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Abstract

Legionella pneumophila are host-adapted bacteria that infect and reproduce primarily in
amoeboid protists. Using similar infection mechanisms, they infect human macrophages, and
cause Legionnaires’ disease, an atypical pneumonia, and the milder Pontiac fever. We
hypothesized that, despite these similarities, the hosts are different enough so that there exist
high-selective value mutations that would dramatically increase the fitness of Legionella
inside the human host. By comparing a large number of isolates from independent infections,
we identified two genes, mutated in three unrelated patients, despite the short duration of the
incubation period (2-14 days). One is a gene coding for an outer membrane protein (OMP)
belonging to the OmpP1/FadL family. The clinical strain, carrying the mutated OMP
homolog, grows faster in macrophages than the wild type strain, and thus appears to be better
adapted to the human host. The other is a gene coding for a protein involved in cyclic-di-
GMP regulation, which in turn modulates flagellar activity. As human-to-human transmission
is very rare, fixation of these mutations into the population and spread into the environment is
unlikely. Therefore, convergent evolution — here mutations in the same genes observed in
independent human infections — could point to adaptations to the accidental human host.
These results suggest that despite its ability to infect, replicate, and disperse from amoebae, L.

pneumophila is not well adapted to the human host.
Impact statement

Legionella pneumophila is primarily infecting amoeboid protists, but occasionally infects
human lung macrophages, causing Legionnaires’ disease, an atypical pneumonia. By
comparing 171 isolates from patients to their probable environmental source, we identified
119 mutations that presumably occurred in-patient. Among these, several mutations occurred
in the gene. In particular, two genes were mutated thrice, significantly more often than
expected by chance alone, and are likely to represent adaptations to the human host. We
experimentally show that, for one mutation at least, the mutated strain grows faster in human
macrophages than in amoebae. By specifically investigating in-patient mutations, we were
able to identify two genes that might be involved in human host-specific adaptations of L.
pneumophila. This result suggests that L. pneumophila is not particularly well adapted to the
human host, as mutations get fixed in-patient, during the short course of an infection (2-14

days), indicating a very high selective value.
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Data Summary

The sequencing data generated in this study are available in the NCBI database under the
BioProject accession number: PRJEB52976.

Introduction

Legionella

Legionella are Gram-negative bacteria, belonging to the Gammaproteobacteria, commonly
found in aquatic and soil environments ([1] where they are able to infect a wide variety of
protozoan hosts ranging from free-living amoebae to ciliated protozoa [2, 3]. Inside these
hosts, Legionella is able to resist killing by water disinfection procedures commonly
employed in man-made potable water systems [4]. Human exposure commonly occurs via the
inhalation of contaminated aerosols produced from these systems, through showers, taps,
fountains, etc. In the past two decades, cases of Legionnaires’ disease have dramatically
increased, with an estimated 8-10 fold surge between 2000 and 2018 [5]. The fatality rate is
high, about 8%, with the elderly, males, smokers, and the immunosuppressed are at higher

risks to contract the disease.

Several Legionella species are known to be capable of infecting mammalian cells, such as
alveolar macrophages inside the human lung, with L. pneumophila being the most frequent
human pathogen. In susceptible cases, Legionella infection may lead to a severe, atypical
pneumonia known as legionellosis or Legionnaires’ disease, or the milder Pontiac fever [6, 7].
Legionnaires’ disease typically lasts 2 to 14 days, and ends up by Legionella being cleared by
the immune system, or by the death of the patient [8]. Except for one documented case,

human-to-human transmission appears to be very rare [9].

Drivers of genomic diversity

Estimates of bacterial substitution rates were initially believed to be in the order of 10-1° to 10
? substitutions per site per year [10, 11]. However, studies have shown that short-term
evolution rates are more likely to be in the order of 10 to 107 substitutions per site per year
[12, 13]. With the advances in whole genome sequencing, it has become possible to sequence
multiple isolates from the same host. This has led to several studies comparing pairs of

genomes from within the same host, such as Mycobacterium tuberculosis [14], Escherichia
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coli [15], Clostridium difficile [16], Staphylococcus aureus [17], Klebsiella pneumoniae [18],
and Helicobacter pylori [19], with within-host point mutation rates ranging from 0.5 to 30
mutations per genome per year. The evolutionary rate of L. pneumophila ST578 strains from
Alcoy is estimated at ~107 substitutions per site per year [20]. This translates to a lower
bound estimate of approximately 35 single nucleotide polymorphisms (SNPs) per genome per
year, or 0.2-1.3 SNP per genome for the average (2-14) day incubation period. These rates are
however for substitutions, with mutation rates (and especially high-selective value mutations)

probably occurring at higher rates.

Recombinations in L. pneumophila

Substitutions occur through point mutation, but also through recombination, following
transduction, conjugation and transformation. All three mechanisms have been described in L.
pneumophila [21, 22], and comparative genomics revealed that recombination is actually
responsible for most substitutions in this organism [23—-25]. The majority of recombinations
occurs in a few hot-spots, which include regions encoding outer membrane proteins, the
lipopolysaccharide (LPS) region and effectors secreted by the Type IVB Secretion System
(T4BSS) [24].

Adaptations to the human host

This study aims to identify human-specific adaptations to the human host in L. pneumophila.
While the mechanisms used to infect amoebae and human alveolar macrophages are similar,
differences exist. What these differences are, what role they play, and how important they are,
is currently not well known [26, 27]. Since human-to-human transmission appears to be a
very rare event, with only a single case documented thus far [9], any human-specific
adaptations are unlikely to be fixed and spread, either to other human hosts or to the
environment. Therefore, we hypothesize that some mutations, when arising during the short
incubation period (2-14 days), would give a strong selective advantage in infecting and
colonizing the human host. Substitutions that proved beneficial in various amoebae have very
different effects on the fitness of Legionella in human cells [28], and it is difficult to predict
whether specific substitutions will be beneficial to Legionella when infecting the human host.
However, substitutions which would reduce the Legionella’s probability of being recognized
by the immune system are likely to be favored in human infections, and to have a large

selective value.
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To identify these mutations and separate them from neutral mutations we compared 171 pairs
of strains, one from a single infection or an outbreak, the other from its inferred
environmental source. By comparing these clinical samples to their respective environmental

samples, we identified adaptations occurring in the same gene in independent infections.

Results

Isolate pairing

We sequenced the genomes of 166 clinical and environmental samples belonging to L.
pneumophila using the Illumina MiSeq platform. These strains were isolated from clinical and
environmental sources sampled during the investigation of sporadic cases in Sweden and
France, as well as from outbreaks in Madrid (1996) [29] and Murcia (2001) [30], Spain. Most
strains corresponded to serogroup 1, but sequence types varied (Supplementary Table 1).
Additional samples, including genomic data, were retrieved from published outbreak
investigations [20, 24, 31-36]. Each clinical sample was paired with its closest environmental
relative, to form a comparison. Comparisons potentially caused by co-infections or
independent infections within a short time period were removed from our final analysis [31,
37, 38]. After filtering, we obtained 171 comparisons (Table 1, Supplementary Table 2), of
which 100 come from isolates sequenced in this study, and 71 from publicly available data. In
total, 24 comparisons come from 2 separate outbreaks and 147 from isolated Legionnaires’

disease cases.

Table 1: Summary of the comparisons between environmental and clinical strains analyzed in

this study.
Sample origin Comparisons
Madrid 1996 outbreak 7
Murcia 2001 outbreak 17
Folkhédlsomyndigheten 18
National Legionella Reference Centre, Lyon 58
Published 71
Total 171

A phylogeny based on the core genome shared by 95% of all samples confirmed the similarity

between the pairs of samples and among the isolates from outbreaks (Supplementary Figure
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1). The supplementation of the phylogeny with strains Alcoy, Corby, Lens, Lorraine, Paris,

and Philadelphia reveal that many strains are closely related to L. pneumophila Paris.
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Supplementary Figure 1: Unrooted maximum-likelihood phylogenetic tree of Legionella
pneumophila. All samples in this study, as well as a few reference ones (strains Philadelphia,
Lorraine, Lens, Corby, and Alcoy) are included. Environmental isolates are shown in blue,

clinical isolates in orange. Comparisons from single cases are shown with brackets, and
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outbreaks are highlighted in olive. Samples underlined in black contain mutations in an EAL
domain containing protein, samples underlined in grey contain mutations in a membrane
protein. The tree is based on a Legionella-specific cgMLST scheme, resulting in an alignment
of 2 253 410 nucleotide positions. Circles on branches represent the percentage of bootstrap
trees supporting the node. Bootstrap support values under 60 are not shown. The scale

represents the average number of substitutions per site.

Genomic variation between pairs of isolates

To investigate what genetic variants might have occurred in-patient, reads from
environmental isolates were assembled de novo and reads from the corresponding clinical
strain were mapped to the assembled environmental isolate. Recombining regions were
removed from the analysis. Comparisons considered in this study had at most 20
substitutions, and in 16 comparisons, no differences could be found. In total, 206 substitutions
(173 SNPs and 33 short indels) were identified in the 171 comparisons. Among indels, 2 (6%)
were in-frame. Among the 173 SNPs, 123 (71%) were non-synonymous and the remaining 50
(29%) were synonymous; in 5 (3%) of the cases, the substitution resulted in a premature stop

codon. Ninety (52%) were transitions and 83 (48%) were transversions.

Simulations

To simulate the number of SNPs per gene that could be expected in an environment without
selective pressure, 1000 studies were simulated, where 123 SNPs (total number of intragenic
non-synonymous SNPs found in this study) were randomly distributed to the 3033 genes
harbored by L. pneumophila strain Paris (Figure 1). Among the 1000 simulations, only 3 had
7 or 8 genes mutated twice, while none had 2 genes mutated 3 times. The probability of
obtaining 7 or more genes mutated twice, respectively 2 genes mutated three times, from the
simulated random distribution was estimated by one-sided Mann-Whitney U tests, using a
single value as one of the samples. Seven genes or more mutated twice was significantly more
than the distribution obtained by random sampling (p = 0.038), although only marginally. On
the other hand, two genes mutated three times was significantly more than expected from the
random distribution (p < 10°). These results indicate that genes are likely not mutated
randomly, but that there is an excess of genes mutated multiple times, suggesting that

convergent evolution is at play.
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Figure 1: Number of mutations per gene in this study compared to 1000 simulations based on
random sampling. The left panel is a subset of the right panel. The number of genes mutated
once or more in comparisons between an environmental and clinical isolate observed in this
study are displayed with green diamonds. The distribution of the number of genes mutated the
same number of times in 1000 random sampling of 119 SNPs among the 3033 genes of L.
pneumophila strain Paris is displayed with violin plots. Individual data points are overlaid as a

cloud of points.

Convergently mutated genes

To investigate which genes were mutated in multiple independent infections or outbreaks we
linked our variants to orthologous gene families obtained with OrthoMCL. Variants occurring
in identical families in two or more comparisons, and therefore likely to represent instances of
convergent evolution can be seen in Table 2. Of particular interest are genes mutated
independently in three separate comparisons: one encodes an (outer) membrane protein
(Ipg0707/1pp0762/1pl0744), and the other one for a EAL domain-containing protein
(Ipg0891/1pp0952/1p10922). The outer membrane protein belongs to the OmpP1/FadL family.
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Two of the mutations led to proteins being 97 and 60% shorter than the wild-type protein by
introducing a stop codon, while the third mutation did not lead to a change in secondary

structure. The EAL-containing domain protein was also mutated three times, but none of the
three mutations resulted in a shortened protein. These two genes are referred to as potentially

adaptive in the human host (PAHH).

Table 2: Genes mutated more than once in clinical strains of L. pneumophila.

Gene Locus tag / Mutations in clinical Number of
Accession isolates mutations

EAL domain-containing protein Ipg0891 PHH072360604:G->R 3
PHHL01023035:G->D
DA48501:1->T

(outer) membrane protein Ipg0707 BrisbaneLP47:G->* 3
PHHL01023034:W->*
DA38626:G->D

Efflux RNS transporter permease Ipg1096 IsraelLp56207:G->D 2

subunit DA38604:F->F

KaiB-like protein 2 WP_027224181.1 DA38608:N->1 2
DAS53225:INDEL

DUF1566 domain-containing protein WP_014844754.1 DA38600: W->* 2
DA38632:INDEL

GTP diphosphokinase Ipg2009 DAS53180:G->V 2
DAS53214:G->V

Glycosyltransferase family 2 protein Ipg2478 DA38604:R->S 2
DA38600:INDEL

ATP-dependent Ipg2269 PHLG14164007:S->N 2

helicase/deoxyribonuclease subunit B PHLG14164008:S->N

CAAX amino terminal protease Ipg1525 DA38604:INDEL 2

DA38608:INDEL

Growth assays

To determine the in vitro effect of the PAHH variants, two clinical strains (DA38626 and

DA48501), two environmental strains (DA38627 and DA48502), together with L.
pneumophila Paris (DA57510) as a reference strain were transformed with a plasmid
encoding a YFP fluorescent protein. DA38626 carries a mutation in the OMP/FadL homolog,
while DA48501 carries one in the EAL-containing protein. The corresponding environmental

strains are otherwise isogenic to the clinical strains, although we cannot exclude that some
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structural variations were missed, due to the sequencing method used (Illumina). The plasmid

does not markedly impact the growth rate of any of the strains (Supplementary Figure 2).
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Supplementary Figure 2: Comparison of growth rates of the five strains used in this study,
with and without the fluorescence-carrying plasmid. Each dot represents the average of three
technical replicates, and each strain was measured with three separate biological replicates.
Boxplots provide a visual estimate of the distribution. DA38626 (clinical isolate) carries a
mutated allele of the OmpP1/FadL homolog (Ipg0707), while DA38627 (environmental) has
the wild-type allele. DA48501 (clinical isolate) carries a mutated allele of the EAL-containing
protein (Ipg0891), while DA48502 has the wild-type one. DA57510 is L. pneumophila str.

Paris.

To assess the effect of the PAHH mutations, the two pairs of isolates were first grown
extracellularly, in liquid medium (Supplementary Figure 3). The pairs of clinical and
environmental isolates exhibited very similar growth within the pair. The mutation in the

10
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OmpP1/FadL homolog in DA38626 resulted in a small decrease in growth rate (3.9% lower
for DA38626, resulting in 3.4 minute increase in doubling time). The mutation in the EAL-
containing protein resulted in a more important reduction of growth rate (16.7% lower growth
rate, resulting in 15.5 minutes increase in doubling time. The reference Paris strain

(DA57510) displayed an intermediate growth rate (0.412, doubling time of 101 minutes).
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Supplementary Figure 3: Growth of the two strains carrying a potential adaptation to the
human host, compared to their wild types. A: Growth curves, as measured by the fluorescence
emitted by the strains (y-axis). The x-axis is the time (in hours). Each curve is the average of
three technical replicates. B: Boxplots of growth rates. Each dot represents the growth rate of
the average growth curve shown in A, as calculated by the R package Growthcurver[39].
DA38626 (clinical isolate, pale blue) carries the mutated OmpP1/FadL homolog (Ipg0707),
while DA38627 (environmental, dark blue) has the wild type gene. DA48501 (clinical isolate,
pale green) carries a mutated EAL-containing protein (Ipg0891), while DA48502
(environmental, dark green) has the wild type gene. DA57510 (red) is L. pneumophila str.

Paris and serves as control.

The intracellular replication rate was then estimated by measuring the fluorescence of the
strains during infection in A. castellani and U937 cells. Growth curves (Figure 2A) and

growth rates (Figure 2B) indicate no growth deficit of OmpP1/FadL-variant bearing clinical

11
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isolate DA38626 compared to the environmental isolate DA38627 in 4. castellani (average
growth rates increase by 5.49%, corresponding to an decrease in doubling time of 3.7
minutes), yet a marked increase in growth rate in macrophages (average growth rate increase

of 34.9%, corresponding to a decrease in doubling time of 40.6 minutes).

The EAL-variant bearing clinical isolate DA48501 compared to the environmental isolate
DA48502 shows a moderate decrease in 4. castellani cells (average growth rate increase of
2.05%, corresponding to an decrease in doubling time of 1.7 minutes) but, contrastingly, a
more important decreased growth rate in macrophages (average growth rate decrease of
28.6%, corresponding to an increase in doubling time of 23 minutes). Interestingly, compared

to all these isolates, the control L. pneumophila str. Paris grows slower in A. castellanii but

faster in U397 cells.

0.8
A 2500 B

2000

1500
L ]

; 1000 . Q
© 500 'c 04 ¢
LC) —

()]
8 ©
@ < 08
“,59 2500 £
=] //-”'_*‘ 3 0.7
i 2000 5
a
[V
>

500 0.4

=

o
Vv |
‘;‘3’% ?g?’b ‘?:ig) Y:ﬁ’ﬁ ,if_n«1
Q Q Q QO Q!

Time [h] Samples

Figure 2: Intracellular replication of L. pneumophila in A. castellanii and U937 cells at an
MOI of 50. Each dot or curve represents the average of three technical replicates, and each
strain was measured with three separate biological replicates. DA38626 (clinical isolate, pale
blue) carries the mutated OmpP1/FadL homolog (Ipg0707), while DA38627 (environmental,
dark blue) has the wild type gene. DA48501 (clinical isolate, pale green) carries a mutated
EAL-containing protein (Ipg0891), while DA48502 (environmental, dark green) has the wild
type gene. DAS57510 (red) is L. pneumophila str. Paris and serves as control. A: Growth, as
measured by fluorescence (y-axis), over time (x-axis, in hours). B: Growth rates, as inferred

from the growth curves by Growthcurver [39].
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Discussion

By comparing a large number of L. pneumophila clinical isolates from outbreaks and sporadic
cases to their environmental source we were able to identify nine genes, which acquired a
mutation in more than one independent case, presumably during the infection of the patient.
Of these, two were mutated three times. These genes showing signs of convergent evolution

potentially represent adaptations of L. pneumophila to the human host.

We focused on SNPs, and found a high fraction (69%) of non-synonymous variants,
indicating that selective pressure, and not only genetic drift, is at work [40, 41]. Another
driver of genomic diversity is horizontal gene transfer (HGT). In L. pneumophila all three
primary mechanisms of bacterial recombination (conjugation, transduction and
transformation) have been described [21, 22, 42]. Recombination events are frequent and the
exchange of large fragments (>200 kb) has been described [23]. In addition, within certain
lineages 95% of SNPs arose due to recombination events [20, 25]. While stretches of
mutations originating from recombination were found in our own samples, they did not
account for any of the possible candidates of host adaptation. Although some of the isolated
mutations included in our analysis might still come from recombinations, it would be from
recombinations between very closely related strains, and does not affect the results of our

analysis. Indeed, mutations resulting from recombinations may still represent adaptations.

Another complicating factor may have been the time between infection and environmental
sampling [43], which could have led to the rise of variants in the environmental samples. By
obtaining enough samples, and by removing comparisons from outbreaks in which the exact
same mutation occurred in all comparisons, this effect is limited. Additionally, for both genes
mutated three times, we always observed the same wild type allele in the environmental strain

and a mutated one in the clinical strain.

The probability of obtaining as many as seven genes independently mutated without selection
is low, but genes mutated twice appeared in all simulations. Since it is not possible to
discriminate with high confidence, among the seven candidates, those that arose by chance
alone from occurrences of convergent evolution, genes mutated twice are not discussed
further. We focus on the two genes mutated three times, which occur only very rarely in
simulations. These two candidates, encoding an outer membrane protein (OmpP1/FadL

homolog; Ipg0707) in which two out of three mutations encode an early stop codon and an
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EAL-domain contain (Ipg0891), are discussed below. All mutations occurring in these two
genes have presumably occurred either in-patient or slightly before in the same strain. Even
mutations that occurred before infection in the direct ancestor of the strain that eventually
infected the patient are relevant, since those mutations have a selective value and favor the

infection.

The outer membrane of Legionella consists of an inner layer consisting of various
phospholipids [44] and an outer layer of phospholipids and lipopolysaccharides (LPS) [45].
One study proposed the existence of around 250 proteins in the L. pneumophila outer
membrane [46]. Most of their functions remain unclear, and this includes the outer membrane
protein encoded by the gene Ipg0707 identified in this study. This protein belongs to the
OmpP1/FadL family, and was identified inside a recombination hotspot in the ST62 lineage
[24]. The lipopolysaccharide (LPS) layer of Gram-negative bacteria is an effective barrier for
the passage of hydrophobic molecules through the outer membrane. The FadL family of
proteins is conserved throughout bacterial species and is required for the uptake of
hydrophobic long-chain fatty acids via lateral diffusion through the outer membrane [47, 48].
In this study, two of the mutations cause a premature stop codon at AA position 26 and 245,
potentially leading to the expression of a non-functional FadL. Based on a protein sequence
alignment and the crystal structure of a Pseudomonas aeruginosa FadL homologue [47] these
stop codons would disrupt the B-barrel that functions as a hydrophobic tunnel through which
substrates pass (Figure 3). The third mutation does not cause a change in secondary structure,
but replaces a glycine (small, non-polar) with a negatively charged aspartate at position 311,
in the part located in the middle of the hydrophobic membrane. Although the exact effect of
this mutation cannot be determined without further experimental evidence, it is not
unreasonable to believe that it affects the function of the OmpP1/FadL protein in a significant

way, possibly resulting in a loss-of-function mutation as the other two.
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Figure 3: Crystal structure of Pseudomonas aeruginosa FadL homolog (PDB: 3DWO), with
the corresponding location of the variants highlighted in blue (left: strain BrisbaneLP47,
G26*, aligned to S28 in 3DWO; middle: strain PHHL01023034, W245*, aligned L300 in
3DWO; right: DA38626, G311D, aligned to T362 in 3DWO). Red indicates the part of the

protein that would not be translated after the introduced stop codons.

Our growth assays show that the mutation in OmpP1/FadL confers a significantly faster
growth (34.9%) in the human macrophage cell line U937, while providing very little
difference in the natural host A. castellanii. This suggests that the mutant is better adapted to
human macrophages, without a clear cost to its ability to infect and replicate in its natural

amoebal host.

In a screening of Salmonella paratyphi A CMCC 50973 outer membrane protein, FadL was
found to be strongly immunogenic and thus proposed as a candidate for a vaccine [49]. Toll-
like receptors (TLRs) of the human innate immune system detect multiple pathogen-
associated molecular patterns such as LPS, which is detected by TLR4 or TLR2 for

Legionella [50, 51]. Therefore, modifications or disruptions to the LPS or the outer membrane
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could allow L. pneumophila to avoid early detection by the human host’s immune system, and
allow it to establish itself inside the alveolar macrophages. However, since our experimental
setup includes cells only, it appears unlikely that the mutation only allows L. pneumophila to
effectively evade the immune system response. The loss of function in a channel-like protein
like the OmpP1/FadL could reduce permeability to harmful substrates present in the
macrophage cytosol but not in the amoebal one. For example, it has been shown that loss of
the OmpP1/FadL homolog in Haemophilus influenzae reduces its uptake of bactericidal long-
chain fatty acids (LCFA), increasing its resistance to the latter compound [52]. LCFA are,
among others, produced by hydrolysis of the host membrane phospholipids. Further
investigations of the function of this gene will shed light on its role in infecting the accidental

human host.

EAL domain-containing proteins regulate cyclic diguanylate (c-di-GMP), a ubiquitous second
messenger in bacteria. C-di-GMP mainly modulates pathways involved in lifecycle
transitions, e.g. the transition from the motile to the sessile state, the transition from
pathogenic to environmental lifestyles, or from planktonic infections to biofilm infections
[53-57]. Cyclic-di-GMP is produced from GTP by diguanylate cyclases (DGCs), and is
degraded via phosphodiesterases (PDEs). The catalytic site of DGCs is identified as a
GGDEF domain, while PDE activity involves either an EAL or the HD-GYP domain [58-60].
L. pneumophila encodes 22 to 24 GGDEF/EAL proteins, and most are highly conserved in L.
pneumophila strains, suggesting an important role of GGDEF/EAL domain proteins for
regulation of the L. pneumophila life cycle [57, 61].

Upon infection, Legionella uses its Dot/Icm type 4 secretion system (T4SS) to secrete over
300 effector molecules to establish a vacuole called the Legionella-containing vacuole (LCV),
in which it may replicate. The LCV allows L. pneumophila to replicate until nutrient
deficiencies lead to a reprogramming genetic expression. This includes the expression of
virulence factor-encoding genes, and the upregulation of genes containing GGDEF/EAL
domains [62—64]. The specific protein encoded by lpg0891, mutated independently three
times in this study, harbors a DGC domain and PDE domain, both functional [65]. Two out of
3 mutations occurred within an EAL domain (Figure 4), but none apparently resulted in a
loss-of-function mutation. All three mutations replace a non-polar amino-acid by a polar one.
In strain Philadelphia, the protein was shown to be expressed only in the post-exponential
phase, i.e. at the end of the intracellular replication, when Legionella is virulent and motile

[66]. In the same strain, knock-out mutants for this protein are still able — albeit to a slightly
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lesser extent — to grow in BYE broth, and to infect both amoebae and macrophages, to
translocate and to evade lysosomes [65], but experiments in strain Lens have demonstrated
that the homolog protein encoded by Ipl0922 is crucial for setting up efficient intracellular
replication, both in amoebae and macrophages [67]. It has also been shown that the homolog
protein in strain Paris (encoded by gene lpp0952) plays an important role in the regulation of
flagellar activity and of motility, and is regulated by the flagellar regulator FleQ, presumably
via FLiA [68].

The EAL-domain containing protein mutant studied here displays a similar growth rate as the
wild type in the amoebal host, but an important reduction in growth rate (28.6%) when
infecting human macrophage cell lines. This surprising result suggests that the selective
pressures that favored the mutant allele in the three independent infections happened outside
of the cell. This is however consistent with the fact that many of the functions related to EAL
domains in Legionella have a role in regulating mobility outside the cell, e.g. through flagellar
regulation. However, the exact role of this gene remains elusive, and further functional
characterization is required to shed light on the mechanisms by which the mutated allele

provides a better adaptation to the human host.
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Figure 4: Crystal structure of Pseudomonas aeruginosa MorA homologue (PDB: 4RNH),
with variants highlighted in blue. Top: G662D mutation in strain PHHL01023035, aligned to
G1315. Bottom: I711T in strain DA48501, aligned to 11365. The G157R mutation in strain
PHHO072360604 does not align to the crystallized part of MorA and is thus not shown here.

A recent extensive study systematically explored the importance of L. pneumophila genes for
growth in four amoebal hosts and one human histiocytic lymphoma cell line: Acanthamoeba
castellanii, Acanthamoeba polyphaga, Hartmannella vermiformis, Naegleria gruberi, and
U937 [28]. This study highlighted that different hosts impose different evolutionary
constraints on different hosts, with gene or gene variants being beneficial in some hosts and
detrimental in others. None of the genes identified in our study correlated to any of the genes
highlighted in the study mentioned, but this study did not consider the full human immune
system and Ipg0891 and Ipg0707 may still play an important role in infecting human hosts. It
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also emphasizes the possibility that a single mutation may carry a large selective value in

presence of a specific host, especially one that is not often met.

The exact population size of Legionella inside the human host is unknown. A study using
guinea pig models found that a reproducible infection was observed for an estimated dose of
>5 CFU retained in the lungs [69, 70]. However, the inhaled dose compared to the deposited
dose is unknown, as is the composition of the Legionella population inside human lungs. One
study on ten patients found no to very low within-host diversity [71], an hypothesis confirmed
by more studies [72, 73]. Other studies, however, found the opposite [38, 74], and it is thus
likely that within-host diversity depends on the diversity of L. pneumophila in environmental
sources, variations in infectious dose, and the duration of infection prior to sampling [71].
While antibiotic resistance does not appear to be a current general concern in the
environment, antibiotic resistance to fluoroquinolones has been shown to occur within

patients [75].

In summary, we identified at least two potential candidate genes for in-patient, human-
specific adaptation in L. pneumophila. This included a regulatory protein able to both
synthesize and degrade cyclic-di-GMP, which is involved in the virulence and motility of
Legionella. We also identified signs of convergent evolution in a OmpP1/FadL outer
membrane protein, in which mutations led to several premature stop codons, and provided L.
pneumophila with a large increase in growth rates in human macrophages. The repeated
detection of mutation in the same genes, probably occurring during the short time (2-14 days)
of the onset of the disease in patients, is consistent with these mutations being very beneficial
to L. pneumophila when infecting human hosts. This suggests that L. pneumophila is not as

well adapted to the human host than to the amoebal host.

Material and methods

Bacterial samples

Clinical (grown from sputum samples) and environmental samples were shipped to Uppsala
by the Public Health Agency of Sweden (48 samples), the French National Reference Center
of Legionella (96 samples), and the Spanish Laboratorio de Legionella (27 samples) on
Buffered Charcoal Yeast Extract (BCYE) agar plates. Bacteria were collected directly from
these plates, to minimize the number of generations and the accumulation of non-relevant
mutations prior to sequencing.
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DNA isolation and sequencing

DNA was extracted from 154 clinical and environmental samples using the MasterPure™
DNA Purification Kit (Epicentre), following the manufacturer’s protocol. The quantity and
quality of extracted DNA was assessed by NanoDrop (ThermoFisher) and gel electrophoresis
on 1% agarose gel. Extracted DNA was prepared and sequenced using MiSeq v3 (Illumina),
using 300bp paired-end sequencing at the National Genomics Infrastructure (NGI) Sweden,

SciLifeLab, Stockholm, Sweden.

A literature study identified 66 published L. pneumophila samples for which clinical and
potential environmental samples could be identified [20, 31-34, 36, 73, 76, 77]
(Supplementary Table 1).

Assembly

Read quality was controlled using FastQC [78] and MultiQC [79]. Reads were trimmed with
SeqPrep [80], and de-novo assembled using SPAdes 3.9.1 [81]. Contigs of short length (<500
bp) and low coverage (<10X) were removed and remaining contigs were annotated using

prokka 1.12-beta [82].

Variant calling

Genetic variants (SNPs and INDELS) in clinical samples were called with RedDog [83],
using the corresponding assembled environmental samples as reference. Samples with >20
SNPs were removed from the analysis, as in these, the time of divergence between the
environmental strain and the patient strain is presumably too long and the high and most
SNPs are likely to have occurred outside of the patient. As a control all samples were
subjected to self-to-self variant calling, in which variants were called with the reads for each
sample against their assembly. Samples with >10 SNPs called against themselves were
removed from the analysis. The annotated genomes and RedDog variant positions were used

to confirm if mutations were synonymous or non-synonymous.

Ortholog clustering

All proteomes from the SPAdes assemblies and from 5 reference genomes (Alcoy,
NC_014125; Corby, NC_009494.2; Philadelphia, NC_002942.5; Lens, NC_006369;
Lorraine, NC 018139.1) were clustered into ortholog protein families using OrthoMCL [84].

Variants were then matched to their respective proteome to identify the consequences of the
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mutations, and to which protein family they belonged. Annotation of the protein families in
which multiple variants were found between independent samples was done by searching for

the protein accession numbers in the first reference genome and using each region as a query

for a BLAST search.

Simulation of non-selective environment

To estimate the distribution of mutations per gene to expect in a non-selective environment,
123 genes (which corresponds to the observed number of SNPs in this study) were sampled
randomly, with replacement, from the 3033 genes harbored by L. pneumophila Paris. The
number of genes sampled once or more times was recorded. The sampling was repeated 1000
times. The probability that the observed number of genes mutated twice and three times,
respectively, would be greater than in a non-selective environment was assessed by
comparing the actual number of genes to distribution obtained from the 1000 simulations,
using one-sided Mann-Whitney tests, wilcox.test in the stats package of R [85]. The results
were visualized with ggplot2 [86].

Phylogenomics

Phylogenetic tree was generated based on a core genome MultiLocus Sequence Typing
(cgMLST) scheme via the ChewBBaca pipeline [87]. The already available L. pneumophila
Philadelphia (NC_002942.5) strain training file was used [88]. Loci present in 95% of
genomes were included. The nucleotide sequences were aligned using MAFFT-LINSI [89].
A phylogenetic tree was produced using FastTree [90] with the Jukes-Cantor substitution

model.

Functional annotation

An amino acid sequence search in the RCSB Protein Data Bank [91] was used to identify
homologous structures, protein sequences were then aligned using MAFFT-LINSI and the
structural effect of the mutations were predicted via NetSurfP-2.0 [92]. Mutations were
visualized in crystal structures of a Pseudomonas aeruginosa homologs (PDB accessions:
3DWO for the OmpP1/FadL. homolog and 4RNH for the EAL-containing protein) via
YASARA View [93].

Bacterial strains, cell culture and media
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Legionella strains used were cultured in charcoal yeast extract (CYE) (1% ACES, 1% yeast
extract, 0.2% charcoal, 1.5% agar, 0.025% Iron (III) pyrophosphate, 0.04% L-cysteine, pH
6.9) plates or ACES yeast extract (AYE) (1% ACES, 1% yeast extract, 0.025% Iron (III)
pyrophosphate, 0.04% L-cysteine, pH 6.9) broth at 37°C, unless otherwise stated.

To measure fluorescence as a proxy to bacterial replication, selected strains were transformed
with a YFP- carrying plasmid, with the fluorescent gene under the IPTG-induced lacl
promoter — pXDC101 (kindly given by Dr. Elisabeth Kay, University of Lyon).
Transformation was done via electroporation to cells that were made electrocompetent by
washing three times with 10% glycerol at 4°C. Positive mutants were henceforth always
grown in media supplemented with 8 pg ml-! Chloramphenicol (Cam) and IPTG (1 mM in
solid, and 0.5 mM in liquid medium).

Acanthamoeba castellanii (ATCC 30010) was cultured in Peptone Yeast Glucose (PYG)

medium (2% bacto proteose peptone 2, 0.1% yeast extract, 0.1% sodium citrate dihydrate,

0.4 mM CacClz, 4 mM MgSO4 - 7H20, 2.5 mM Na2HPO4 - TH20, 2.5 mM KH2PO4, 0.05

mM Fe(NH4)2(S04)2 - 6H20; 100 mM glucose, pH 6.5) in flasks at 30°C. For infections A4.

castellanii was washed and resuspended in LoFlo medium (ForMedium, Norfolk, UK), which

does not support Legionella growth.

Human monocyte-like U937 cells (ATCC) were maintained in RPMI1640+GlutaMAX™
(Gibco) supplemented with 10% heat inactivated foetal bovine serum (FBS) (Gibco) and 1%
Penicillin-Streptomycin (PS) (Gibco), in a 37°C incubator with 5% CO,. Before infection
cells were harvested, viability and density were assessed using 0.4% Trypan blue solution
(Gibco) and an automated cell counter (Countess™ FL, ThermoFisher). The cells were then
centrifuged at 200 xg for 5 min, and resuspended in growth medium with 50 ng ml! of
phorbol 12-myristate 13-acetate (PMA) for 48h to induce differentiation into macrophage-like
cells. The medium was then replaced with fresh medium and cells incubated for a further 48h.
On the day of infection the medium was changed to infection medium: RPMI 1640 without
phenol red (Gibco) supplemented with 10% heat inactivated FBS and 1% GlutaMAX™

(Gibco), this medium also does not support Legionella growth.

Extracellular growth assays
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L. pneumophila strains were grown on CYE plates at 37°C for 48h, resuspended in AYE, and
diluted to an absorbance at ODgoo of 0.1 (ca. 2x108 c.f.u.). In a 96-well plate, 200 ul (ca.
4x107 c.f.u.) of each cell culture was aliquoted per well (5 replicates each). Growth rate was
tracked by measuring ODgoo and YFP fluorescence (Excitation: 508 nm, Emission: 555 nm)

every 30 minutes for 72h at 37°C, and 180 rpm shaking, using a Tecan Spark™.
Infection assays

To assess the intracellular replication of the different Legionella strains, A. castellanii and

U937-derived macrophages were challenged at different MOlIs.

On the day of infection A. castellanii were harvested, washed, and resuspended in LoFlo.
Then cell viability and density was evaluated as described above; 1x10° cells were seeded per

well in a 96-well plate, and the plate was incubated for 1h at 30°C, before adding bacteria.

Two hours prior to infection, each well, with previously seeded and differentiated U937 cells
(1x10° cells per well in a 96-well plate), was washed with DPBS (Gibco), and infection
medium was added, the plated was incubated at 37°C with 5% COx for 1h.

Legionella strains used for infection were grown on CYE plates for 72h, resuspended in the
respective infection medium for each host, ODsoo was measured, and cultures were serial
diluted to obtain desired cell density. Bacterial dilutions were then added to host cells, in a

ratio of 10 bacteria: 1 host cell. Each strain was tested in 5 replicates.

To track the increase of L. pneumophila during infection plates were incubated on a Tecan
Spark™ at 30°C, or 37°C with 5% CO., and YFP fluorescence was recorded every 30

minutes for 72h.

Growth rate analysis

Growth rates were calculated by importing the fluorescence and OD data into R [94] and
analyzed with Growthcurver v0.3.1 with default settings [39].

Author statements

23


https://doi.org/10.1101/2022.05.23.492981
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.23.492981; this version posted May 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Authors and contributors

L.G. conceptualized the study, acquired funding, and supervised the project. C.P., M.M., E.H,
D.K., S.J., and C.G. isolated and characterized bacterial isolates. D.L. obtained and curated
the data, performed the bioinformatic analysis, visualized and analyzed it, with contributions
from S.M. and L.G. A.B.M. designed, performed and analyzed the experimental part. D.L.
wrote the original draft. All authors contributed to reviewing and editing the manuscript. All

authors approve the final version of the manuscript.

Conflicts of interest

The authors declare that there are no conflicts of interest.

Funding information

This project is funded by grants to L.G. from the Swedish Research Board (VR, grant 2017-
03709) and the Carl Tryggers Foundation (grant CTS 15:184), and by a scholarship from the
Japan Society for the Promotion of Science to D.L. Sequencing was funded by the SciLifeLab
program “Swedish Genomes and Biodiversity” (2015). Funders had no role in designing the

study or interpreting the results.

Acknowledgments

The authors would like to thank Matilda Morin, Elisabeth Hallin and Daniela Klingenberg
(Public Health Agency of Sweden), as well as Carmen Pelaz (Legionella Reference
Laboratory in Spain) for providing strains from their collection; Ulrika Lustig for her patient
technical assistance; and Elisabeth Kay for providing the pXDC101 plasmid. The authors
would also like to acknowledge support from Science for Life Laboratory, the National
Genomics Infrastructure, NGI, and Uppmax for providing assistance in DNA sequencing and

computational infrastructure.

References

1. Graells T, Ishak H, Larsson M, Guy L. The all-intracellular order Legionellales is
unexpectedly diverse, globally distributed and lowly abundant. FEMS Microbiol Ecol;94.
Epub ahead of print 01 2018. DOI: 10/ggbgh8.

2. Rowbotham TJ. Preliminary report on the pathogenicity of Legionella pneumophila for
freshwater and soil amoebae. J Clin Patho! 1980;33:1179-1183.

3. Fields BS. The molecular ecology of legionellae. Trends Microbiol 1996;4:286-290.

24


https://doi.org/10.1101/2022.05.23.492981
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.23.492981; this version posted May 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

made available under aCC-BY-NC-ND 4.0 International license.

Cervero-Aragé S, Rodriguez-Martinez S, Puertas-Bennasar A, Araujo RM. Effect of
Common Drinking Water Disinfectants, Chlorine and Heat, on Free Legionella and
Amoebae-Associated Legionella. PloS One 2015;10:¢0134726.

National Academies of Sciences E. Management of Legionella in Water Systems. Epub
ahead of print 14 August 2019. DOI: 10.17226/25474.

McDade JE, Shepard CC, Fraser DW, Tsai TR, Redus MA, et al. Legionnaires’
disease: isolation of a bacterium and demonstration of its role in other respiratory disease.
N Engl J Med 1977;297:1197-1203.

Glick TH, Gregg MB, Berman B, Mallison G, Rhodes WW, et al. Pontiac fever. An
epidemic of unknown etiology in a health department: I. Clinical and epidemiologic
aspects. Am J Epidemiol 1978;107:149-160.

Cunha BA, Burillo A, Bouza E. Legionnaires’ disease. Lancet Lond Engl
2016;387:376-385.

Correia AM, Ferreira JS, Borges V, Nunes A, Gomes B, ef al. Probable Person-to-
Person Transmission of Legionnaires’ Disease. N Engl J Med 2016;374:497—498.
Ochman H, Elwyn S, Moran NA. Calibrating bacterial evolution. Proc Natl Acad Sci U
S A41999;96:12638-12643.

Ochman H, Wilson AC. Evolution in bacteria: Evidence for a universal substitution rate
in cellular genomes. J Mol Evol 1987;26:74-86.

Gibson B, Eyre-Walker A. Investigating Evolutionary Rate Variation in Bacteria. J Mol
Evol 2019;87:317-326.

Duchéne S, Holt KE, Weill F-X, Le Hello S, Hawkey J, et al. Genome-scale rates of
evolutionary change in bacteria. Microb Genomics 2016;2:¢000094.

Walker TM, Ip CLC, Harrell RH, Evans JT, Kapatai G, ef al. Whole-genome
sequencing to delineate Mycobacterium tuberculosis outbreaks: a retrospective
observational study. Lancet Infect Dis 2013;13:137-146.

Reeves PR, Liu B, Zhou Z, Li D, Guo D, et al. Rates of mutation and host transmission
for an Escherichia coli clone over 3 years. PloS One 2011;6:¢26907.

He M, Miyajima F, Roberts P, Ellison L, Pickard DJ, ef al. Emergence and global
spread of epidemic healthcare-associated Clostridium difficile. Nat Genet 2013;45:109—
113.

Young BC, Golubchik T, Batty EM, Fung R, Larner-Svensson H, ez al. Evolutionary
dynamics of Staphylococcus aureus during progression from carriage to disease. Proc
Natl Acad Sci U S A 2012;109:4550-4555.

Mathers AJ, Stoesser N, Sheppard AE, Pankhurst L, Giess A, et al. Klebsiella
pneumoniae carbapenemase (KPC)-producing K. pneumoniae at a single institution:
insights into endemicity from whole-genome sequencing. Antimicrob Agents Chemother
2015;59:1656-1663.

Kennemann L, Didelot X, Aebischer T, Kuhn S, Drescher B, et al. Helicobacter pylori
genome evolution during human infection. Proc Natl Acad Sci U S A 2011;108:5033—
5038.

Sanchez-Busé L, Comas I, Jorques G, Gonzalez-Candelas F. Recombination drives
genome evolution in outbreak-related Legionella pneumophila isolates. Nat Genet
2014;46:1205-1211.

Dreyfus LA, Iglewski BH. Conjugation-mediated genetic exchange in Legionella
pneumophila. J Bacteriol 1985;161:80—84.

Stone BJ, Kwaik YA. Natural Competence for DNA Transformation by Legionella
pneumophila and Its Association with Expression of Type IV Pili. J Bacteriol
1999;181:1395-1402.

25


https://doi.org/10.1101/2022.05.23.492981
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.23.492981; this version posted May 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

made available under aCC-BY-NC-ND 4.0 International license.

Gomez-Valero L, Rusniok C, Jarraud S, Vacherie B, Rouy Z, et al. Extensive
recombination events and horizontal gene transfer shaped the Legionella pneumophila
genomes. BMC Genomics 2011;12:536.

David S, Sanchez-Busé L, Harris SR, Marttinen P, Rusniok C, et al. Dynamics and
impact of homologous recombination on the evolution of Legionella pneumophila. PLOS
Genet 2017;13:¢1006855.

David S, Rusniok C, Mentasti M, Gomez-Valero L, Harris SR, et al. Multiple major
disease-associated clones of Legionella pneumophila have emerged recently and
independently. Genome Res 2016;26:1555—-1564.

Escoll P, Rolando M, Gomez-Valero L, Buchrieser C. From amoeba to macrophages:
exploring the molecular mechanisms of Legionella pneumophila infection in both hosts.
Curr Top Microbiol Immunol 2013;376:1-34.

Newton HJ, Ang DKY, van Driel IR, Hartland EL. Molecular Pathogenesis of
Infections Caused by Legionella pneumophila. Clin Microbiol Rev 2010;23:274-298.
Park JM, Ghosh S, O’Connor TJ. Combinatorial selection in amoebal hosts drives the
evolution of the human pathogen Legionella pneumophila. Nat Microbiol 2020;5:599—
609.

Blanquer Olivas J. Los brotes de legionelosis en Espafia. Arch Bronconeumol Engl Ed
1997;33:431-433.

Garcia-Fulgueiras A, Navarro C, Fenoll D, Garcia J, Gonzalez-Diego P, et al.
Legionnaires’ Disease Outbreak in Murcia, Spain - Volume 9, Number 8—August 2003 -
Emerging Infectious Diseases journal - CDC. DOI: 10/gft7tg.

Sanchez-Busé L, Guiral S, Crespi S, Moya V, Camaro6 ML, ef al. Genomic
Investigation of a Legionellosis Outbreak in a Persistently Colonized Hotel. Front
Microbiol;6. Epub ahead of print 21 January 2016. DOI: 10/gcft5c.

Lévesque S, Plante P-L, Mendis N, Cantin P, Marchand G, et al. Genomic
characterization of a large outbreak of Legionella pneumophila serogroup 1 strains in
Quebec City, 2012. PloS One 2014;9:¢103852.

Raphael BH, Baker DJ, Nazarian E, Lapierre P, Bopp D, ef al. Genomic Resolution of
Outbreak-Associated Legionella pneumophila Serogroup 1 Isolates from New York State.
Appl Environ Microbiol 2016;82:3582-3590.

Moran-Gilad J, Prior K, Yakunin E, Harrison TG, Underwood A, et al. Design and
application of a core genome multilocus sequence typing scheme for investigation of
Legionnaires’ disease incidents. Euro Surveill Bull Eur Sur Mal Transm Eur Commun Dis
Bull;20. Epub ahead of print 16 July 2015. DOI: 10/ggbj59.

Reuter S, Harrison TG, Koser CU, Ellington MJ, Smith GP, et al. A pilot study of
rapid whole-genome sequencing for the investigation of a Legionella outbreak. BM.J Open
2013;3:e002175.

Graham RMA, Doyle CJ, Jennison AV. Real-time investigation of a Legionella
pneumophila outbreak using whole genome sequencing. Epidemiol Infect
2014;142:2347-2351.

Wewalka G, Schmid D, Harrison TG, Uldum SA, Liick C, ef al. Dual infections with
different Legionella strains. Clin Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect
Dis 2014;20:013-19.

Coscolla M, Fernandez C, Colomina J, Sanchez-Buso L, Gonzalez-Candelas F.
Mixed infection by Legionella pneumophila in outbreak patients. Int J Med Microbiol
1JMM 2014;304:307-313.

Sprouffske K, Wagner A. Growthcurver: an R package for obtaining interpretable
metrics from microbial growth curves. BMC Bioinformatics 2016;17:172.

26


https://doi.org/10.1101/2022.05.23.492981
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.23.492981; this version posted May 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

made available under aCC-BY-NC-ND 4.0 International license.

Miyata T, Yasunaga T. Molecular evolution of mRNA: a method for estimating
evolutionary rates of synonymous and amino acid substitutions from homologous
nucleotide sequences and its application. J Mol Evol 1980;16:23-36.

Yang Z, Bielawski JP. Statistical methods for detecting molecular adaptation. Trends
Ecol Evol 2000;15:496-503.

Mintz CS, Shuman HA. Transposition of bacteriophage Mu in the Legionnaires disease
bacterium. Proc Natl Acad Sci U S A 1987;84:4645-4649.

WHO | Guidelines for drinking-water quality, 4th edition, incorporating the 1st
addendum. WHO. http://www.who.int/water sanitation health/publications/drinking-
water-quality-guidelines-4-including-1st-addendum/en/ (accessed 22 October 2019).
Finnerty WR, Makula RA, Feeley JC. Cellular lipids of the Legionnaires’ disease
bacterium. Ann Intern Med 1979;90:631-634.

Kamio Y, Nikaido H. Outer membrane of Salmonella typhimurium: accessibility of
phospholipid head groups to phospholipase ¢ and cyanogen bromide activated dextran in
the external medium. Biochemistry 1976;15:2561-2570.

Khemiri A, Galland A, Vaudry D, Chan Tchi Song P, Vaudry H, ez al. Outer-
membrane proteomic maps and surface-exposed proteins of Legionella pneumophila
using cellular fractionation and fluorescent labelling. Anal Bioanal Chem 2008;390:1861—
1871.

Hearn EM, Patel DR, Lepore BW, Indic M, van den Berg B. Transmembrane passage
of hydrophobic compounds through a protein channel wall. Nature 2009;458:367-370.
Nunn WD, Simons RW. Transport of long-chain fatty acids by Escherichia coli:
mapping and characterization of mutants in the fadL gene. Proc Natl Acad Sci U S A
1978;75:3377-338]1.

Yang T-C, Ma X-C, Liu F, Lin L-R, Liu L-L, ef al. Screening of the Salmonella
paratyphi A CMCC 50973 strain outer membrane proteins for the identification of
potential vaccine targets. Mol Med Rep 2012;5:78-83.

Silhavy TJ, Kahne D, Walker S. The Bacterial Cell Envelope. Cold Spring Harb
Perspect Biol 2010;2:a000414.

Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune responses.
Nat Immunol 2004;5:987-995.

Moleres J, Fernandez-Calvet A, Ehrlich RL, Marti S, Pérez-Regidor L, et al.
Antagonistic Pleiotropy in the Bifunctional Surface Protein FadL (OmpP1) during
Adaptation of Haemophilus influenzae to Chronic Lung Infection Associated with
Chronic Obstructive Pulmonary Disease. mBio;9:¢01176-18.

Tamayo R, Pratt JT, Camilli A. Roles of cyclic diguanylate in the regulation of
bacterial pathogenesis. Annu Rev Microbiol 2007;61:131-148.

Moscoso JA, Mikkelsen H, Heeb S, Williams P, Filloux A. The Pseudomonas
aeruginosa sensor RetS switches type III and type VI secretion via c-di-GMP signalling.
Environ Microbiol 2011;13:3128-3138.

Povolotsky TL, Hengge R. ‘Life-style’ control networks in Escherichia coli: signaling by
the second messenger c-di-GMP. J Biotechnol 2012;160:10-16.

Romling U, Galperin MY, Gomelsky M. Cyclic di-GMP: the first 25 years of a
universal bacterial second messenger. Microbiol Mol Biol Rev MMBR 2013;77:1-52.
Hochstrasser R, Hilbi H. Legionella quorum sensing meets cyclic-di-GMP signaling.
Curr Opin Microbiol 2020;55:9-16.

Hengge R. Principles of c-di-GMP signalling in bacteria. Nat Rev Microbiol 2009;7:263—
273.

Sondermann H, Shikuma NJ, Yildiz FH. You’ve come a long way: c-di-GMP
signaling. Curr Opin Microbiol 2012;15:140-146.

27


https://doi.org/10.1101/2022.05.23.492981
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.23.492981; this version posted May 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

made available under aCC-BY-NC-ND 4.0 International license.

Schirmer T, Jenal U. Structural and mechanistic determinants of c-di-GMP signalling.
Nat Rev Microbiol 2009;7:724-735.

Briiggemann H, Hagman A, Jules M, Sismeiro O, Dillies M-A, et al. Virulence
strategies for infecting phagocytes deduced from the in vivo transcriptional program of
Legionella pneumophila. Cell Microbiol 2006;8:1228—1240.

Burstein D, Zusman T, Degtyar E, Viner R, Segal G, ef al. Genome-scale identification
of Legionella pneumophila effectors using a machine learning approach. PLoS Pathog
2009;5:e1000508.

Heidtman M, Chen EJ, Moy M-Y, Isberg RR. Large scale identification of Legionella
pneumophila Dot/Icm substrates that modulate host cell vesicle trafficking pathways. Cel/
Microbiol 2009;11:230-248.

Luo Z-Q, Isberg RR. Multiple substrates of the Legionella pneumophila Dot/Icm system
identified by interbacterial protein transfer. Proc Natl Acad Sci U S A 2004;101:841-846.
Levi A, Folcher M, Jenal U, Shuman HA. Cyclic Diguanylate Signaling Proteins
Control Intracellular Growth of Legionella pneumophila. mBio;2. Epub ahead of print 1
March 2011. DOI: 10/bzhq7;.

Aurass P, Gerlach T, Becher D, Voigt B, Karste S, et al. Life Stage-specific Proteomes
of Legionella pneumophila Reveal a Highly Differential Abundance of Virulence-
associated Dot/Icm effectors. Mol Cell Proteomics MCP 2016;15:177-200.

Allombert J, Lazzaroni J-C, Bailo N, Gilbert C, Charpentier X, ef al. Three
Antagonistic Cyclic di-GMP-Catabolizing Enzymes Promote Differential Dot/Icm
Effector Delivery and Intracellular Survival at the Early Steps of Legionella pneumophila
Infection. Infect Immun 2014;82:1222—-1233.

Albert-Weissenberger C, Sahr T, Sismeiro O, Hacker J, Heuner K, ef al. Control of
flagellar gene regulation in Legionella pneumophila and its relation to growth phase. J
Bacteriol 2010;192:446-455.

Armstrong TW, Haas CN. Legionnaires’ disease: evaluation of a quantitative microbial
risk assessment model. J Water Health 2008;6:149-166.

Muller D, Edwards ML, Smith DW. Changes in Iron and Transferrin Levels and Body
Temperature in Experimental Airborne Legionellosis. J Infect Dis 1983;147:302-307.
David S, Mentasti M, Parkhill J, Chalker VJ. Low genomic diversity of Legionella
pneumophila within clinical specimens. Clin Microbiol Infect Off Publ Eur Soc Clin
Microbiol Infect Dis 2018;24:1020.e1-1020.¢e4.

David S, Mentasti M, Tewolde R, Aslett M, Harris SR, ef al. Evaluation of an Optimal
Epidemiological Typing Scheme for Legionella pneumophila with Whole-Genome
Sequence Data Using Validation Guidelines. J Clin Microbiol 2016;54:2135-2148.
Bartley PB, Ben Zakour NL, Stanton-Cook M, Muguli R, Prado L, et al. Hospital-
wide Eradication of a Nosocomial Legionella pneumophila Serogroup 1 Outbreak. Clin
Infect Dis Off Publ Infect Dis Soc Am 2016;62:273-279.

McAdam PR, Vander Broek CW, Lindsay DS, Ward MJ, Hanson MF, et al. Gene
flow in environmental Legionella pneumophila leads to genetic and pathogenic
heterogeneity within a Legionnaires’ disease outbreak. Genome Biol 2014;15:504.
Shadoud L, Almahmoud I, Jarraud S, Etienne J, Larrat S, et al. Hidden Selection of
Bacterial Resistance to Fluoroquinolones In Vivo: The Case of Legionella pneumophila
and Humans. EBioMedicine 2015;2:1179-118S5.

David S, Afshar B, Mentasti M, Ginevra C, Podglajen I, ef al. Seeding and
Establishment of Legionella pneumophila in Hospitals: Implications for Genomic
Investigations of Nosocomial Legionnaires’ Disease. Clin Infect Dis Off Publ Infect Dis
Soc Am 2017;64:1251-1259.

28


https://doi.org/10.1101/2022.05.23.492981
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.23.492981; this version posted May 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

made available under aCC-BY-NC-ND 4.0 International license.

A pilot study of rapid whole-genome sequencing for the investigation of a Legionella
outbreak | BMJ Open. https://bmjopen.bmj.com/content/3/1/€002175 (accessed 22
October 2019).

Babraham Bioinformatics - FastQC A Quality Control tool for High Throughput
Sequence Data. http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed 20
October 2019).

Ewels P, Magnusson M, Lundin S, Kiiller M. MultiQC: summarize analysis results for
multiple tools and samples in a single report. Bioinformatics 2016;32:3047-3048.

John JS. jstjohn/SeqPrep. C. https://github.com/jstjohn/SeqPrep (2019, accessed 20
October 2019).

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, ef al. SPAdes: a new
genome assembly algorithm and its applications to single-cell sequencing. J Comput Biol
J Comput Mol Cell Biol 2012;19:455-477.

Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinforma Oxf Engl
2014;30:2068-2069.

Edwards, D. J., Pope, B. J., Holt, K. E. RedDog: comparative analysis pipeline for
large numbers of bacterial isolates using high-throughput sequences.
https://github.com/katholt/RedDog.

Li L, Stoeckert CJ, Roos DS. OrthoMCL: Identification of Ortholog Groups for
Eukaryotic Genomes. Genome Res 2003;13:2178-2189.

R Core Team. R: A Language and Environment for Statistical Computing. Vienna,
Austria: R Foundation for Statistical Computing. https://www.R-project.org (2020).
Wickham H. ggplot2: Elegant Graphics for Data Analysis. 2nd ed. Springer
International Publishing. Epub ahead of print 2016. DOI: 10.1007/978-3-319-24277-4.
Silva M, Machado MP, Silva DN, Rossi M, Moran-Gilad J, ef al. chewBBACA: A
complete suite for gene-by-gene schema creation and strain identification. Microb
Genomics 2018;4:¢000166.

B-UMMI/chewBBACA. GitHub. https://github.com/B-UMMI/chewBBACA (accessed 9
February 2021).

Katoh K, Kuma K, Toh H, Miyata T. MAFFT version 5: improvement in accuracy of
multiple sequence alignment. Nucleic Acids Res 2005;33:511-518.

Price MN, Dehal PS, Arkin AP. FastTree 2 — Approximately Maximum-Likelihood
Trees for Large Alignments. PLOS ONE 2010;5:¢9490.

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, et al. The Protein Data
Bank. Nucleic Acids Res 2000;28:235-242.

Klausen MS, Jespersen MC, Nielsen H, Jensen KK, Jurtz VI, et al. NetSurfP-2.0:
Improved prediction of protein structural features by integrated deep learning. Proteins
2019;87:520-527.

Krieger E, Vriend G. YASARA View - molecular graphics for all devices - from
smartphones to workstations. Bioinforma Oxf Engl 2014;30:2981-2982.

R Core Team. R: A Language and Environment for Statistical Computing. Vienna,
Austria: R Foundation for Statistical Computing. https://www.R-project.org/ (2021).

29


https://doi.org/10.1101/2022.05.23.492981
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.23.492981; this version posted May 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Supplementary material

Supplementary Table 1

Isolates sequenced in this study. Separate Excel file.

Supplementary Table 2

Comparison clinical-environmental isolates analyzed in this study. Separate Excel file.

30


https://doi.org/10.1101/2022.05.23.492981
http://creativecommons.org/licenses/by-nc-nd/4.0/

