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It is generally accepted that selection for resistance to grazing by protists has contributed to the
evolution of Legionella pneumophila as a pathogen. Grazing resistance is becoming more generally
recognized as having an important role in the ecology and evolution of bacterial pathogenesis.
However, selection for grazing resistance presupposes the existence of protist grazers that provide
the selective pressure. To determine whether there are protists that graze on pathogenic Legionella
species, we investigated the existence of such organisms in a variety of environmental samples.
We isolated and characterized diverse protists that graze on L. pneumophila and determined the
effects of adding L. pneumophila on the protist community structures in microcosms made from
these environmental samples. Several unrelated organisms were able to graze efficiently on
L. pneumophila. The community structures of all samples were markedly altered by the addition of
L. pneumophila. Surprisingly, some of the Legionella grazers were closely related to species that are
known hosts for L. pneumophila, indicating the presence of unknown specificity determinants for
this interaction. These results provide the first direct support for the hypothesis that protist grazers
exert selective pressure on Legionella to acquire and retain adaptations that contribute to survival,
and that these properties are relevant to the ability of the bacteria to cause disease in people.
We also report a novel mechanism of killing of amoebae by one Legionella species that requires an
intact Type IV secretion system but does not involve intracellular replication. We refer to this
phenomenon as ‘food poisoning’.
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Introduction

The interaction of bacteria and protists is consid-
ered to be one of the oldest prey—predator interac-
tions in nature (Cavalier-Smith, 2002). In aquatic
environments, soil or anthropogenic ecosystems,
predation by phagocytic protists is a major cause
of bacterial mortality and a significant driving
force of the genetic and functional structure of
bacterial communities (Pernthaler, 2005: Bell
et al., 2010: Jousset, 2012). Because bacteria that
resist grazing by protists will show increased
environmental fitness (Hahn and Hofle, 2001), a
variety of anti-predator strategies, such as mor-
phological adaptations, production of toxic sec-
ondary metabolites or resistance to digestion, have
evolved (Matz and Kjelleberg, 2005; Jousset, 2012).
In addition to acting as predators, free-living
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protists can also provide bacteria a protective
niche and source of nutrients to be exploited.
Thus, bacterial traits that may have originally
evolved to survive phagocytosis can also be used
to exploit protists as hosts, and might facilitate the
transition from a grazing-resistant bacterium to an
endosymbiont or intracellular pathogen (Matz and
Kjelleberg, 2005). The human pathogen Legionella
pneumophila represents a well-known example of
a grazing-resistant bacterial species that can also
take advantage of protists as a protective niche
(Kilvington and Price, 1990).

L. pneumophila is a gram-negative y-proteobacter-
ial species common in soil and natural or man-made
freshwater sources, where it survives by growing
inside different species of free-living protists
(Rowbotham, 1980; Fields, 1996). L. pneumophila
can cause an acute, life-threatening pneumonia
called Legionnaires’ disease (McDade et al., 1977)
and less severe, self-limiting disease called Pontiac
Fever (Fraser et al., 1977). Humans become infected
by inhalation of contaminated aerosols produced in
man-made water systems. Once inside the human
lung, L. pneumophila infects and replicates within
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alveolar macrophages in a process similar to the one
that occurs within amoebae. (Nash et al., 1984, 1988;
Al-Quadan et al., 2012).

The ability of Legionella to replicate inside
protists and macrophages requires a complex Type
IV-B secretion system (TFBSS) called the Icm/Dot
system (Segal et al., 1998; Vogel et al., 1998), which
delivers a repertoire of ~300 effector proteins to
host cells (Berger and Isberg, 1993; Segal and
Shuman, 1999; Gomez-Valero et al., 2011), where
they manipulate a variety of host cell processes. The
Dot/Icm system is therefore the major virulence
determinant for this pathogen. The secreted effector
proteins prevent fusion of the Legionella-containing
vacuole with lysosomes and promote its develop-
ment into a replication compartment (Ninio and
Roy, 2007; Franco et al., 2009; Luo, 2012; Segal,
2013). Curiously, nearly all identified effector
proteins appear to be functionally redundant in that
null mutations that eliminate single or even multi-
ple effectors result in no obvious decrease in the
ability to cause infection or survive grazing (Ninio
and Roy, 2007; Ensminger and Isberg, 2009;
O’Connor et al., 2011).

One possible explanation for the origin of effector
redundancy is that selection for survival and
replication in a variety of environmental hosts has
resulted in the acquisition of a pool of genes,
encoding many effectors with overlapping functions
and/or specificities. Indeed, L. pneumophila repli-
cates within and kills many phylogenetically
diverse water and soil protists (Rowbotham, 1980;
Fields, 1996; Solomon et al., 2000; Molmeret et al.,
2005). The TFBSS is also absolutely required for
survival and growth in the protozoan hosts and
there are no major differences in the functional
requirements for Legionella replication in amoebae
and macrophages (Gao et al., 1997; Segal and
Shuman, 1999). Therefore, it has been proposed
that the ability of L. pneumophila to parasitize
human macrophages is a consequence of is prior
adaptation to intracellular growth in protists (Al-
Quadan et al., 2012). Predation by protozoa has been
proposed to provide the selective pressure for
acquisition and maintenance of properties that
contribute to virulence, but there is no experimental
evidence of protozoa grazing on Legionella.

In this study, we investigated the existence of
protozoa from different environments that are able
to ingest and kill Legionella. By performing micro-
cosm experiments and 18 S small subunit (SSU)
pyrosequencing, we identified different unrelated
protozoan morphotypes that consume Legionella as
a source of food and have studied the impact of L.
pneumophila on the structure of eukaryotic micro-
bial communities. These studies provide clear
evidence for the prevalence of predators that exert
selective pressure on L. pneumophila to resist
grazing. In addition, we were able to cultivate
representative species of these organisms and study
their interactions with L. pneumophila.
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Materials and methods

Microcosm design

Environmental samples (soil, fresh water and ocean
sediment) used in this study are listed in
Supplementary Table S3. Microcosms were set up
in sterile polystyrene Petri dishes containing non-
nutrient agar. Each soil sample (~1.5g) was sus-
pended in 1.5 ml of 0.2 pm micropore-filtered pond
water. On a glass microfiber filter on the surface of
the agar, 0.5g of this mixture was deposited. The
agar was covered with 10ml of sterile pond water
and three cubes (1cm?) of malt yeast extract agar
(Page, 1988) were added to promote growth of native
bacteria. Three plates were set up for each environ-
mental sample. After 10 days of incubation at room
temperature in the dark, the microbial community
was harvested from one plate (plate t=0: this one
would be considered as the initial population in the
microcosm) and RNA was extracted with Trizol
reagent (Invitrogen, Grand Island, NY, USA). The
two remaining plates were inoculated with 107 cells
of either Escherichia coli (plate EC) or L. pneumo-
phila strain Philadelphia-1 (plate Phi) and incu-
bated for 10 days at room temperature. After that,
RNA from each plate was extracted and stored at
—80°C. For fresh-water samples, 1-2 liter of water
was filtered through a 0.25 pm micropore filter. The
filter was deposited on the surface of non-nutrient
agar plates and microcosms were set up, as
described above. Details on the reverse transcription
PCR amplification and pyrosequencing protocol are
provided as Supplementary Material.

Changes in the microbial community in micro-
cosms can also occur during incubation owing to the
addition of a bacterial potential prey, possibly
providing added nourishment for some protists. To
circumvent this limitation, we performed control
microcosms, in which each environmental sample
was incubated with E. coli as prey instead of L.
pneumophila. Encystment of free-living amoebae
occurs under various conditions, such as nutrient
starvation and response to bacterial toxins (Fouque
et al., 2012). Thus, microcosms without any bacteria
added would result in encystment of the starving
protists. As the cell envelope of L. pneumophila
displays virulence properties (Shevchuk et al,
2011), we believe that the addition of E. coli
represents a more suitable control rather than the
Type IV secretion-deficient dotA mutant strain of L.
pneumophila.

Sequence data analyses and taxonomic affiliation

Sequence data were processed for quality and
analyzed using the QIIME 1.6.0 software pipeline
as described in Caporaso et al. (2011). Reads were
truncated at their first low-quality base. Then, reads
shorter than 75 bases were discarded, as were reads
whose barcode did not match an expected barcode.
Chimera checking and operational taxonomic units
(OTUs) grouping were performed in QIIME using



Usearch (Edgar et al., 2011). Taxonomic assignment
of recovered eukaryotic OTUs (determined at >97%
similarity) by basic local alignment search tool,
nucleotide searches against the SILVA comprehen-
sive ribosomal RNA database (Quast et al., 2013).
After taxonomic affiliation was assigned, a data set
comprising only high-quality protist sequences
(4 225 703 sequences from the 42 microcosms exam-
ined, Supplementary Table S3) was culled from all
high-quality sequence reads. Further analyses were
carried out on the protist data set rarefied to 11203
sequences to correct for uneven sampling efforts.
The processed DNA sequences obtained in this
study have been deposited in the NCBI Sequence
Read Archive database under the accession number
SUB472144.

Isolation of protists resistant to L. pneumophila
Protist morphotypes were subcultured from micro-
cosms incubated with L. pneumophila by transfer-
ring them to new agar plate covered with sterile
pond water and Legionella as a food source. Clones
of each protist morphotype were isolated using a
sterile agar separation technique (Page, 1988).
Protists were suspended in sterile pond water and
small droplets of the suspension were deposited on
the surface of sterile non-nutrient agar plates. On
successive days, plates were examined to detect any
protists that had migrated out of the droplets onto
the sterile surface. Isolated protists were picked
from the surface of the agar with a sterile spatula and
deposited in new agar plates. Subcultures of the
clones were maintained by routinely transferring to
a new culture media, consisting on pond water and
E. coli as prey. A sequence of 18 S TDNA of particular
protist isolates (CWPL, MG33, C37C6, D5MG,
WPD37) was amplified from RNA by reverse
transcription PCR with the EuklA and Euk516R
primers (Supplementary Table S2). Reverse tran-
scription PCR products were cloned into the
PGEMT-easy vector (Promega, Madison, WI, USA).
Selected clones were sequenced in both directions
using the universal M13-promoter primer. Taxo-
nomic affiliation of each isolate was assigned by
phylogenetic analysis and comparison with 18S
SSU sequences in the NCBI nr database.

Co-cultivation of protists with different Legionella
strains and quantification of protozoan growth and
Legionella consumption by real-time PCR assays
Legionella strains were tested by co-cultivation
with each protist isolate in 48-well plates. Each
well containing 0.5 ml of sterile filtered pond water
was seeded with 2 x 10* trophozoites. Legionella
strains grown on charcoal yeast extract medium
were suspended in sterile pond water and inocu-
lated at the desired multiplicity of infection (MOI:
ratio of Legionella cells added per protist cell).
Wells were monitored for protist growth or death
and bacterial consumption for up to 10 days at
room temperature.
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Protozoan growth and Legionella consumption
was measured by real-time PCR assays. Genomic
DNA was extracted using the AxyPrep Blood
Genomic DNA Miniprep kit (Axygen, Union City,
CA, USA) from protist-Legionella co-cultures.
Genome equivalents (GE) for each protist morpho-
type and Legionella strain were quantified using
the primers that are listed in Supplementary Table
S2. Targets for real-time PCR were the genes coding
for the Solumitrus palustris 18 S tDNA, Paracerco-
monas CWPL 18S rDNA, Cercomonas MG33,
L. pneumophila 23 S5 S rDNA internal transcribed
spacer and L. steelei 23S-5S 1DNA internal
transcribed spacer. Standard curves were generated
using gDNA isolated from a known number of cells
and considering one GE to one cell. Real-time PCR
was carried out in 25 pl reaction mixtures consisting
of 1x SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA), 300nm of each
forward and reverse primer and 5 pl of the template
DNA. Samples were amplified in an ABI Prism 7700
(Applied Biosystems) using the following thermal
protocol: 10min at 95°C, followed by 40 cycles
of 15 sec at 95 °C and 1min at 60 °C. The specificity
of each primer pair was confirmed by melting curve
analysis and DNA sequencing.

Immunoblot analysis of translocation of TEM-1
p-lactamase fusion proteins into amoebae

Legionella strains expressing the TEM-1-LegC5
effector fusion protein were suspended in pond
water containing 5pugml-"' chloramphenicol and
1mM Isopropyl B-D-1-thiogalactopyranoside and
inoculated into amoebae cultures at MOI 50. After
5h of incubation at 25 °C (for S. palustris assays) or
30 °C (for Acanthamoeba castellanii), amoebae tro-
phozoites were harvested, washed with phosphate-
buffered saline and lysed with 1% NP-40. Cell
lysates were centrifuged at 13 000 g for 10 min at 4 °C
to separate the soluble fraction, consisting of the
amoeba cytosol and translocated effector proteins,
from the insoluble fraction, containing the inter-
nalized bacteria. Samples from both fractions were
subjected to sodium dodecyl sulfate polyacrylamide
gel electrophoresis and immunoblotting, using anti-
TEM antibody. Proteins from sodium dodecyl
sulfate-polyacrylamide gels were transferred onto
nitrocellulose membranes (Millipore, Billerica, MA,
USA) and blocked with 5% nonfat dried milk in tris-
buffered saline with 0.1% Tween 20 (Sigma,
St Louis, MO, USA). Membranes were then ana-
lyzed by western blot with monoclonal antibody
directed to the TEM-1 B-lactamase as primary anti-
body and an anti-rabbit IgG peroxidase conjugate
(1:1,000; Thermo Scientific, Waltham, MA, USA) as
secondary antibody. Reactive bands on nitrocellulose
membranes were revealed with the SuperSignal
West Pico Chemiluminescent Substrate (Thermo
Scientific). Image analyses were performed with
Image Reader LAS-3000 (Fujifilm, Greenwood,
SC, USA).
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Statistical analysis

Two-way ANOVA and Bonferroni’s Multiple
Comparison Tests (Prism 6.0; GraphPad Software)
were used to compare differences in % of active
amoebae and % of propidium iodide (PI)-positive
S. palustris trophozoites incubated with Legionella
strains. Two-way ANOVA and Bonferroni test
were used to determine the earliest time point at
which decline of S. palustris differed significantly
from the control group in quantitative PCR (qPCR)
assays.

Nucleotide accession numbers
The 18 S TRNA gene sequences of protists isolated in
this study were deposited in the GeneBank database
under accession numbers KF589954 (isolate CWPL),
KF589955 (isolate MG33), KF607041 (isolate C37C6),
KF607042 (isolate D5MG) and KJ561452 (isolate
WPD37).

Supplementary  Material are
Supplementary Information.

included as

Results

Impact of L. pneumophila on the structure of the
eukaryotic microbial community in laboratory
microcosms

In order to look for protists that consume L.
pneumophila in different environments, we used
laboratory microcosms (for details, see Materials and
methods) to study the community structures of soil
and water protists from a variety of sources. In order
to examine the effect of L. pneumophila on the
protist communities, we compared the effects of
adding E. coli and L. pneumophila as potential
sources of nutrients. In preliminary experiments, we
found that when no bacteria were added to the
microcosms, the endogenous nutrients were rapidly
exhausted and many cysts appeared within 96 h.
Therefore, the addition of E. coli as a nutrient serves
as a control for the specific effects of L. pneumophila
in these experiments.

Several soil and fresh-water samples (Supplementary
Table S3) were incubated in the presence of either
L. pneumophila or E. coli in the microcosms.
The analysis of the eukaryotic microbial community
by 18 S SSU pyrosequencing revealed a substantial
shift in the community structure between pre- and
post-addition of Legionella to the microcosms and
between the addition of E. coli or Legionella to the
microcosms. Figure 1 shows the distribution of
assigned OTUs among different groups of protists
according to the commonly accepted higher-level
classification of eukaryotes (Adl et al., 2005; 2012).
OTUs assigned to representatives of the five super
groups of eukaryotes (Amoebozoa, Opisthokonta,
Excavata, SAR supergroup (Stramenopiles, Alveolates
and Rhizaria) and Archeaplastida) were found in the
samples analyzed in this study, suggesting that a
diverse eukaryotic community was successfully
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established in each microcosm. Because our studies
are focused on phagocytic free-living protists, OTUs
affiliated to Fungi, Metazoa and Archeaplastida
were discarded. We placed those eukaryotic taxa
whose position is not yet established in the ‘other
Eukarya’ group. OTUs with conflictive taxonomic
assignments (when compared with different SSU
databases) were placed in an ‘unknown eukaryote’
group.

In general, the addition of Legionella markedly
decreased the abundance of Amoebozoa OTUs in
the microcosms when compared with the same
sample before the addition of bacteria (sample TO0)
or incubated with E. coli (sample Ec). Abundance of
amoebae was higher before the addition of Legio-
nella in 12 of the 14 experiments performed. All
samples incubated with Legionella showed lower
abundance of Amoebozoa OTUs than samples
incubated with E. coli (sample Ec). Ciliates did not
show a consistent pattern relative to the presence or
absence of Legionella. Whereas Legionella resulted
in lower richness of Amoebozoa, abundance of
OTUs assigned to Cercozoa and Heterolobosea
significantly increased in microcosms incubated
with Legionella. Therefore, in absence of Legionella
(samples TO or EC), microcosms were dominated by
OTUs affiliated to Ciliophora, Amoebozoa, Strame-
nopiles, Cercozoa or Euglenoza, depending on the
nature of the environmental sample. In contrast,
most of the microcosms incubated with Legionella
were dominated by Heterolobosean and Cercozoan
assigned OTUs. This shift in the structure of the
community was observed for most of the micro-
cosms, regardless of the nature of the environmental
sample (Figure 1).

We focused our attention on those OTUs that
flourished when Legionella was added to the micro-
cosms (Table 1). Remarkably, some of them were
present in more than two different environmental
samples and consistently increased in abundance
with Legionella. A statistical analysis was performed
to determine whether the increase in abundance of
those particular OTUs was associated with the
addition of Legionella to the microcosms. As shown
in Table 1, the increase in relative abundance of OTUs
434476 (Heterolobosea), 1284337 (Heterolobosea)
and 53886 (Cercozoa, Paracercomonas sp.) was
significantly (P<0.05) associated with the presence
of Legionella, suggesting that those protists were
resistant to infection by L. pneumophila. Although
other reasons might also explain these associations,
we decided to test the hypothesis that specific protists
able to graze on Legionella will flourish when this
bacterium was added to the microcosm.

Protists that resist L. pneumophila infection fall into
three different groups

Protozoan morphotypes able to grow in presence of
L. pneumophila were isolated from microcosms
incubated with Legionella (#MG, #WPL, #WPD,
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Impact of L. pneumophila on the structure of eukaryotic microbial communities in laboratory microcosms. (a): Taxonomic
affiliation of protist OTUs retrieved from different environmental samples incubated in the presence of E. coli (EC) or L. pneumophila str.
Philadelphia-1 (PHI). Bars represent the relative abundance of protist taxa after rarefaction to correct for uneven sampling as described in
the Materials and methods section. Sample identities are given on the x axis. MIC: fresh-water sample from Lake Michigan. ONT: fresh-
water sample from Lake Ontario. SUP: fresh-water sample from Lake Superior. PWP: Pond-Washington Park (Chicago, IL, USA). U2: soil
from Aguascalientes (Mexico). U8: soil from Neyaldi (India). WPD and WPR: soil samples from Washington Park (Chicago, IL, USA). MG:
soil from Hyde Park (Chicago, IL, USA). C37B4: Core sample from ocean subsurface, Expedition IODP 311. SWG: Sewage (WWTP,
Chicago, USA). AZ: soil from Tucson, AZ, USA. Sample-name_0: microcosm analyzed before the addition of E. coli or L. pneumophila.
Sample-name EC: microcosm incubated with 10”7 cells of E. coli. Sample-name PHI: microcosm incubated with 107 cells of
L. pneumophila Philadelphia 1. Relative abundance values (%) of Cercozoa, Heterolobosea and Amoebozoa are highlighted in orange,
purple and blue color, respectively. See Microcosm design in Materials and methods Section for details.

Table 1 OTUs found in more than one environmental sample that increased in abundance in presence of L. pneumophila

OTU Id Taxonomic affiliation Samples P-value®
1156079 Amoebozoa; Flabellinea PWP, U2 N/A
434476 Excavata; Heterolobosea; Vahlkampfiidae SUP, SWG, U2, U8, MG 0.0267
1284337 Excavata; Heterolobosea; Vahlkampfiidae; unclassified Naegleria SWG, MG1, MG2, MG3 0.0277
1249031 Excavata; Heterolobosea; Vahlkampfiidae ONT, WPM N/A
1295870 Excavata; Heterolobosea; unclassified heterolobosean MIC, U8 N/A
53886 Rhizaria; Cercozoa; Cercomonanida; Cercomonadidae, Paracercomonas C37B4, MIC, ONT, SUP SWG, 0.0178
PWP, U2, U8 WPL, MG1, MG2
291233 Rhizaria; Cercozoa; soil Cercozoa MG1, MG2 N/A

Abbreviation: OTU, operational taxonomic unit.
“For those OTUs found in more than two environmental samples, a statistical test was performed to determine whether increase in abundance is
associated with the presence of Legionella. P-value is the result of ANOVA test after Bonferroni test correction. Bold entries highlight those OTUs
that are associated with the presence of Legionella in the microcosms according to the statistical analysis.
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#PWP and #AZ) and pure cultures were established
as described in Materials and methods. Epifluores-
cence microscopy of mCherry-expressing Legionella
was used to investigate the uptake and fate of the
bacteria inside the cells. Using this approach, we
were able to assign each protist to a different group
based on its interactions with L. pneumophila
(Figure 2). Group 1 includes amoebae (#WPD37)
that avoid uptake of L. pneumophila. Group 2
comprises ciliates and amoebae morphotypes
(#C37C6) that after ingestion release live Legionella
packaged into pellets. Group 3 includes amoebae
(S. palustris, #WP11 and #D5MG) and Cercozoan
morphotypes (isolates #CWPL and #MG33) that
consume L. pneumophila in digestive vacuoles.
As shown in Figure 2, L. pneumophila is digested
soon after phagocytosis by Group 3 organisms.
The digestion of the bacteria imparted a diffuse red
fluorescence on the digestive vacuoles, presumably
caused by the release of mCherry from the lysed
Legionella cells.

To determine whether these isolates are related to
known protist species, we sequenced a ~560bp
region of their 18 S rDNA genes. The taxonomic
affiliation of each isolate was determined by
phylogenetic analysis and comparison with 188
SSU sequences in the NCBI nr database. The
resulting molecular genetic tree is presented in
Supplementary Figure S1. The C37C6 18 S sequence
showed 100% identity to the 18S rDNA of
Acanthamoeba astronyxis. The 18S sequence of
CWPL had a 100% match to the 18S rDNA of
Paracercomonas sp. and Cercomonas sp. Isolate
MG33 showed 97% identity with unidentified

Group 1 Group 2

Cercozoan clones and Cercomonas sp. Isolate S.
palustris was previously established as a novel
genus and species by us (Anderson et al., 2011).
The WPD37 18 S sequence had <90% identity with
18 S tDNA of unidentified amoebozoa clones and its
closest relative is Hartmannella sp. according to the
phylogenetic analysis.

S. palustris, Paracercomonas CWPL and Cercomonas

MG33 consume L. pneumophila as source of nutrition
We used two approaches to demonstrate that the
protists comprising Group 3 actually consume
virulent Legionella as a source of food. First, TEM
confirmed that L. pneumophila was consumed
within digestive vacuoles of protozoan isolates S.
palustris, Paracercomonas CWPL and Cercomonas
MG33 (Figure 3). Second, we used real-time PCR to
quantify GE of both protist trophozoites and Legio-
nella, as a way to measure protozoan growth
and L. pneumophila consumption. As shown in
Figure 4, trophozoites of S. palustris, Paracercomo-
nas CWPL and Cercomonas MG33 significantly
(P<0.01) increased in numbers by using L. pneu-
mophila, strain JR32 as sole source of nutrition.
Exponential increases in protozoan GE over time
correlated with a 100- to 1000-fold decrease in JR32
GE pl™", indicating that protozoan growth resulted
from consumption of JR32 cells (Figure 4).

L. steelei kills S. palustris by a ‘food-poisoning’
mechanism

Because some of the protozoan isolates are closely
related to amoebae species known to support

Group 3

Figure 2 Protist morphotypes that resist L. pneumophila infection fall into three different groups. Combined DIC and epifluorescence
images of protozoan isolates recovered from microcosms incubated with L. pneumophila Philadelphia-1. Pure cultures of each protist
isolate (established as described in Materials and methods) were incubated with mCherry-expressing L. pneumophila at MOI of 1000.
Uptake and survival of Legionella was followed from 2-72h after the addition of the bacteria. Images showed correspond to 24 h time
point. Similar results were observed for 2 and 48 h. Group 1: protists that avoid taking up Legionella (pictures a and e). Group 2: protists
that expel Legionella packaged into pellets (pictures b and f). Group 3: protists that consume Legionella. The digestion of the bacteria
(pictures ¢, d, g and h) imparted a homogeneous red fluorescence on the digestive vacuoles, presumably caused by the release of mCherry

from the lysed Legionella cells. Scale bar represents 10 um.
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Figure 3 Protist grazers on L. pneumophila. Transmission electron micrographs of isolates S. palustris (a—c), Paracercomonas CWPL
(d-f) and Cercomonas MG33 (g—i) showing control preparations with ingested E. coli (a, d, g) and those fed with L. pneumophila JR32
(b, e, h) or L. steelei IMVS3376 (c, f, i). TEM micrographs were taken 48 h after the addition of Legionella to the protist. b: bacteria; DV:
digestive vacuole; e: extrusomes; m: mitochondria; N: nucleus. Black arrow indicates bacterial cell being digested. White arrow
highlights an autophagosome. See Supplementary Figure S5 for more evidence of cellular damage in S. palustris trophozoites grazing on

L. steelei.

L. pneumophila infection (Supplementary Figure
S1), we wanted to find out if the protist isolates
would consume other types of Legionella in the
same way that they consume L. pneumophila,
Serogroup 1. Therefore, we examined the interac-
tions of different L. pneumophila strains and
Legionella species (Supplementary Table S4) with
isolates S. palustris, Paracercomonas CWPL and
Cercomonas MG33. Co-cultures of each protist and
Legionella strain were established in sterile pond
water and monitored for protist growth and Legio-
nella consumption for 10 days (data not shown). We
observed that these protists were able to grow on
different virulent L. pneumophila strains and other
Legionella species but, surprisingly, the amoeba

S. palustris was killed by L. steelei strain IMVS3376.
Quantification of S. palustris GE confirmed that the
number of trophozoites significantly (P<0.0001)
decreased in the presence of L. steelei (Figure 4) in
a dose-dependent manner (Supplementary Figure
S2). In contrast, the dotA mutant of L. steelei was
consumed and supported growth of this amoeba at
all MOI used, as did heat-killed L. steelei cells (data
not shown). These results suggest that living, wild-
type L. steelei displays a cytotoxic response toward
S. palustris that requires a functional Icm/Dot
TFBSS secretion system and large numbers of
bacteria. On the basis of these preliminary results,
we focused our attention on the interactions
between S. palustris and Legionella.
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Figure 4 Growth of protozoan isolates S. palustris (a), Paracercomonas CWPL (b), Cercomonas MG33 (c) on L. pneumophila or L. steelei
as food source. Protist growth (a—c) and Legionella consumption (d—f) was quantified by real-time PCR by targeting 18 S and 16 S tDNA
genes, respectively. In total, 10* trophozoites were cultivated in 96-well plates with 107 cells of either L. pneumophila JR32 or L. steelei
IMVS3376 wild-type or dotA- mutant in pond water at room temperature. On successive days, the number of Genome equivalents (GE) of
protist trophozoites and Legionella was quantified by real-time PCR as described in Methods. Results shown correspond to the average of
three independent experiments. Error bars indicate s.d. ***Indicates significant (P<0.0001, ANOVA and Bonferroni) decline in the
number of trophozoites when compared with the control group (no bacteria).

To further investigate whether L. steelei was able to
kill S. palustris or inhibit its growth, we examined
membrane integrity of the trophozoites by staining
with PI, which is membrane impermeant and
excluded from viable cells, but enters dead cells,
binds to DNA and fluoresces. In co-cultures with
wild-type L. pneumophila, only 0.2% of the tropho-
zoites were PI positive. However, incubation with
L. steelei led to extensive cell rounding (starting at
~ 3 h after infection) and amoeba death; 55% and 70%
of S. palustris trophozoites became permeable to PI
after 72 or 96h of incubation with L. steelei,
respectively (Supplementary Figure S3). Similarly to
gPCR data, the L. steelei dotA mutant strain did not
result in staining by PI or cause cell rounding
(Supplementary Figure S3), suggesting that the cyto-
toxic effect requires a functional Icm/Dot TFBSS
secretion system. In order to distinguish whether the
amoebae were simply encysting rather than dying in
response to nutrient deprivation in the presence of
overwhelming numbers of indigestible L. steelei, we
performed a rescue experiment (Supplementary
Figure S4). Removal of L. steelei cells after 24h of
co-culture rescued 50% of Solumitrus trophozoites.
Actively grazing trophozoites were observed following
the addition of E. coli cells as prey, indicating viable
amoebae. Only 21% of amoebae could be rescued after
48h. In contrast, trophozoites could not be rescued
after 72h of incubation with L. steelei. Only ~0.5% of
the amoebae were able to grow on E. coli, indicating
that most of the amoebae had not encysted but were
dead by day 3 (Supplementary Figure S4).
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As wild-type L. steelei grew robustly within and
killed A. castellanii (Supplementary Figure S7), we
investigated whether intracellular multiplication of
L. steelei within S. palustris trophozoites is a cause
of amoebal death. Co-cultures of Solumitrus with
L. steelei were established and analyzed by qPCR
and TEM (Figures 3—4). We found no evidence of
L. steelei growing inside S. palustris. Real-time PCR
quantification revealed that L. steelei GE did not
significantly increase over time, indicating that the
bacteria failed to multiply inside the amoeba
(Figure 4). Moreover, replicative phagosomes were
not observed in S. palustris trophozoites by TEM
examination (Figure 3). Remarkably, at 48 h of co-
incubation, S. palustris trophozoites exhibited
autophagosomes (Figure 3) and clear evidence of
cell damage such as less granular cytoplasm
(Supplementary Figure S5), damaged mitochondria
and large vacuoles enclosing membranous whorls
and granular masses of degraded cytoplasm
(Supplementary Figures S5). In contrast, S. palustris
grazing on L. pneumophila strain JR32 contained
vacuoles where Legionella was consumed in a
manner similar to digestive vacuoles containing
E. coli prey (Figure 4). Cytotoxicity of wild-type
L. steelei was dependent on the bacteria:protist ratio.
Ratios lower than 100 were well tolerated and
supported a discrete growth of the amoeba with
negligible effects (Supplementary Figure S2). In
contrast, ratios >500 resulted in death of the
amoebae, with trophozoites exhibiting a large
number of autophagosomes. Although no cell



damage was observed for Solumitrus grazing on the
L. steelei dotA mutant, trophozoites also contained
autophagosomes (Supplementary Figure S6), sug-
gesting that the amoeba may use an autophagy-like
mechanism to digest bacteria under conditions of a
high ratio bacteria:amoeba. Autophagosomes were
not observed in amoebae starving for 48h or
amoebae grazing on L. pneumophila, regardless of
the bacteria:amoeba ratio, suggesting that this
response was specific of the interaction between
S. palustris and L. steelei.

Taken together, the qPCR data and microscopy
observations confirm that ingested L. steelei cells were
not able to productively infect S. palustris but were
toxic to this amoeba. The fact that small amounts of
L. steelei did not replicate intracellularly and were not
toxic suggests that the bacteria killed S. palustris by a
novel ‘food-poisoning’-like mechanism that is not
associated with intracellular multiplication.

L. pneumophila fails to translocate TFBSS effectors to
S. palustris

One possible reason that S. palustris is able to
predate L. pneumophila and L. steelei fails to grow is
that the TFBSS may not be able to function properly
in this context. In order to evaluate this possibility,
we measured the ability of L. pneumophila and
L. steelei to deliver effectors into S. palustris using a
TEM-1, p-lactamase hybrid protein (Figure 5).
S. palustris trophozoites were infected with wild-
type strains of L. pneumophila or L. steelei that
express TEM-1 B-lactamase fused to the effector
protein LegC5. The presence of the hybrid protein in
the cytoplasm of the amoeba was detected by
western blot. The presence of the TEM-LegC5 in
the cytosol is based on its ability to be extracted from

a
A. castellanii
dotA- JR32 Lste
S P S P S P
b )
S. palustris
dotA- JR32 Lste
S P S P S P
et ——— aE——

Figure 5 Translocation of hybrid protein TEM-1-LegC5 by wild-
type L. pneumophila strain JR32; L. steelei and dotA mutant into
A. castellanii (a) and S. palustris (b). Five hours after infection,
amoebae were harvested and lysed. Cell lysates were centrifuged
to separate the soluble fraction (S), consisting of the amoeba
cytosol and translocated effector proteins; from the insoluble
fraction (P), containing the internalized bacteria. Samples from
both fractions were analyzed by western blot using anti-TEM-1
antibody.
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infected cells by the non-ionic detergent, NP-40. This
detergent does not extract proteins from intact
bacteria but does extract proteins that are present
in the cytosol of amoebae. Translocation of
TEM-LegC5 to A. castellanii following infection was
measured as a positive control. Infection with dotA
mutants expressing TEM-1-LegC5 was performed as a
negative control for translocation. As shown in
Figure 5, both Legionella species were able to
translocate proteins into A. castellanii. In contrast,
L. pneumophila failed to deliver the hybrid protein
into S. palustris; whereas L. steleei was able to
translocate only small amounts of the TEM-1- LegC5
protein. These data suggest that L. pneumophila is
unable to translocate effectors into S. palustris via the
Icm/Dot system. The fact that L. steelei translocates
TEM-1-LegC5 to S. palustris inefficiently may explain
why the bacteria cannot multiply intracellularly, and
its killing of the amoebae requires a high MOI.

Discussion

The acquisition of virulence-related traits by pathogens
with an environmental niche is poorly understood. It
has been proposed that L. pneumophila may have
acquired such traits as a consequence of selection
for survival and replication in free-living protists
(Molmeret et al, 2005). Thus, mechanisms that
originally evolved to confer resistance to digestion by
phagocytic protists may serve as virulence factors when
Legionella accidentally infects human macrophages.
As Rowbotham (1980) first reported the intracellular
multiplication of L. pneumophila in Acanthamoeba
spp. and Naegleria spp., numerous studies have shown
that over 15 different species of free-living amoebae can
serve as hosts for Legionella in vitro (Fields, 1996;
Valster et al., 2010). In contrast, to our knowledge, the
existence of protists that consume Legionella has never
been investigated. This study provides the first
experimental evidence of different environmental
protist morphotypes that prey on virulent strains of
L. pneumophila and other pathogenic species of the
genus Legionella, supporting the hypothesis that
predation by protozoa is an operative selective pressure
for the acquisition and maintenance of virulence-
related traits in these bacteria.

The structure of the protist communities in the
microcosms were determined both by the species
composition in each sample and the ability of
individual organisms to grow under the experimen-
tal conditions: nutrient availability and high con-
centration of L. pneumophila cells. Therefore, we
expected that only protists resistant to Legionella
would be recovered at the end of the experiment.
The structure of each eukaryotic microbial commu-
nity was analyzed by a RNA-based approach that
allowed us to detect primarily metabolically active
protists in the microcosms. DNA-based community
analyses identify microorganisms in environmental
samples regardless of their viability or metabolic
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activity (Stoeck et al., 2007). In contrast, as extra-
cellular RNA is much less stable than DNA, the
RNA-approach minimizes the problem of amplifica-
tion from extracellular DNA or nonviable cells.
Moreover, it has been shown that cellular rRNA
content increases with growth rate and decreases
with starvation (Stoeck et al., 2007).

The results in this study reveal new insights into
the response of environmental protist communities
to L. pneumophila. This species can exploit phago-
cytic protists as an environmental niche but
depending on the host, the outcome of the Legio-
nella-protozoa interaction may be different. In some
cases, Legionella resists the digestion and kills the
host, and in others, the protist digests the bacterium.
In both soil and fresh-water samples, the structures
of the protist communities were altered by
L. pneumophila. The abundance of most Amoebo-
zoa species was decreased, whereas the abundance
of Cercozoan and Heterolobosean morphotypes that
can consume Legionella as source of nutrition
increased. Thus, the enrichment of these protists
may result from the availability of an additional
source of food (Legionella) that only these morpho-
types are able to digest.

Heteroloboseans are amoebae, some with an
alternate flagellate state, that are common in soil,
freshwater and marine habitats. Two Heterolobosean
species (Naegleria lovaniensis and Willaertia
magna) have been reported to be partially resistant
to infection by L. pneumophila by avoiding uptake
of the bacteria (Declerck et al., 2005, Dey et al.,
2009). According to the authors, only 2% of the
trophozoites were infected after 72h. Two of the
Legionella-consuming protists (D5MG isolated in
this study) and S. palustris are indeed Heterolobo-
seans. Remarkably, they both are close relatives to
the Heterolobosean Naegleria fowleri, which can
serve as host for L. pneumophila (Newsome et al.,
1985), indicating unknown specificity determinants
in this prey—predator interaction. Cercozoa are
globally the most abundant and genetically diverse
predators in soil and include many of the most
abundant and, therefore, ecologically significant
soil, freshwater and marine protozoa (Cavalier-
Smith and Oates, 2012). This group includes mostly
amoeboid and flagellate protists. To date, no inter-
actions between Legionella and Cercozoans have
been reported. However, our data clearly show that
these protists have an important role in the life cycle
of Legionella as active predators. In accordance with
our results, a study that aimed to detect new
protozoan hosts for L. pneumophila showed high
prevalence of an unidentified Cercozoan clone in
samples from engineered water systems inoculated
with Legionella (Valster et al., 2010).

The facile isolation of protists that graze on
virulent strains of L. pneumophila provides unam-
biguous evidence of strong environmental selection
for traits that protect Legionella from predation such
as avoidance of phagosome-lysosome fusion. These
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traits are the same that confer virulence to Legio-
nella in humans. As amoebae and macrophages have
similar mechanisms of phagocytosis and killing of
their prey (Davies et al., 1991), mechanisms to avoid
digestion by amoebae or macrophages are also likely
to be similar. We have unambiguously demonstrated
that the amoeba S. palustris and the Cercozoans
Paracercomonas CWPL and Cercomonas MG33 are
able to consume virulent strains of L. pneumophila
within a few hours post co-cultivation. The singular
resistance of these protists to Legionella may be
explained by factors relating to the bacterium or the
protist. So far, the clearest growth defects of
Legionella within amoebae have been shown for
icm/dot mutants that are unable to evade
phagosome-lysosome fusion (Segal and Shuman,
1999), or mutants that lack a large subset of effectors
required for optimal growth in different hosts
(O’Connor et al., 2011). Clearly, despite a functional
TFBSS and complete repertoire of effectors, Legio-
nella is unable to evade phagosome-lysosome
fusion and survive within these protists. In fact,
TEM images of ultrathin sections of S. palustris,
Paracercomonas CWPL and Cercomonas MG33
grazing on L. pneumophila clearly showed that the
bacteria were being rapidly degraded within phago-
somes and did not establish a modified phagosome
inside these protists. Furthermore, gqPCR data
demonstrated that these protozoans significantly
decreased (2-3 log reduction) populations of
L. pneumophila in co-culture.

All the L. pneumophila strains (n=17) and
Legionella spp. (n=44) tested in this study were
unable to multiply within S. palustris, Paracerco-
monas CWPL and Cercomonas MG33. However, we
observed that Legionella isolates differed in their
susceptibility to consumption by these protists,
indicating unknown specificity determinants in
these predator—prey interactions. In particular,
L. steelei strain IMVS3376 killed the amoeba
S. palustris by a food-poisoning-like mechanism; a
cytotoxic response toward the protist that requires
a high number of bacteria and a functional TFBSS.

Digestion of L. steelei by S. palustris involves the
degradation of some bacteria in autophagosomes.
Recent studies demonstrate selective autophagic
degradation (xenophagy) of a variety of intracellular
pathogens including bacteria, viruses and protozoan
parasites (Knodler and Celli 2011; Levine et al.,
2011). Antibacterial autophagy can capture not only
cytosolic but also intravacuolar bacteria, by recogni-
tion of damaged phagosome membranes inflicted by
bacterial activities (Knodler and Celli, 2011).

L. steelei was originally isolated from the respira-
tory tract of a patient in Australia (Edelstein et al.,
2012). This Legionella species grows robustly in
amoebae but fails to multiply within macrophages,
although the bacterium is not killed (Supplementary
Figure S7), suggesting that L. steelei can also evade
phagosome-lysosome fusion in macrophages. Simi-
larly, Edelstein et al. (2012) have previously shown



that L. steelei failed to grow, but was not killed in
A459 human lung cell lines. As this species does not
grow axenically at 37°C (Edelstein et al., 2012),
failure to multiply within human macrophages may
be due to its restricted growth temperature. Though
not an apparent human pathogen owing to its
temperature growth restriction, L. steelei may repre-
sent an emerging human pathogen, as has been
suggested for other amoebal pathogens (Lamoth and
Greub, 2010).

Understanding how these protists graze on
virulent Legionella, and subvert virulence-related
traits, which promote intracellular growth in
susceptible hosts, will provide important informa-
tion about the roles of translocated effectors during
infection as well as anti-virulence adaptations in
protists that ensure continuity of remnant popula-
tions under selection by lethal pathogens such as
Legionella spp. In addition, identification of the
L. pneumophila genes that differ between success-
ful and unsuccessful strains will lead to testable
hypotheses for the mechanisms underlying their
resistance to predation.
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