJ. On the other hand, the gradual accumulation of SidJ during the infection and the
decreased level of the SidE family on LCV are corelated (Jeong et al 2015). Furthermore, SdeA-
toxicity could be suppressed by co-expression of SidJ, implying that SidJ may regulate SdeA

function. However, secretion of SdeA was not affected by the absence of sidJ (Jeong et al 2015).
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All together suggests that [pr0050 is important in SidJ regulation and that both /pr0050 and SidJ
repress SidE homologues. Additionally, I[pr0050 is important for the expression of the whole
transcript of SdeA whose secretion is not affected by sidJ (Jeong et al 2015).

Overall, SdeA and its homologs are substrates of Dot/Icm T4SS, and they were found to be
important in the intracellular multiplication of L. pneumophila (Jeong et al 2015). The results show
that /pr0050 is involved in the regulation of sdeA and its homologs, therefore Ipr0050 could play
a role in the intracellular multiplication of L. pneumophila. Further experiments and analysis is
needed to confirm the role of Ipr0050 in L. pneumophila virulence. Testing the expression of SdeA
and its homologs at the protein level could confirm the results on regulation of SidE family by
Ipr0050. Moreover, infection of host cells, cell line THP-1, using SPF482 (ON and OFF) to
examine the effect of the SRNA in the intracellular multiplication and virulence of L. pneumophila.
Lpr0024 on the other hand represents an example of trans-encoded sSRNAs which are usually
encoded in intergenic regions on the chromosome and show only partial complementary to their
target mRNAs (Cho and kim 2015).

Expression of /pr0024 in the wild-type was confirmed by northern blot (Figure 6B). These results
indicate that [pr0024 is regulated by the LetAS TCS in the PE phase. In L. pneumophila LetAS
TCS is responsible for differentiation in response to starvation (Mendis et al 2018). Therefore, it
could be suggested that 1pr0024 is involved for differentiation of L. pneumophila and for the
transmission from the replicative phase to the transmissive phase (Edwards et al 2010).

Genetic analysis of I[pr0024 is represented in (Figure 7). The sSRNA is located between iraB and
Ipg0745 genes. There is also an unannotated ORF with a putative endonuclease function present
in the genomic region. We called the ORF yhbQ because it is homologous to the predicted

endonuclease, GIY-YIG superfamily, in E. coli (Kumar et al 2016). It was noted that /pr0024 is a
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multicopy SRNA, four full copies of the SRNA are present in the Philadelphia-1 genome and there
are three partial copies, one is encoded upstream of yhbQ whereas the other two are encoded
downstream of it. Thus, /pr0024 represents a multicopy SRNA in L. pneumophila.

Multicopy sRNAs have been previously studied in the Gram positive bacteria Listeria
monocytogenes (Sievers, et al 2014). The multicopy SRNA LhrC contains five homologous
sRNAs, called LhrC1-5 (Sievers, et al 2015). These five nearly identical SRNAs are highly induced
in response to cell envelope stress and target the virulence adhesin /apB at the post-transcriptional
level (Mollerup et al 2016). They control gene expression by base pairing to target mRNAs though
three conserved UCCC motifs common to all 5 LhrCs. (Sievers, et al 2015). multicopy sSRNAs can
be an important feature of bacterial gene regulation (Sievers, et al 2015).

Because the lpr0024 sequence was found repeated multiple times, we hypothesized that
recombination events may occur between them which might lead to variation in the copy numbers
of the sRNA at the population level. Homologous recombination (HR) generates genome
rearrangements involving repeated DNA elements with identical (homologous) or near-identical
sequences that can be located anywhere in the genome (Piazza and Heyer2018). In order to confirm
if there are recombination events occurring between the repeated sequences of Ipr0024, we
performed PCR analysis of the region between iraB and yhbQ and sequencing of the resulting
amplicons (Figure 8). The PCR results revealed multiple bands of different size ranging from 500
bp to 1200 bp. The sequencing results confirms that the number of copies varies at the population
level between 1 to 5 copies. There are a number of explanations about the benefits of homologous
recombination in bacteria (David et al 2017). One explanation is that recombination is used as a
repair mechanism of DNA damage using foreign DNA as a template, this is essential to maintain

genome integrity (Michod et al 2008, Piazza and Heyer2018). Another explanation is that
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recombination events are able to remove deleterious mutations and introduce combinations of
advantageous mutations which could increase the efficiency of natural selection (Narra et al 2006).
Finally, a recent study has also suggested that bacteria use recombination to delete selfish mobile
genetic elements from their genomes (Croucher et al 2008). Previous studies have shown that
recombination accounts for more than 96% of diversity within several major disease-associated
sequence types (STs) of L. pneumophila. This suggests that recombination represents a potentially
important player for adaptation and virulence (David et al 2017). Therefore, it can be suggested
that 1pr0024 plays a role in L. pneumophila adaptation and virulence since recombination events
occur between its repeated copies.

Recombination between one of the multiple copies and one of the inverted partial copies encoded
after yhbQ could result in the excision of this region and formation of an episome. We tested this
by PCR analysis and Sanger sequencing (Figure 9). The PCR results show that there are multiple
bands of different size (Figure 8) which indicates there is formation of an episome containing, at
the population level, different copies of [pr0024. Additionally, the sequencing results (Table 7)
revealed that the recombination is happening between at least one full copy and one partial copy
encoded downstream of yAb(Q, indicating that this region seems to be a mobile element able to
excises itself from the genome and exists in an episomal form. Figure 10 below illustrates the
excision of the genomic region and the episome formation. The episome contains several copies
of the sRNA as well as the endonuclease y2bQ. Thus, analysis of 1pr0024 suggests this is a new

mobile genetic element (MGE) which would presumably use YhbQ to excise itself.
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Episome-F Episome-R

Figure 10. Schematic representation of the excision of Ipr0024 genomic region in the chromosome
of L. pneumophila. The primers used in this study are episome-F and episome-R (in green arrows).
Four clones were sequenced to confirm the episome formation, the represented example is for a
clone of ~950 bp which contains three full copies, one partial copy before the y2bQ, and the two
partial copies after yhbQ

It has been shown that MGE are major players in genome plasticity of L. pneumophila (Dagan et
al 2008). Trigui et al (2013) have identified a genomic island of 100 kb representing a mobile
genetic element (Trigui et al 2013 b). Furthermore, another study showed that the pLP45 possesses
a sSRNA (Ipr0035) encoded in the a#tL site that regulates a few virulence-related genes encoded
within it (Jayakumar et al 2012).

Hfq is essential in preventing excision of pLP100 from the chromosome during the PE phase
(Trigui et al 2013 b). Therefore, further experiments are needed to investigate how excision of

Ipr0024 episome is regulated and what is the regulation mechanism. The amplicon that has one
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copy could be cloned into a plasmid and transferred to the wild-type. To confirm the episome
insertion, primers for that plasmid can be designed and by PCR analysis we can test if the episome
moved into the plasmid.

In the Paris strain, excision of pP36, a 36-kbp mobile genetic element containing an Lvh T4ASS
locus, from the chromosome was observed only during the PE phase (Dole ans-Jordheim et al
2006), which suggests that transcriptional programs active during PE might have an effect on the
excision of integrated elements in L. pneumophila (Trigui et al 2013 b). Potentially, stress that L.
pneumophila encounters during PE phase, such as starvation or drop in pH could affect excision
of these elements from the chromosome (Trigui et al 2013 b). Thus, formation of Ipr0024 episome
could be tested under various stress conditions during PE phase to understand the conditions and
the mechanism of the episome formation

Glockner et al reported that the mobile genetic element that contains Trb-1 T4ASS exhibited
increased excision in L. pneumophila Corby after intracellular multiplication in A. castellanii
(Glockner et al 2008), supporting a correlation between mobility of the element and virulence
phenotypes (Jayakumar et al 2012). Furthermore, the excision of pLP100 results in induction of
the copA4 gene, which increases resistance of L. pneumophila to copper (Trigui et al 2013 b). Thus,
additional investigation is required to determine what are the phenotypes linked to 1pr0024
episome.

In order to study the role of Ipr0024 in the virulence of L. pneumophila, deleting the whole region
of the repeated sequence to create a mutant is required. We tried to delete the whole region but it
was unsuccessful. Therefore, an alternative method should be used such as direct transformation
of E. coli carrying a Red helper plasmid with PCR products having short homology extensions for

the targeted locus. This method was used to isolated chromosomal mutants with 13 different gene
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disruptions (Datsenko And Wannar 2000). This method is also used for efficient generation of
deletion mutants in Legionella pneumophila (Bryan et al 2011). The basic strategy is to replace a
chromosomal sequence (Ipr0024 gene in this case) with a selectable antibiotic resistance gene that
is generated by PCR by using primers with homology extensions. This could be done by Red-
mediated recombination in these flanking homologous sequences. After selection, the resistance
gene can also be eliminated by using a helper plasmid expressing the FLP recombinase, which acts
on the directly repeated FRT (FLP recognition target) sites flanking the resistance gene (Datsenko
And Wannar 2000). This method was also used to delete moad gene inS.
typhimurium (Koskiniemi et al 2012).

Enhancing virulence and intracellular multiplication are among the predicted phenotype as well as
adaptation to hard conditions or stress. To confirm the phenotype, a complemented strain could be
constructed by complementing the clone that has only one copy into a plasmid and test if it can
restore the WT phenotype. The benefit of having the multicopy region can be also investigated by
making complemented strains with one copy or the whole region to test if one copy is enough for

any given phenotype or the presence of the whole region is required.
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6. Conclusions

This study sheds lights on two uncharacterized small regulatory RNAs that were previously
discovered through the transcriptome sequencing of L. pneumophila Philadelphia-1. The results
suggest that the cis-encoded sRNA Lpr0050 is expressed in the E and PE phases. Our results
indicate that sded and its homologos, sdeC, sdeB and sidE, are co-regulated through Ipr0050.
Additionally, sidJ, metaeffector of SidE family, is also regulated by Ipr0050. Further analysis and
investigation is required to investigate the mode of action of lpr0050 and its role in the regulation
of virulence of L. pneumophila.

On the other hand, we showed that the trans-encoded Lpr0024 is expressed in the E and PE phases
in the wild-type and it is regulated by the TCSs CpxRA and LetAS in the PE phase. PCR and
sequencing analysis revealed that this SRNA is a multicopy sSRNA and that the number of copies
varies between 1 to 5 copies at the population level, as a result of active recombination between
the copies. Lastly, we were able to show that the region of Ipr0024 can excise from the genome
and exist in an episome.

Further work is required to investigate the regulatory role of Lpr0024. In order to do that, a mutant
should be constructed by deleting the whole region of Ipr0024. This was tried in this study (data
not shown) by creating allelic exchange fragments containing kanamycin resistance cassette by
using long flanking homology PCR but it was not successful. In this study we tried to generate a
mutant strain for /pr0024 by creating a mutant allele containing a kanamycin resistance cassette
using the long-flanking homology PCR technique, but we were unsuccessful. Therefore, an
alternative method should be used such as direct transformation of E. coli carrying a Red helper

plasmid with PCR products having short homology extensions for the targeted locus.
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What is the benefit of having the sSRNA in multiple copies? And are all the copies required for full
virulence? This can be investigated by making complemented strains with one copy or the whole
region to test if one copy is enough for any given phenotype or the presence of the whole region

is required. These are questions that need to be addressed by future work on this SRNA.
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