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Summary

L. pneumophilacontaining vacuoles (LCVs) exclude endocytic ansosomal markers in human
macrophages and protozoa. We screenedpmeumophilanini-Tn10 transposon library for mutants,
which fail to inhibit the fusion of LCVs with lysosnes by loading of the lysosomal compartment with
colloidal iron dextran, mechanical lysis of infetteost cells, and magnetic isolation of LCVs that
have fused with lysosomels silico analysis of the mutated gené&s, discoideunplaque assays and
infection assays in protozoa and U937 macroph&gedells identified well established as well as
novel putativel.. pneumophilavirulence factorsPromising candidates were further analyzed for thei
co-localization with lysosomes in host cells usifigorescence microscopy. This approach
corroborated that the O-methyltransferase, PilYRPIcontaining protein and polyketide synthase
(PKS) ofL. pneumophilanterfere with lysosomal degradation. Competiiivections in protozoa and
macrophages revealed that the identified PKS durigs to the biological fitness gheumophila

strains and may explain their prevalence in thdepiology of Legionnaires” disease.

Introduction

L. pneumophilais an environmental, Gram-negative bacterium ahd tausative agent of
Legionnaires’ disease. The bacterium replicatesragetlularly within a membrane-bound
compartment of protozoan hosts and human macrophégel_egionellacontaining vacuole (LCV)
(Horwitz, 1983; Roy, 2002). During intracellulafféation the LCV actively recruits small GTPases
(Arfl, Ran Rabl, Rab7, Rab8 and Rab14), modulaesost phosphoinositide metabolism, modifies
the host endocytic pathway, intercepts vesiclditiahg and avoids fusion with lysosomes (Swanson
and Isberg, 1995; Abu Kwaik, 1996; Reyal, 1998, Tilneyet al, 2001; Nagaeét al, 2002; Roy and
Tilney, 2002; Ingmundsoet al, 2007; Urwyleret al, 2009; Ge and Shao, 2011; Hilbi and Haas,
2012; Rothmeieet al, 2013). Recently, it has been shown thgbneumophilacan inhibit autophagy
by irreversibly inactivating the Atg8 lipidation thavay (Choyet al, 2012). The pathogen also uses
the proteasome machinery to generate amino acsési&asl for bacterial growth within LCVs (Prie¢

al., 2011). Both processes are mediated by effectbrtheo Dot/lcm type IVB secretion system
(T4BSS), which also plays a central role in thebitton of the fusion of LCVs with lysosomes. So
far, more than 300 substrates of T4BSS have begerienentally verified (Isbergt al, 2009; Hubber
and Roy, 2010; Ge and Shao, 2011; Gomez-Vaerdl, 2011). Since the loss of a single effector of
this translocation apparatus rarely causes a seledeet in intracellular growth, overlapping fumets

in the effector repertoire were suggested. Moreoitewas speculated that this large number of

effectors may reflect a co-evolution with a widega of protozoan hosts (Ge and Shao, 2011).
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Although several factors involved in the inhibitiohthe fusion of LCVs with lysosomes have
already been described, a comprehensive undemstanofi this hallmark ofL. pneumophila
pathogenesis is far from being understood. Outenionane vesicles (OMVs), LPS of high molecular
weight, and regulators df. pneumophilaflagellation all contribute to the avoidance ofdgomal
fusion by T4BSS-independent mechanisms (Fernandmeif et al, 2006; Byrne and Swanson,
1998; Molofskyet al, 2005; Seegeet al, 2010). Therefore, it is likely that further molges that
interfere with LCV-lysosome fusion are still unknowT his prompted us to screerapneumophila
mini-Tn10 transposon library for mutants that fail to avdie fusion of their respective LCV with
lysosomes. The applied protocol included the indecbf D. discoideuncells with L. pneumophila
mutants, loading of the lysosomal compartment watitioidal iron dextran, mechanical lysis of
infected host cells, and magnetic isolation of L@\t have fused with lysosomes. The mutants
obtained were analyzed for their ability to inhipiague formation by. discoideurrand to replicate
in D. discoideumand macrophage-like U937 cells. We identifiedpneumophilamutants, which
exhibit an increased co-localization with lysosomBse range of mutants verified by this approach
propose that interference with lysosomal degradaiso multifactorial.In silico analysis including
species comparisons and competitive infections rotogoa and macrophages suggest that the
identified PKS cluster contributes to the biologitaess ofL. pneumophilastrains. The implication

for the prevalence df. pneumophilastrains in the epidemiology of Legionnaires” déges discussed.

Results

Development and evaluation of a screening protocol for obtaining transposon mutants with defects

in avoiding lysosomal fusion

L. pneumophilamutants defective in avoiding vacuolar maturatioouanulate in the late endosomal
and lysosomal compartment. Based on this premieelenveloped a screen that facilitates the isolation
of such mutants (Fig. 1AD. discoideuncells were infected with pools &f pneumophilaCorby
mini-Tn10 transposon mutants as detailed below. Subsequéaity,cells were incubated with iron-
dextran that was chased into lysosomes. Infectest bells were mechanically lysed, and the
homogenates then applied onto MiniMACS separatmarens in their magnetic holders. The flow-
through fractions contained nuclei, mitochondribpsomes and other organelles, whereas the eluted
fractions were enriched in lysosomes and bactdr@ were enclosed in iron-dextran-containing
vacuoles. These lysosomal fractions were lysedptated onto BCYE agar plates supplemented with
kanamycin. Bacterial colonies were scraped intoidignedium and the selection process was repeated
four times.

The suitability of this protocol for enrichment ofutants unable to avoid lysosomal fusion was

validated by comparing the pneumophilaCorby wildtype strain and dotAnegative mutant.CVs
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of dotA-negativel. pneumophilestrains are known to fuse with lysosomes and earjosomes after
entry into the host cell (Rogt al, 1998). Our results revealed a significantly kiglioacterial
association with lysosomes fdptA-negative bacteria (77%) compared to th@@neumophilaCorby
wild-type strain (15%) (Fig 1B). Thus, we conclutthat the screening protocol is applicable for the

isolation ofL. pneumophilanutants which are defective in arresting LCV-lysosdusion.

Screening of transposon mutants and identification of transposon insertion sites

To identify novelL. pneumophildactors responsible for avoiding lysosomal degliadatt mini-Tn10
transposon mutant library consisting of 5960 mavds constructed as previously described (lebpe
al., 1994). The randomness and uniform insertiornefttansposon into the chromosome was verified
by Southern blot hybridization of 25 randomly choseutants. Given that tHe pneumophileCorby
genome possesses about 3000 open reading framésariBposon library represents a 2-fold coverage
of the genome (Gomez-Valest al, 2011). The mutant library was divided into squel pools and
each pool (A-F) was subjected to four rounds ofdascribed screening protocol (see above). After
the final selection, 48 randomly selected coloriiesn each pool were analyzed for the presence of
genetically identical siblings by Southern blot hgization (Fig.1C). In total, 54 mutants among
fifteen sibling families with at least three membper family were selected. The strains obtainesh fr
the screen are summarized in Table 1. The siteamdposon insertions were identified by cloning th
respective fragments containing the transposonplasmid pUC19, sequencing and comparing with
the L. pneumophilaCorby genomic sequence. In three cases (D5, E@F3a8R), identification of the
exact position of insertion was aggravated duéeégoresence of multiple repeated regions (TP1-TP4)
in the L. pneumophilaCorby genome. To overcome this problem, we utlizke InFiRe method
(Shevchuket al, 2012). It should be noted that strains belondgog¢he same sibling family do not
necessarily possess insertions at the same poditicseveral cases, mutants with insertions in the

same gene, but in different positions, were setefttan different pools.

In silico analysis of selected genes

Based on COG annotation (Clusters of Orthologousu@@s of proteins), 11 genes identified in our
study belong to the biosynthesis group involvedanondary metabolism, 24 are unclassified or were
assigned as unknown or with predicted functiong mimnor groups of genes belong to cell motility (5
genes), energy production and conversion (4 ges&g)al transduction mechanisms (3 genes), cell
wall and membrane biogenesis (1 gene), amino emn$port and metabolism (1 gene), lipid transport
and metabolism (1 gene), inorganic ion transportl anetabolism (1 gene) and replication

recombination and repair (1 gene).
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One third of all proteins was predicted to be laeal in or associated with the cytoplasmic
membrane. The gene product of mutant Lpc2235 (B3)otentially localized in the bacterial outer
membrane. The remaining proteins were either prediico be cytoplasmic or their subcellular
localization could not be assigned. Remarkably, thet majority of affected genes are present
exclusively inL. pneumophilastrains, but not in environmental or relativelyatqmgenic isolates such
as LLAP10,L. hackeliaeor L. micdadei This finding was confirmed using the nucleotideABT
function which is integrated into tHeegionellaGenome browser (LGB). An additional analysis of
gene products by the virulence prediction tool YéniPred (Garg and Gupta, 2008) showed that most

affected genes are potential virulence factorsI@ap

Plaque formation and intracellular replication of selected mutants

TheD. discoideunplaque assay reveals whether or not the respdctippeumophilanutant displays
virulence either by evading amoeboid killing orieely killing the host cell. Bacterial predation By
discoideunmwas scored by plating amoebae on nutrient agéepteeded with the respective mutants.
Successful predation by the amoebae was visudtigdte appearance of clear plaques. The absence
of plaques reveals resistance o discoideumpredation and may indicate a virulent phenotype
(Shevchuk and Steinert, 2Q0Badenet al, 2013).Based on this scoring system, we divided the mini-
Tn10 mutants into four groups (see Table 2 and Matemal Methods). Three mutants, Lpc0114
(B23), Lpc1579 (E8) and Lpc2666 (D1), were phenmtsity similar to thedotA-negative mutant and
produced amoebal plaques on more than 50 % ofdhtefial lawn, 15 mutants produced amoebal
plagues on 25-50 % of the bacterial lawn, nine mistaxhibited a low effect (10-25 %) and 23
mutants had no effect in the plaque assay.

To also analyze the mini-Tnl@ansposon mutants for their ability to survive areplicate
intracellularly within host cells, we performed ection assays oD. discoideumand U937
macrophage-like cell§.he replication of th&. pneumophilaCorby wild-type strain iD. discoideum
typically results in al000-fold bacterial increase after day three post infectighereas thalotA-
negative mutant does not amplify during the same fperiod. We observed that most of the selected
mini-Tn10 mutants were attenuated in their ability to muitipi D. discoideuncells. Eight mutants
showed more than a 100-fold, five at least a 16-fnhd 23 at least a 2-fold reduced intracellular
replication rate (Table 2).he ability of the mini-Tn10 transposon mutanténfuibit plaque formation
often correlated with their ability to replicatdriacellularly withinD. discoideurrcells (Table 2).

We next determined whether intracellular replicaticas also possible in U937 macrophage-like cells.
Only mutants which showed effects in plaque fororatand (or) inD. discoideuminfection assays
and which revealed insertions in genes encodingutative virulence factors were analyzed. Mutants
which had been analyzed in previous studies (¢agella, LPS, PlaB) were excluded from further

investigations. Among the 10 analyzed mutants, @nlypc2666 (D1) and Lpc0114 (B23), encoding a
5
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cytosolic IMP_GMP specific 5'-nucleotidase, wereteatiated in their ability to replicate
intracellularly within U937 macrophage-like cellsive mutants revealed a slight reduction in
replication compared to the pneumophilaCorby wild-type strain. The mutants Lpc1639 (C38Y),
Lpcl1641 (D23) and Lpc3210 (B26) multiplied insidecrophages, as well as the pneumophila
Corby wild-type strain (Table 2).

O-methyltransferase, TPR-containing protein, PilY1 and polyketide synthase (PKS) contributeto

avoidance of lysosomal degradation

The aim of this work was to find novel factors itwexd in the modification of intracellular traffiakg.

As most of the genes selected in this screening wiescribed and characterized previously, we
focused on yet uncharacterized mutations withiregest putative novel virulence factors. For further
characterization, we chose the O-methyltransfefiase0263), the PilY1 (Lpc2666), the hypothetical
protein containing a TPR motif (Lpc2669), and thdative PKS (Lpcl639)The lysosome fusion
phenotypes of the 4 mutants were analyzed by fhoerce microscopy. We labeled the respedtive
pneumophilastrains (wild-type,dotA-negative, heat inactivateld. pneumophilaCorby, Mini-TnL0
mutants) with rhodamine and measured their codmai@bn with mannose-6-sulphate (M-6-S), a
marker for theD. discoideuntysosomal compartment (Neuhaatsal, 1998). Statistical analysis of the
confocal laser scanning microscopy images reveakttthe co-localization ratios of all tested maitan
strains were comparable to what was observed &oddbA-negative mutant. The percentage of wild-
type LCVs positive for M-6-S after 4 hours of irgedlular infection were significantly lower
compared to LCVs of theotA-negativel. pneumophilamutant. Heat-inactivatet. pneumophila
Corby served as negative control and showed sogmifiy higher co-localization with the lysosomal
marker compared to thdptA-negative mutant (Fig. 2). Moreover, the mini-Trit@nsposon mutants
revealed a significantly higher ratio compared ke t. pneumophilaCorby wild-type strain.
Interestingly, a direct correlation between thelamalization ratio and the ability to replicate

intracellularly within macrophages br. discoideunwas not observed.

Analysis of the PKS synthase cluster

Although the cumulative size of PKSs and NRPSs rjbosomal peptide synthesis) genesLin
pneumophilais higher than that of otherproteobacteria, the existence of this region hatsyet
received appropriate attention (Donadioal, 2007). This and the fact that our genetic sctedrto
the identification of 2 independent PKS mutantsmpted us to further analyze the gene products of
the potential PKS cluster. Two of them (C36, C3&yéran insertion in Lpcl1639 and one (D23) in
Lpcl641, encoding a sensory box sensor histidimadd/response regulator, an element of a

previously uncharacterized two-component systerh. ggnheumophilgFig. 3A-B). We analyzed the
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amino acid sequence of Lpc1639 with SBSPKS, a prador detection and analysis of PKS domains
(Yadavet al, 2003, Ananckt al, 2010). The putative product of Lpc1639 is a ndglnain protein
with an acyl carrier protein (ACP), and ketosynth@KS), acyl transferase (AT) and ketoreductase
(KR) domains, most probably belonging to a typeKISP Only two PKS genes, Lpc1639 and PksJ
which were localized close to each other, were domntheL. pneumophilaCorby genome (Fig. 3C).
Orthologous gene clusters are also present in lteelg related.. pneumophilastrains Alcoy and
Lens (Cazalett al, 2004, D'Auriaet al, 2010). Genes encoding for putative regulatogyneints and
genes for a two-component system were identifiedndtream of Lpc1639. The chemical structure of
the polyketide could not be predicted for any af lth pneumophilaCorby PKSs. Furthermore, it is
possible that additional genes outside of the PKter contribute to the biosynthesis of the

respective metabolite(s).

Role of the PKS cluster asfitness factor and distribution of the PKS cluster among diverse

Legionella species

As mentioned above, we were not able to detecffantef the KS domain of Lpc1639 (C36, C37) on
intracellular replication iD. discoideumA. castellanij and U937 macrophage like cells (Tab. 2; Fig.
4A-C). Moreover, none of the analyzed PKS mutamtgealed a reduced cytotoxicity on U937
macrophage-like cells after six days of co-incudratjFig. 4D). Additionally, both Lpc1639 mutants
were indistinguishable from wild-typle. pneumophilaCorby with regard to growth in liquid culture

and pigment production (data not shown).

Since the PKS cluster &f pneumophilacould be a non-essential fitness factor, which maly be
relevant in competitive situations, we co-infeciddiscoideunrcells with thel. pneumophileCorby
wild-type and the Lpcl1639 strains. This approasieaéed that Lpc1639 mutant became outcompeted
24 h post infection (Fig. 4EBimilar results in U937 cells corroborated the poting effect of the

PKS cluster in competitive co-infections (Fig. 4F).

KS domains are generally highly conserved and dés$dar the functionality of PKSs (Hertweck,
2009). To examine the distribution of PKSs amongeidie Legionella species, we tested 19
pneumophilaand nine nomneumophilastrains by Southern blot hybridization. The DNA of
Legionellastrains was restricted and hybridized with a prgpecific for the KS domain of Lpc1639.
This approach revealed that mostLofpneumophilastrains possess the KS domain with different
levels of homology (Fig. S1). In contrast, among tlonpneumophilaspecies, only LLAP10 showed

a low hybridization signal.

Discussion
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To survive within phagocytic host cells, pneumophilahas evolved a variety of strategies to avoid
fusion with lysosomes (Hubber and Roy, 2010; FedearMoreiraet al, 2006). In this study we
developed and applied a screen which facilitategl igolation of bacterial transposon mutants
defective in the inhibition of lysosomal fusion. &'selected 54 candidates were assigned to known
virulence genes df. pneumophilagenes described to be virulence-related in gbla¢nogens, or to

yet uncharacterized factors. These three classgsnafs will be discussed in the following.

Among all mutants, 20 (37%) have been already de=tin previous studies (Table 1) as virulence
genes ofL. pneumoniatheir predicted virulence is consistent with oupermental data (Table 2).
For example, mutants B7, E33, A36 with insertionsan ABC transporter (Lpcl1042) and ES8
(Lpc1579), which encodes a sensory box/GGDEF famiigtein, were previously identified as
virulence determinants for infection of amoeba rgfsset al, 2009). Sensory box/GGDEF family
proteins bind and hydrolyze the nucleotide secom$sanger cyclic diguanylate (c-di-GMP) and
thereby regulate a wide variety of processes intepi@; in particular transcriptional and
posttranscriptional activity, enzymatic activitynda protein-protein interactions. These, in turn,
modulate a wide range of infection-related cellymocesses such as biofilm formation, flagella
biosynthesis and induction of inflammatory mediat(arlsoret al, 2010, Abdul-Sateet al., 2012).
The genome oL. pneumophilaPhiladelphia-1 encodes 22 predicted proteins aanta domains
related to c-di-GMP synthesis, hydrolysis, and gaition. Most of them are up-regulated in the
transmissive phase during intracellular growth (Byemanret al, 2006). Deletion or overexpression
of the Lpcl579 orthologue has no significant effeat the intracellular pool of c-di-GMP ih.
pneumophila Philadelphia-1. MoreoverL. pneumophilastrains lacking genes containing the
individual GGDEF motif exhibit wild-type replicatiorates in host cells, reflecting the overlapping
functions of these genes. In contrast, overexpessf the Lpcl579 (E8) orthologue significantly
decreased the ability of the pathogen to replicaithin Acanthamoeba castellaniand U937
macrophage-like cells and prevented the fusion lyglosomes (Levet al, 2011). In our infection
studies mutant Lpcl579 was strongly attenuatedtsnability to replicate inD. discoideum.
Interestingly, the replication of this mutant wadyoslightly reduced in U937 cells (Table 2). Aneth
known regulator which was also identified in oundst is Lpc1965 (E22). This factor has recently
been characterized as responsive sensor kinase wipgdh regulates the transcription of 105 genes,
including 13 Dot/lcm T4BSS substrates, the macrgphanfectivity potentiator (Mip), thel.
pneumophilachitinase and flagellum components (Kessleal, 2013). The mutants Lpc0756 (F13,
F14; FliC) and Lpc0563 (F5; FIhB) are part of thegéllar regulon, which controls several virulence-
associated transmissive traits, including the saig of lysosome fusion (Molofslgt al, 2005).
Mutant Lpc1029 (F28; PlaB) carries an insertiothi@ phospholipase A, which is associated with the
outer membrane. This factor is responsible for actrdependent hemolytic activity and inactivation
leads to impaired replication in the lung of inftiguinea pigs (Bendet al, 2009, Schundest al,

2010). Two transposon insertions in Lpc2522 (D8PP®&ere found in the gene encoding for the
8
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T4BSS effector PelB, which possesses a eukaryai#cxX@notif. This motiv was shown to be required
for the recognition by the host-cell prenylationamiamery. The prenylated effectors are anchored to
host membranes and contribute modestly to the teuof lysosomal fusion events with LCVs (Price
et al, 2010b).

Further Dot/lcm T4BSS substrates identified in eareen are: Lpc2032 (Al12, E12), which causes
growth defects by modulation of the intracellui@fficking in S. cerevisiagHeidtmanet al, 2009,
Gomez-Valero et al., 2011), and Lpc0335 (E38, E@®ich together with SidA and Lpgl969 were
reported to interact with IcmQ (Montminy, 2009).d1466 (D36) and Lpc3210 (B26) are translocated
substrates of the Dot/lcm system (Zusman et al82Buang et al., 2011).

Lpc2235 (D3; CopA2) appears to be a multicoppedasé, which belongs to the metal efflux island
of L. pneumophilaThis island was hypothesized to be necessargnéintaining the concentration of
certain metals within the phagosome, althoughriégsgnce not required for intracellular growth (Kim
et al, 2009).

Most of the genes identified in this study have rbeown to be up-regulated within human
macrophages (Table S2) (Fauckeml, 2011). This is also the case for orthologuethefLpc2662-
Lpc2666 fimbrial synthesis gene cluster, which @né/ inducedin vivo and seem to be co-regulated
with the Dot/lcm T4BSS substrates SidA, SidE, L@®BE38, E39) and other virulence factors, such
as the RpoE sigma factor and the TPR-containinteprd.idL (Bruggemanret al, 2006; Newtoret

al., 2007). Moreover, since we have selected mutarisurs post infection iD. discoideumijt can
also not be excluded that other factors contriiat¢he escape from lysosomes at earlier or later
stages, or in other host cells. However, the dityersf identified factors indicates that multiple
molecular mechanisms are involved in avoiding yso$omal degradation pathway. A number of
genes identified in this study encode for domaiith Wwomology to known virulence factors of other
bacteria. Five mutations Lpc2666 (D1, F6 and FB{Biand Lpc2669 (F10 and F41) are localized in
a yet uncharacterized putative pili region. Therdagh sequence analysis of this region showed that
Lpc2666 encodes for PilY1, a protein with high héogy to the PilY1 ofPseudomonas aeruginasa
This protein has multiple roles in virulence indhgl swarming and twitching motility, secretion of
secondary metabolites and in adhesion to diffestadi human airway epithelial cells (Bokhal,
2009, Heinigeret al, 2010, Kuchmaet al, 2012). Lpc2669 encodes for a hypothetical pnotei
conserved within the genusegionella The gene product is predicted to contain tetapeptide
repeats (TPR), which are present in eukaryotes @mo#laryotes and regulate diverse biological
processes, such as organelle targeting and vefsisien (Blatch and Lassle, 1999; Zeytuni and
Zarivach, 2012). Two of 1Q@. pneumophilaTPR proteins, LpnE and EnhC, are candidates for
virulence factors that influence the translocatidrcertain T4BSS effectors (Bandyopadhyatyal,
2012). One TPR-containing protein, LidL, was idéadi in a screen for factors which influence the
ability to synthesize and (or) translocate subssraif the T4BSS (Conovest al, 2003). Another

mutant with a defect in the inhibition of LCV-lysmse fusion has an insertion in Lpc0263 (F30), a

9
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gene encoding for an O-methyltransferase, whicltasserved inpneumophilaspecies. The O-
methyltransferase df. pneumophilaPhiladelphia-1, like the Dot/lcm T4BSS substrafesy7 and
LegAl12, belongs to the group of genes regulatedhbyarginine repressor ArgR, which, in turn, is
required for optimal intracellular multiplicationitiin the protozoan hogt. castellanii(Hovel-Miner

et al, 2010). The protein has the highest sequencdssityito the SAM-dependent methyltransferase,
a virulence factor ofrancisella tularensigChampion, 2011).

Our analysis revealed significantly higher co-lazations of PilY1 (Lpc2666) and Lpc2669 mutants
with lysosomes and a reduced replication rate iroghages and protozoa. Remarkably, heat-
inactivated, rhodamine-labeléd pneumophilaalso showed a significantly higher co-localizatiith
lysosomes in comparison to thetA-negative strain. These observations suggest thameumophila

also uses T4BSS-independent mechanisms to avaiddgsal degradation.

One of the most striking findings in our study latt a PKS is involved in avoidance of lysosomal
fusion. The PKS mutant (Lpcl1639), similarly to tetA mutant, was incapable of preventing the
fusion with lysosomes, though its survival and iegilon within macrophages and amoeba was not
affected. The missing growth defect may be dueverlapping functions of. pneumophilavirulence
factors. This is in line with the remarkable obsgion that the reduction of the. pneumophila
genome to 31% only leads to minimal attenuatiomwitnouse macrophages (O' Conebal, 2011).
Thus, we conclude that synthesis of a polyketidéabwite is one of multiple mechanisms lof
pneumophilato escape the lysosome-endosome degradation patfilva ability of PKS to reduce
phagolysosomal fusion and macrophage-mediatedigiias also described fér fumigatugJahnet

al., 2002, Thywissemt al, 2011). It has been speculated that HN-melamdyzed by wild-typeA.
fumigatusleads to deregulation or even inhibition of theT¥ase, similar to thé. pneumophila
effector SidK (Xuet al, 2010, Thywisseet al, 2011). Thus, it is possible that the productfgheL.
pneumophilaPKS region secrete, modify or neutralize intrasagnal signals, which are necessary
to avoid lysosomal digestion. One of these signaldd be sensed by the two-component system of
the PKS locus (Lpc1640), which is up-regulatedeasponse to macrophage infection (Bruggengtnn
al., 2006, Fauchest al, 2011).

Interestingly, competitive co-infections of amoelvath PKS-positive and -negative strains revealed
that PKS provides a selective advantage for pneumophila. This positive influence on
competitiveness is remarkable since the distrilbuwibKS domains is almost exclusively restricted to
pneumophilastrains, which are prevalent in the epidemiolo§\egionnaires” disease (Yet al,
2002). The only exception among the analyzed-prmeumophilastrains is LLAP-10, which also
possesses a KS domain (Doleahsl, 2004). Since the LLAP-10 strain exhibits compsaedy high
replication rates in protozoa (Hageleal, 2000), this exception also fits with our conausthat PKS

may be an important fitness factor farpneumophila
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Experimental procedures
Cultivation of bacteria and eukaryotic cells

L. pneumophileCorby (Jeprast al, 1985) was used to generate a random transpiisanyl TheL.
pneumophilaCorby dotA:Tn5 mutant was a gift from A. Flieger. All. pneumophilastrains and
mutants were routinely cultured in buffered yeastaet (YEB) at 37°C with agitation at 180 rpm or
grown on buffered charcoal-yeast extract (BCYE) aggplemented with 20 pg/ml kanamycin for 3-
5 daysK. aerogeneskE. coli DH10B and DH% were cultivated on LB medium at 3C overnight.D.
discoideumAX2 was grown axenically at 24 °C in HL5 mediund&eet al, 1980) with agitation at
160 rpm for 3 days. U937 macrophage-like cellsenggown in RPMI 1640 medium containing 10%
heat-inactivated fetal calf serum at 37°C and 5 @ @&nd differentiated with phorbol 12-myristate

13-acetate (Sigma) for 24 h before use.

Bacterial cytotoxicity on host cells was quantifieg the MTT assay. In brief, 96-well tissue culture
plates containing 1xfodifferentiated U937 cells were infected with 10dfserial dilutions ofL.

pneumophilastarting with 1 x 10CFU per well. After 6 days of incubation, 0.5 mgMiIT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium brame] was added to each well. After 2 h of
incubation, the MTT-culture medium was removed, #r@resulting formazan dye was dissolved in
100 pul isopropanol and vigorously shaken at 900rpne optical density of each well was measured
at 500 nm with the Thermo Scientific™ Varioskan™adH Multimode Reader. The number of
bacteria required to kill 50% of the U937 cells B0J was determined by nonlinear regression

analysis.

Transposon mutagenesis

To obtain randonk. pneumophilaCorby mutants, mini-Tn10 mutagenesis was appliegppérRt al.,
1994). In brief, the delivery vector pCDP05a, whadntains a kanamycin resistance (Km) gene, an
altered target specificity transposase gene asdcBgene for counter selection was electroporated
into the strainL. pneumophilaCorby. The settings employed were 25 mF capadtan@.3 kV and
100 Ohm. Transformed cells were mixed with 1 ml B¥iEdium and incubated at 37 °C for 16 h
without agitation. Bacteria were then plated in 2@d0aliquots on BCYE agar with 25 pg/ml
kanamycin and 5 % sucrose. 5960 individual mutahtrées were each transferred to 20 BYE
medium, supplied with 2Qug/ml kanamycin and cultivated for 5 days. After tation, the

transposon mutants were stored in 20 % glycerBGRC.

Preparation of iron-dextran particles
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Colloidal iron particles coated with dextran with average diameter of 8 nm were prepared as
described (Rodriguez-Paes al, 1993). In brief, 10 ml of 1.2 M FeQlas mixed with 10 ml of 1.8

M FeCk to which 10 ml of 25 % Nkwas added while being vigorously agitated. Thgension was
divided into six aliquots and placed onto a magnatiit until the precipitate had gathered on the
surface of the tube, than the supernatant was tegtarhe precipitate was washed once with 5 % NH
and twice with deionized }@. The sediment was suspended in 80 ml of 0.3 M &I stirred for 30
min. Then 4 g of Dextran (64-76 kDa, Sigma) waseaddnd stirred for a further 30 min. The
resulting sample was dialyzed against cold deiahizater for 2 days and filtered. The sterile soluti

with an approximate iron concentration of 10 mgimak stored at 4 °C for up to 3 months.

Iron particle-based screening of mutants

2.5 x 10 D. discoideuncells were seeded into 25 teell culture flasks to a final cell density of®10
cells/ml and allowed to settle at 25.5 °C for 30hnTheL. pneumophilaCorby transposon mutant
library (5960 colonies) was divided into six eqpabls (6 x 960). Five day-old plate cultures from
each pool were suspended in 2 ml of sterig®Hmixed well and the cell density adjusted t8 10
cells/ml. 250ul of each of the prepared bacterial suspensionsadded to each cell culture flask at a
multiplicity of infection (MOI) of 10. Following aninvasion period of 3.5 h, the colloidal iron
particles were added to a final concentration ohd/ml. After 4 h of incubation at 25.5 °C tie
discoideuncells were washed three times with 1 x Soerensespttate buffer, pH 6.0, and once in
homogenization buffer (HB; 0.5 mM BEGTA, 20 MM HEPES, 250 mM sucrose) supplemented
with an EDTA-free protease inhibitor cocktail (Recbiagnostic). Cells were resuspended in 2 ml of
HB and then broken by 12 strokes in a Dura Grirainkdss-steel homogenizer. The lysate was
subjected to low-speed centrifugation (115 x g,iB6 at 4 °C) to remove nuclei and unbroken cells.
The resulting post-nuclear supernatant was appbed Miltenyi Biotec MiniMACS column in a
magnetic separation unit (OctoMACS, MiltenyiBioteThen the column was washed twice with HB
and bound material was eluted with 1 ml of 0.4 %ofrX100 in HB. A 100ul aliquot of the eluate
was immediately plated onto BCYE agar plates suppiged with kanamycin (2@g/ml). The
remaining eluate was frozen at -20 °C. After 5 dafysulturing, the bacteria were harvested from the
agar plates and the selection was repeated. Irr ¢odenrich the number dfegionella mutants
defective in avoiding lysosomal fusion, 4 roundshe selection procedure were performed. After the
final selection, 48 colonies of each pool were pitkrom agar plates, cultivated in YEB medium
supplemented with kanamycin (20/ml) and DNA from each colony was processed fartisern blot

hybridization.

Southern blot hybridization and identification dflsng families

12
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Southern blot analysis was performed to confirmrirelomness of the transposon library, to identify
the families of siblings with identical genotypasd to monitoiLegionellaspecies for the presence of
the KS gene sequence. For that, an aliquot of genBMNA (3-4 ug) of each mutant was extracted
with a DNA isolation kit (Bio&Sell, Nextte®') and digested overnight with the restriction enegm
EcoRI and Pstl. The digested DNA was separatedrefgwretically, blotted onto a nylon membrane
(Hybond-N+, Amersham) and fixed by UV-crosslinkifig\V-crosslinker, BioRad). A digoxigenin-11-
dUTP (DIG)-labelled probe that was able to recogrifee mini-Tn10 transposon was generated from
the plasmid pCDPO05a with the primer pair Km627fdbaatcaggtgcgacaatctatc-3') and Kmeé27r (5'-
aatgaaggagaaaactcaccgagg-3’) specific for the karianresistance gene. The PK probe was
amplified from L. pneumophila Corby genomic DNA with the primer pair SB Lpcl639f
(5'caattattggaatgagttgccge-3’) and SB Lpcl639rt¢igataggcagaagttaatgctt-3'). The incorporation
of DIG into the PCR product was confirmed by elephoresis. Hybridization and detection of
digoxigenin-labeled kanamycin specific fragmentgevperformed according to the manufacturer's

recommendations (DIG nucleic acid detection kitchRe).

Transposon insertion localization

For the localization of the transposon insertitve, genomic DNA from each mutant was digested with
EcoRI and Pstl and the obtained fragments werdeligato the plasmid pUC19. The plasmid was
introduced intoE. coli DH10B and selected on kanamycin to obtain vectors coingithe DNA
fragment with the inserted transposon. The plaswéd sequenced with the transposon-specific
primer Tn4 or Tn5. For exact determination of tgoson insertion sites, the obtained sequences were
aligned against the NCBI database with BLASTn. TifeéRe method was applied for mutants for
which the classical identification of transpososeirtion was not successful (Shevchatlal, 2012).
Transposon insertions within all mutants were Veditoy comparison to the wild type strain via PCR

shift analysis using gene-specific primers (Taldg S

In silico analysis of selected mutants

The genes selected in this study were analyzed) ikl egionellaGenome Browser. The database
provides information concerning the reported odpmted function of a gene product, which belongs
to a cluster of orthologous genes (COG) and enaolesheck for the presence of genes and the
corresponding proteins in n@meumophilaspecies (LLAP10L. hackeliel.. micdade), which are not
present in the NCBI database. The subcellular ipai@bn of the proteins was predicted by “ClubSub-
P* (Paramasivam and Linke, 2011). Potential refestito virulence were predicted with VirulentPred
(Garg and Gupta, 2008). Polyketide synthase domaere predicted with SBSPKS (Yadav al,

2003, Anancet al,, 2010).
13
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D. discoideum plaque assay

To evaluate the potential virulence of transposaitamts in comparison to wild-tyge pneumophila,
the plaque assay was performed as previously eali§Shevchuk and Steinert, 2009, Tiadeal,
2013). In brief, 18D. discoideuntells were washed with 1 x Soerensen buffer. Theelme were
mixed with 10 Klebsiella aerogeneand 10 cells of aL. pneumophilaransposon mutant in infection
medium and were subsequently plated on SM agae iwdll plates. After 3 days, the plates were
examined for plaques formed by discoideuramoebae. The surface area of plaques formeD.by
discoideumwas determined by Adobe Photoshop CS2 and the ngpiesents the percentage of the

area covered by plagues to the whole area of ttietia lawn.

Infection and competition assay

To examine the ability of selectéd pneumophilanini-Tn10 transposon mutants to grow within host
cells, infection assays were performedindiscoideunAX2, A. castellaniiand U937 monocyte&or

D. discoideum10’/ml cells wereseeded into 25-cheell culture flasks and infected witkegionellaat

an MOI of 0.02. At 0, 24, 48 and 96plost inoculationserial dilutions of cell lysates were plated on
BCYE agar and theaumber of bacteria within the co-cultures was weileed. U937 cells were
seeded into 24-well tissue culture plates at aitlen§ 5 x 1F cells/well and treated with FoM
phorbol 12-myristate 13-acetate (PMA) for 24 h. f@iéntiated U937 cells were infected with
stationary phaskegionellaat a multiplicity of infection (MOI) of 10. After h of incubation, cells
were treated with 100 pg/ml gentamycin for 1 h avakhed with PBS to remove extracellular
bacteria. At 1, 24 and 48h post infection, CFU/neélrevdetermined by lysing the macrophages with
sterile distilled water and plating the lysatesBS2\YE agar. For the competition assay, equal amounts
of L. pneumophilaCorby and the Lpc1639 (C36) Mini-Tn10 transposamant strain (kanamycin
resistant) were used to co-infect the discoideumor U937 macrophage-like cells. Serial dilutions
were plated on BCYE agar with and without antilmaid determine the number of CFU/ml. To
determine the number of wild-type bacteria, the @Rlbn BCYE-kanamycin agar was subtracted

from the CFU/ml on BCYE plates without kanamycin.

Fluorescence microscopy

The co-localization ofL.. pneumophilaCorby mini-Tn10 transposon mutants with lysosomes
analyzed by immunofluorescence microscopy. Bridfiiglicate cultures oD. discoideum(5 x 10
/well) were seeded on glass cover slips in freshiyed infection medium for 1 h at 25 °C, washed
and infected with rhodamine-labeléd pneumophilastrains and mutants at a MOI of 100. The

rhodamine labeling was performed as previously rilesd (Unal and Steinert, 2006). The infection
14
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was synchronized by centrifugation (300 x g, 5 naingl remaining bacteria were removed by washing
with infection medium. After 4 h of incubation, tlkeells were rinsed 3 times with cold SorC buffer,
fixed with methanol (-20 °C) for 30 min and wasleghin 3 times with cold SorC. After blocking
with 2 % human AB serum in SorC for 30 min at rotemperature, lysosomes were labeled with
mAb 221-342-5 (1:1000), a monoclonal antibody agfaan common mannose-6-sulfate—containing
carbohydrate epitope present@ndiscoideuntysosomal enzymes (Neuhaeisal, 1998). Alexa 488-
conjugated goat-anti mouse IgG (Invitrogen) wasduse a secondary antibody (1:1000) for 1 h at
room temperature. Finally, DNA was stained withgiml DAPI in PBS. Cover slips were mounted in
Dako Fluorescence mounting medium and examinedobfocal laser-scanning microscopy using a
Leica DM6000 CS/ Leica TCS SP5 microscope. To dfyatite fluorescence association of the
lysosomal marker with the LCV, the images were é&mhéhto Image J and transformed into 8-bit
format (Image> Color > Split Channels). Then the red channel was activated adjusted to the
threshold (Image-> Adjust - Threshold). The measurements were set (Analyze Set
measurements) by selecting “Integrated density'imit to Threshold”, “Area” and “Redirect to
green”. A circle around the bacterium was drawn &f\W tracing tool”) and measured (Analy2e
Measure). For estimation of lysosomal marker assioci integrated density values were divided by
areas and the mean was plotted. Three independpatiments were performed for every mutant

strain and for each experiment 100 bacteria weamtified.

Statistical analysis

Statistical significance was calculated with ongr#&OVA using InStat (GraphPad). Results with

p < 0.05 were considered statistically significant.
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733

734  Figures

735

736  Fig. 1. Screening procedure for enrichment of miniFn10 transposon mutants with defects in
737  avoiding LCV-lysosome fusion.

738 (A) Screening procedur®. discoideuntells were infected with a pool of transposon-rgatazed..

739 pneumophilaCorby (1) and incubated with iron-dextran thatsgsainto lysosomes or late

740 endosomes (2). After mechanical host cell lysa-dextran-loaded lysosomes and associated
741 LCVs were separated by MiniMACS columns (3) andicated on BCYE agar supplemented

742 with antibiotic (4).

743 (B) Validation of screening. ThB. discoideuntells were infected with the. pneumophilaCorby

744 wild-type or thedotA mutant strain. The lysosomes were loaded with idextran 30 minutes
745 before harvesting the cells. After 4 hours of itifat the post nuclear supernatants were applied
746 onto MiniMACS separation columns. Bound bacteriaensluted from the magnetic columns and
747 plated on BCYE agar. The experiment was performeddplicates.

748 (C) Selection of mutants. 5980 pneumophil&Corby Mini-Tn10 transposon mutants were divided

749 onto six equal pools (A-F). For each pdaloundsof selectiorwere performedAfter final

750 selection, 48 colonies from each pool were analyaethe presence of genetically identical
751 siblings by Southern blot hybridization. In totad mutants with defects in intracellular

752 trafficking were selected.

753

754  Fig. 2. Co-localization of lysosomal marker and.. pneumophila Corby Mini-Tn 10 transposon
755  mutants during infection of D. discoideum. D. discoideuntells were infected with rhodamine-
756  labeledL. pneumophilamini-Tn10 transposon mutants, pneumophileCorby (WT), heat inactivated
757 L. pneumophil&Corby (Hi) anddotA-negative mutant straim\@iotA). After 4 h, cells were fixed with
758  methanol, and lysosomes were labeled using marthgséfate (M-6-S) antibodies (green). (A)

759  Representative confocal images demonstrating ttegitms of rhodamine-labeled wild-type asatA

760  bacteria and M-6-S-labeled lysosomes. (B) Calcdlatelocalization events.
761
762  Fig. 3. PKS modules of putative polyketide biosyntsis cluster.

763 (A) Organization of the putative PKS regionLofpneumophilaCorby. The insertion of mini-Tn10
764  transposons are indicated by arrows. Three insertieere found in the Lpc1639 gene, encoding a
765  putative PKS and one was found in the Lpc1641 gemepding a sensory box sensor histidine
766  kinase/response regulator.

767 (B) Genes of the polyketide synthase region and tmedigted functions.
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© Domain organization of twh. pneumophila&Corby PKSs genes. The analysis of DNA
sequences were performed with SEARCHPKS. The atyterase (AT) domain selects the
appropriate extender unit and transfers it to ttys @arrier protein (ACP) domain, where a thioester
bond is formed. The ketosynthase (KS) domain igaesible for a decarboxylating condensation. The
additional domains (ketoreductase (KR), methyldfarase (O-MT) and dehydratase (DH) are
responsible for the modification of initial carbdmgyoups. All domains in the same module are

presented in the same color.

Fig. 4.L. pneumophila Lpc1639 mutant shows wild-type cytotoxicity and rplication within

different host cells, but exhibits reduced fithesg competitive infections.

(A-C) D. discoideumandA. castellaniiwere infected with.. pneumophilaCorby, thedotA-negative
mutant and transposon mutants with insertionserLifc1639 gene (C36, C37) at MOI 0.02. U937
macrophage—like cells were infected with samersdrat MOI 10. Intracellular CFUs were measured
by plating on BCYE agar plates at the indicatecetjpoints. Data represent the mean of 3 independent
experiments (in triplicate) +SD.

(D) Cytotoxicity ofL. pneumophilaCorby, thedotA-negative mutant and transposon mutants with
insertions in the Lpc1639 gene (C36, C37) for UBBIFs (MTT assay). Cytotoxicity is expressed as
the bacterial dose that killed 50% of the cells{{ETThe CTE,was calculated for each strain and
plotted in this graph; error bars represent thdr8b six independent replicates. Non-infected U937
cells were used as a baseline for the Calculation. Both Lpc1639 mutants (C36, C37) bnd
pneumophilaCorby wild-type strain are cytotoxic for macropkagt low doses, whereas tieA
negative strain was not cytotoxic.

(E, F) Intracellular bacterial growth during thergmetitive infection oD. discoideunand U937
macrophage-like cells. Intracellullar pneumophil&Corby and Lpc1639 mutant C36 were determined
by plating on BCYE agar plates at the indicatecetpoints. Data represent the average of 3

independent experiments (in triplicate) +SD.
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Tables

Table 1.L. pneumophilanini-Tn10 transposon mutants with defects in avgdhe LCV-lysosome

fusion.

Table 2 Plaque and replication assay analyses of seleeggidnellamini-Tn10 transposon mutants.

Supporting information:

Fig. S1. Southern blot analysis of genomic DNA from 19 isisaof L. pneumophilaand 10 non-
pneumophila strainsThe genomic DNA was digested witto RV and probed with KS domain of
Lps1639. Lanel) KS sequence (627bp)2)(E. coli DH50 (negative control),3) L. pneumophila
Corby, @) L. pneumophilPhiladelphia-1 (patient isolate)(L. pneumophilaPhiladelphia-1, ) L.
pneumophilaPhiladelphia-1 JR32,7{ L. pneumophilaParis, 8) L. pneumophilaAA100/130b, )
L. pneumophila640, @0) L. pneumophila664, (1) L. pneumophilaLos Angeles H, 12) L.
pneumophilaBloomingtion-2 E, {3) L. pneumophilaSg. 7, (4) L. pneumophilaSg. 8, 15) L.
pneumophilalN-23-G1-C2, (6) L. pneumophilaLeiden 1, 17) L. pneumophilaz97-PA-H, (8) L.
pneumophila570-CO-H, (9) L. pneumophilaB2A350, 0) L. pneumophilal169-MN-H, @1) L.
pneumophila2577 @2) L. gormanii (23) L. dumoffij (24) L. oakridensis(25) L. feeleiiSg.1, (26) L.
feelii Sg.2, @7) L. hackeliaeSg.2, 28) L. israelensis(29) LLAP-10, (30) L. hackeliaeSg.1 (31) L.
lytica.

Table S1.Primer for verification of transposon insertions.

Table S2.Transcriptional changes bf pneumophiladuring intracellular growth in THP-1 cells and

in A. castellanii

22



833

834
835
836

Table 1.L.pneumophilanini-Tn10 transposon mutants with defects in avmjd.CV-lysosome fusion.

Mutant Name Locus tag Function coG Subcellular Gene conservation References
localization

B23 NA Lpc0114 cytosolic IMP-GMP specific 5'-nucleotidase Unclassified Cy C,P,Ph, L, A,LLAP, H, M

Al12 polA Lpc0118 DNA-polymerase | Replication, recombination and repair Cy C,P,Ph, L, A LLAP, H, M

F30 NA Lpc0263 O-methyltransferase Secondary metabolites biosynthesis, transport and catabolism Cy CPh,P, LA

A26, B9, D24 NA Lpc0297 hypothetical protein Function unknown Cy C,P,Ph, L, A, Ln

B9 NA Lpc0310 hypothetical protein Unclassified Cy C A,

E38, E39 NA Lpc0335 hypothetical protein Unclassified CM C,P,Ph, L, A (Bruggemann et al., 2006)

F5 flhB Lpc0563 flagellar protein FIhB Intracellular trafficking and secretion U C,P,Ph, L, A

F13, F14 fliC Lpc0756 flagellin Cell motility Ex C,P,Ph, L, A,LLAP, H, M

F28 plaB Lpc1029 phospholipase Unclassified Cy C,P,Ph, L, A, Ln, LLAP, H (Bender et al., 2009,
Schunder et al., 2010)

B7, E33, A36 abcT3 Lpc1042 hypothetical protein, ABC transporter predicted Secondary metabolites biosynthesis, transport and catabolism CcM C,P,Ph, L, H, M, Ln (Aurass et al., 2009)

A45 NA Lpc1055 coenzyme F390 synthetaseFtsA Coenzyme transport and metabolism Cy C,P,Ph,L A Ln

E23 astA Lpc1135 arginine N-succinyltransferase, beta chain Amino acid transport and metabolism Cy C,Ph, P, L, Ln, LLAP10, H, M,

C29 NA Lpc1235 oxidoreductase (L-gululonolactone oxidase) Energy production and conversion c™M C,Ph,P,L A Ln

D36 NA Lpcl466 hypothetical; 3-hydroxy-3-methylglutaryl coenzyme A Unclassified Cy C,Ph,P, LA (Price et al., 2010a)

reductase-like

E8 NA Lpc1579 sensory box/GGDEF family protein Signal transduction mechanisms c™M C,Ph,P, L, A (Bruggemann et al., 2006,
Aurass et al., 2009)

C36, C37 NA Lpc1639 hypothetical protein, polyketide synthases (PKSs) domain Secondary metabolites biosynthesis, transport and catabolism cM CL, A, LLAP10

D23 NA Lpcl641 sensory box sensor histidine kinase/response regulator Signal transduction mechanisms (@Y} C,P,Ph, L M. Lomma, 2009

F33 NA Lpc1649-51 TP2 repeat region

A20, A5 NA Lpcl723 conserved hypothetical protein Unclassified Cy C,P,Ph, L, A, Ln, LLAP

D44, D47 imxF Lpc1958 RND multidrug efflux transporter MexF Secondary metabolites biosynthesis, transport and catabolism CM C,Ph,P, LA, Ln

E22 lgsT Lpc1965 sensor histidine kinase/response regulator Signal transduction mechanisms c™M C,Ph,P, L, Ln (Kessler et al., 2013)

D43 hydG-2 Lpc2009 hydrogenase/sulfur reductase gamma subunit Energy production and conversion/Coenzyme transport and U C,Ph,P, LA, Ln

metabolism

E12 mavl Lpc2032 hypothetical protein, T4SS effector Unclassified Cy CPh,P, L A (Heidtman et al., 2009,
Gomez-Valero et al., 2011)

F38 NA Lpc2077 putative secreted esterase Cell wall/membrane biogenesis Cy C L, P,Ph A

A30, A4l NA/NA Lpc2104/05 putative nitroreductase MJ1384/hypothetical protein Energy production and conversion/unknown u c/C

A25 phaB Lpc2215 acetylCoareductasepha B Secondary metabolites biosynthesis, transport and catabolism, Cy C,P,Ph, L, A, LLAP10, A

D3 copA2 Lpc2235 copA2, copper efflux ATPase Secondary metabolites biosynthesis, transport and catabolism oM C,P,Ph,A (Kim et al., 2009)

F7 NA/aroB Lpc2356 DamX-related protein Unclassified CM C,P,Ph, LA

D46 NA Lpc2492 acyl CoA dehydrogenase, short chain specific Lipid transport and metabolism Cy C,P,Ph, L, A

D30, D8 PelB Lpc2522 PelB Unclassified Cy C,P,Ph, L (Luneberg et al., 2000), (Price
etal., 2010b)

F6, F8, D1 NA Lpc2666 type IV fimbrial biogenesis PilY1-related Cell motility U C,Ph,P, LA (Bruggemann et al., 2006)

F10, F41 NA Lpc2669 hypothetical protein conserved within Legionellae General function prediction only Cy C,Ph,P, L

D5, E37 NA Lpc2762-3 TP3 repeat region

B1 osmY Lpc2961 osmotically inducible protein Y General function prediction only cM C,P,Ph, LA

B26 mavW Lpc3210 hypothetical protein Unclassified Cy C,P,Ph, L, A (Huang et al., 2011)

D40 NA Lpc3236/37 conserved hypothetical protein/hypothetical protein Function unknown Cy/CM C,P,Ph,L,A/C,P, LA M,H,

LLAP10, Ln
E16 NA Lpc3313 sulfate transporter Inorganic ion transport and metabolism Cy CPh,P, L A M. Lomma, 2009

The sub-cellular localization of the proteins wasdicted by “ClubSub-P”. Cy, cytoplasmic; CM, cylagmic membrane; Ex, extracellular; U, uncertaien&conservation in sequenced
Legionellaspecies: C, Corby; P, Paris; Ph, Philadelphidens; A, alchoi; LLAP10l egionellalike amoebal pathogen; Hackeliag M, micdadei The grey colour indicates low level of homology

(70-95%).
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837  Table 2.Plaque and replication assay analyses of seléetgidnellamini-Tn10transposon mutants.

Gene Plaque assay Replication assay Virulence prediction with score
D. discoideum U937
(72h) (48h)

Lpc0118 - - Non-Virulent -0.436

Lpc0297 + - Virulent 0.9478

Lpc0335 - - Virulent 0.4238

Lpc0756 ++ +++ Virulent 1.0086

Lpc1042 + + Non-Virulent -0.802

+

Lpc1135 - + Virulent 0.3014

Lpc1466 - + Virulent 0.3410

Lpc1639 - - Non-Virulent -0.704

Lpc1649-51 ++ F++ - -

Lpc1958 - - Non-Virulent -0.655

Lpc2009 - - Non-Virulent -0.781

Lpc2077 ++ +++ Virulent 0.1042

Lpc2215 - + Virulent 0.9916

Lpc2356 - + Non-Virulent -0.772

Lpc2522 - + Virulent 0.9497

Lpc2666 (F6, F8) + + Virulent 0.9924

+

Lpc2762-3 ++ ++ - -

Lpc3210 ++ +++ Virulent 0.7341

Lpc3313 + + Virulent 0.7888

L.pn Corby dotA- +++ 0(+++)

838 Plaque assay: 0-10% plaques (-); 10-25% plagt)e®%-50% plaques (++); more than 50% plaques)++

839 Replication assay iD. discoideunAX2 and U937 macrophage-like cells: no attenuafiprslightly attenuated (+); attenuated (++)edé
840 in intracellular replication (+++).

841
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843

844  Table S1. Primers for verification of transpososeirions.

Size of PCR fragment in

Gene Primer Forward 5'-3' (sense) Primer Reverse 5'-3' (antisense) WT L. pneumophila
Lpc0114 CTCAAAAATGGATACGCACAAGG CGATCCCGGTACCTGATTAATAGA 1416
Lpc0262-0263 AGAAGCGGTCAATCTATGCTGG CATGTACTGGAAACAGTGGATTGG 1413
Lpc0296-0297 CATAGGGGTCACCTCCAAAGTTAA AGATACCCTGTTTTATGGCGCG 1145
Lpc 0310 CATCCCTTCTTGGGTTAATTCTATCC ATTATGGTCAATGCGCTTGTGG 941
Lpc 0335 GCTGGTAATTTGACTGTGAGCATTT TCAGGGATCGCAGTCACCAATT 935
Lpc 0563 GCCACAAACCTTCGTTTATTGG TTATGGATGCCTTTGCGTGTTT 358
Lpc0756 CGACATCCTATCGACCTAACAATGA TGAGGAGACTAAAACTATGGCTCAAGT 1451
Lpc 1029 CAGAACTGCCAAGTCAGTGAATTTT AATAGACACCATTGGCAGTGCAA 1143
Lpcl042 CTGCTCTTGCTTGACTGACATTACTT GGTAGTGCATCATGACTAATCGTTTACC 1817
Lpc 1055 TCCATTGGGGTAATTCGCAA CCCCGGAAAAATTAAAGACTCATC 1134
Lpc 1135 ATGATGTTATTTCGTAGCGCTCG CAATGGTGGAGTATCTTCTGTACGTATG 1041
Lpc1235 CTGATATGCGCAGCAAAAGAATC CCCATTTCCTCTGCATCATTTTATG 1316
Lpc 1466 GTGGAGGGAGTGAAAATGCTAAATAAG TAGTCCAGTAAGGCCATCATGCGA 1214
Lpc 1579/1580 CTCACTTTCCTCCAAATTAGCGTT TGGTTTTCTTCTGGTCTTACCTGAA 1815
Lpc 1638/1639 CGACTTGCAGGAGTCCCTAAGTTA AAAGCCAGGTTGCAGAATTGG 1453
Lpc 1641/1642 GGAGGAAATCAATGTCGCAACA TCAAAAGATAGCCCCGTACGTG 1446
Lpc 1723/1724 ACAGGCCCAAGTCTCTGTATGGTT AACAATTCAGATTTGCCGGGTT 1132
Lpc 1965 AATTAAGGAATCATGCAAAGGTTAAAA  ATCAATTTTGGGGAATTTTAAAGTGAA 1272
Lpc 1958 GTGAACAGATTGACATAAGAAGAGCCT  GCTCTTTGAAGCAGGAATTTTGG 1248
Lpc 2009 CCTCAGGCACTTTAAAATCCAGATT CGAGTCCAATGCAAGGAAAATAGA 883
Lpc2077/2078 GCCCATTCACTGTAAATTTGGTG TGTCTCCTTCTTTATCTCAACAGGTTC 3241
Lpc2104/2105 TCGGATTTCATATTACCTCCATGC CCAGGAGAAAAACGGTACAAAA 1377
Lpc2522 RR GCTGCAGTTCTGGATCAAATAGATAA CTGATCCAGAGAGCGAATTGCAT 978
Lpc 2669 TTTAGCAAGAGTGCTTGTAGCTCTACC  CGTTTTTATAACCCGATTTCACCAG 1115
Lpc 2666 AATCGGTTTTCTCCTAACAAATCACTTG  TTGGGTTTATTACATGTCGCCAC 1419
Lpc 2762 RR GCCTTACTCTCTTTAAAACTTCTTGGTG TAATATGCCGAAGCCAGCCTCAT 1834
Lpc 2961 CAATTTCTTCTGGATGGGTCAAAT GTGTATGCATTTTATTTTGGCTACTGC 973
Lpc 3210 GTGATAACCCCTTTCACCAAATTATG TAGTTGCACGGATTTAGAAGGCA 1257
Lpc 3237 CCAAATACAATATCGGTGATCTGGT GTGGAAGGAGTGAATTAATGGAAACT 548
Lpc3312 CGGAGGAAAAACCTAAATAGAGTAACTG CATGAAACCTGAAATATGGCAAATG 1040
Lpc 2032 CAGACTATTGGTATGGCTTTTATCAGAC AGGAAGCTCAGTATGGGGTTATCA 561
Lpc 0414 CCTGTCTGCTATACTTAAACAAGGAAAA AGAAGGTTGTGTCATCCATTTCCTAT 1195
Lpc0263 AAATTCCCGCAAAGCTTTAGTG AATCCTCCACCAGGGAAGAAA 861
845
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