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SUMMARY

Two-partner secretion (TPS) is widespread in the bacterial world. The pore-form-
ing TPS toxin ExIA of Pseudomonas aeruginosa is conserved in pathogenic and
environmental Pseudomonas. While P. chlororaphis and P. entomophila displayed
ExlA-dependent killing, P. putida did not cause damage to eukaryotic cells. ExIA
proteins interacted with epithelial cell membranes; however, only ExIAP
induced the cleavage of the adhesive molecule E-cadherin. ExIA proteins partici-
pated in insecticidal activity toward the larvae of Galleria mellonella and the fly
Drosophila melanogaster. Evolutionary analyses demonstrated that the differ-
ences in the C-terminal domains are partly due to horizontal movements of the
operon within the genus Pseudomonas. Reconstruction of the evolutionary his-
tory revealed the complex horizontal acquisitions. Together, our results provide
evidence that conserved TPS toxins in environmental Pseudomonas play a role in
bacteria-insect interactions and discrete differences in CTDs may determine their
specificity and mode of action toward eukaryotic cells.

INTRODUCTION

Bacterial evolution is largely driven by horizontal gene transfer (HGT) between populations thriving in the
same habitats (Gomez-Valero and Buchrieser, 2019; Koonin, 2016). Bacteria from the genus Pseudomonas
are ubiquitous on earth because of their extraordinary capacities to adapt to diverse niches. Pseudomonas
species are associated with plants and animals and are frequently found in the proximity of human activities
(Silby et al., 2011). Pseudomonas aeruginosa is a human opportunistic pathogen that causes high-cost health
problems notably due to the increasing number of multi-drug resistant strains. The World Health Organiza-
tion [WHO)] classified carbapenem-resistant P. aeruginosa in the high-priority category of bacterial pathogens
for which there is an urgent need to define new antimicrobials (Organization, 2019). In addition to a panoply of
surface-attached and exported virulence factors, some clinical P. aeruginosa strains use a pore-forming toxin
Exolysin (ExIAT?) for efficient host cell destruction and infectivity (Elsen et al., 2014; Reboud et al., 2016). ExIA-
positive P. aeruginosa represents around 2% of the strains present in clinical cohorts and is more frequent in
aquatic environments (Reboud et al., 2016; Wiehlmann et al., 2015). Examination of the genetic environment
of exIA homologs identified in different Pseudomonas species and their species-specific regulation led to a
speculation that the operon has been acquired through HGT (Trouillon et al., 2020).

ExIA is exported by a cognate outer-membrane transporter, ExIB (Basso et al., 2017), and the two proteins
belong to a two-partner secretion (TPS) system, also known as a type 5b secretion system (T5bSS) (Guerin
et al., 2017; Nash and Cotter, 2019a, 2019b). ExIA shares the common TpsA domain architecture (Guerin
etal., 2017), comprising Sec and TPS signals at the N-terminal part of the protein, central repeated filamen-
tous hemagglutinin domains (FHA), and a C-terminal domain (CTD) that carries the activity. ExIB contains
the conserved “loop 6" of the Omp85 family defined by the conserved arginine and aspartate of the (V/I)
RG(Y/F) and (G/F)xDxG motifs of the FhaC family of TpsB proteins (Yeo et al., 2007; Maier et al., 2015).
Based on the molecular studies of model systems, TpsA and TpsB proteins are first translocated across
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There, TpsB is inserted into the outer membrane and forms a B-barrel that has channel activity. TpsA
remains in an extended conformation in the periplasm and interacts with periplasmic chaperones (Baud
et al., 2009; Johnson et al., 2021) and with the two periplasmic POTRA domains of its TpsB partner
(Delattre et al.,, 2011; ur Rahman et al., 2014), which opens the pore and starts the translocation of
TpsA across the outer membrane. Once it reaches the cell surface, TpsA starts to fold into a B-helix
and the TPS domain is thought to initiate the folding (Jacob-Dubuisson et al., 2004; Nash and Cotter,
2019a, 2019b). TpsA proteins have different activities and are classified in families of adhesins, prote-
ases, contact-dependent growth inhibition proteins (Cdi), and cytolysins/hemolysins. ExIA belongs to
the cytolysin/hemolysin family, with ShIA of Serratia marcescens, HmpA of Proteus mirabilis, EthA of
Edwardsiella tarda, or HhdA of Haemophilus ducreyi as representatives (Guerin et al., 2017; Jacob-
Dubuisson et al., 2013).

The three-dimensional structures of the TPS and FHA domains have been reported for several TpsA
proteins of different classes (Clantin et al., 2004; Guerin et al., 2017; Weaver et al., 2009; Yeo et al,,
2007; Zambolin et al., 2016). The P. aeruginosa ExIA (ExIAP?) CTD folds in a so-called molten globule
without any recognized structural features. The “molten globule” fold was proposed to facilitate the
incorporation of the protein in the host lipid bilayer where it forms a pore of defined size (Bertrand
et al., 2020; Faudry et al.,, 2007). The consequences of the pore formation are immediate influx of
Ca?" ions within the host cytoplasm and the activation of the host metalloprotease ADAM10, which
in turn cleaves the main cell-cell junction protein E-cadherin (Maretzky et al., 2005). In vivo, the ExIA-
dependent cleavage of E-cadherin results in bacterial dissemination and hemorrhagic pneumonia
(Bouillot et al., 2020; Elsen et al., 2014). The presence of exIBA-like operons in Pseudomonas species
other than P. aeruginosa that are non-pathogenic for humans suggested that this TPS may play a
role in the infection of other organisms, prokaryotes or eukaryotes, as it was recently suggested for
Pseudomonas protegens (Vesga et al., 2020).

Here, we examined 191 ExIA sequences retrieved from publicly available databases. The overall amino acid
sequence identity of proteins was distributed unevenly throughout the protein sequences. Furthermore,
the subclass of ExIA proteins present in the natural fly pathogen P. entomophila (ExIA™) and other soil-
dwelling Pseudomonas exhibited CTDs that were shorter and differed in sequence compared to the
ExIAP class. The analyses of the expression and functionality of ExIA homologs in strains of
P. chlororaphis (ExIAF9), P. putida (ExIAPP), and P. entomophila (ExIAP®) and their comparison with the
well-characterized P. aeruginosa ExIA identified similarities and differences between their structures and
activities in vitro toward the eukaryotic cells and in vivo in infection of their specific hosts. Comparative ge-
nomics and phylogenetic analyses allowed to gain insight in the origin and evolution of these genes in the
different Pseudomonas species.

RESULTS
TPS exolysins display divergent CTDs across Pseudomonas species

Our previous study analyzing the promotor sequences and regulation of the ex/BA operon identified ex/BA
sequences in 466 Pseudomonas strains among the over 4,800 Pseudomonas strains present in the Pseudo-
monas database (Trouillon et al., 2020). This intriguing finding led us to investigate here the sequences and
the function of the corresponding proteins in selected, commonly used strains of the species
P. entomophila, P. putida, and P. chlororaphis that can be genetically manipulated. Interestingly, although
the sequence of the overall ExIA protein is conserved in all species, it differs among domains. The TPS
domain is 82% conserved, whereas the FHA domains are only 34% conserved and exhibit two different re-
gions in which indels are present. The highest divergence is present in the CTDs as they are only 9%
conserved (Figure 1A). Importantly, the ExIAPP-CTD lacks 118 residues compared to the CTDs from its
homologs in P. aeruginosa and P. chlororaphis (Figures 1B and S1), due to a fragment missing inside the
CTD of P. putida strains. Similarly, a deletion is present in strains of the species Pseudomonas parafulva
and Pseudomonas rhizosphaerae (Figure S2). In P. entomophila strains, the ExIAPe-CTD is even shorter
as it comprises only 121 or 168 residues in strains L48 and 2014/1257, respectively, compared to 287 amino
acids for the CTDs in P. aeruginosa and P. chlororaphis PA23. Despite the difference in sequence conser-
vation, the global conservation of the exporters TpsB/ExIB (between 42 and 69% identity) in the four spe-
cies studied within this work is considerably higher than that of the exported protein TpsA/ExIA (Figure 1C
and Table S4), suggesting that, while the TPS export is conserved, the substrates may have evolved to
perform different activities.
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Figure 1. Conservation of ExlA-like proteins in different Pseudomonas species

(A) Domain arrangement of ExIA proteins in indicated bacteria. The numbering of amino acids corresponding to each
protein domain is shown. SP, signal peptide; TPS, two-partner secretion domain; FHA, filamentous hemagglutinin
repeats; CTD, C-terminal domain. Amino acid identity between domains are shown in %.

(B) Alignments of two types of ExIA CTDs: ExIA from P. aeruginosa IHMA87, P. chlororaphis PA23 and P. putida KT2440
(upper panel) and ExIA from P. entomophila L48 and ExIA from soil-Pseudomonas species (bottom panel). The end of
the last predicted FHA is indicated in orange box. Note the large deletion within the CTD of the ExIAPP protein. The
alignment of entire proteins from the four species studied is presented in Figure S1.

(C) Amino acid identity (%) of ExIA (in orange) and ExIB (in yellow) proteins between different Pseudomonas spp. See also
Figure S1 and Table S4.

Eukaryotic cells are sensitive to ExlA-like proteins from various Pseudomonas species

Virulent clinical isolates of P. aeruginosa secreting ExIAP? display cytotoxicity for a variety of eukaryotic cells
by forming pores in the host plasma membrane, leading to altered K* and Ca®" signaling, cleavage of cell-
cell junctions, and cell death (Basso et al., 2017; Reboud et al., 2017). To assess whether orthologs of ExIAP2
in P. chlororaphis, P. entomophila, and P. putida are also able to provoke the eukaryotic cell death, we co-
incubated these different strains with A549 or J774 cells and measured the kinetics of incorporation of the
membrane-impermeable dye propidium iodide (Pl) into DNA using the fluorescence emission at 590 nm as
a read-out for cytotoxicity (Figure 2). First, we tested several P. chlororaphis strains isolated from diverse
environments (Key resources table and Figure S4). All displayed comparable levels and kinetics of cytotox-
icity on both cell types, similar to what has been reported for the reference strain P. chlororaphis PA23 for
which cytotoxicity has been shown to be ExIB-ExIA dependent (Trouillon et al., 2020). No significant differ-
ence in the levels of cytotoxicity was observed between human and environmental isolates. The protein
content of secretomes of three P. chlororaphis strains, using mass spectrometry (MS)-based quantitative
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Figure 2. Cytotoxicity of various Pseudomonas strains on eukaryotic cells is ExIA-dependent

Cytotoxicity profiles on epithelial A549 cells and J774 macrophages of P. chlororaphis PA23, P. entomophila L48, and
P. putida KT2440 overexpressing exIBA in trans in pSW vector. Murine macrophages (J774, left panel) and epithelial cells
(A549, middle and right panels) were infected at an MOI of 10 at 30°C with different strains, as indicated. Cell death was
monitored by Pl incorporation. Fluorescence emission at 590 nm, expressed as arbitrary units (A.U.), was recorded over
indicated time post-infection (h). Immunoblot of secreted ExIA™ induced with different concentrations of arabinose and
detected by anti-ExIA™® antibodies are shown in the inner panel with loading controls (an unspecific western blot signal
for P. putida KT2440). Microscopy images (right panel) were taken after 2 h of infections with P. chlororaphis PA23 (Pch wt)
or 4 h of infection with P. entomophila L48 (Pe wt) and P. putida KT2440 expressing exIBA in trans (Pp + pSW-ex/BA™P) in
presence of 0.1% arabinose. One representative superposed image of transmission and Pl-fluorescence is shown for each
bacterium, with zoom on several selected cells showing incorporation of Pl. To note, the A549 cells infected by

P. chlororaphis lost cell-cell contacts. On the other hand, the A549 cells infected by P. entomophilaand P. putida + exIA™P
kept their initial shape while having incorporated the Pl within the nuclei. Scale bar represents 50 pm. Each experiment
was repeated at least three times. The representative graphs are issued from four technical replicates; means are
calculated and presented with corresponding standard deviation. See also Figures S3-S5, Table S2 and Table S3.

proteomics, showed that P. chlororaphis CIP63 and P. chlororaphis CIP75, like the reference strain
P. chlororaphis PA23, secrete the ExIA homologs in culture supernatants (Figure S3A and Table S2). Of
note, P. chlororaphis CIP63 secreted less ExIA, which correlated with a slightly lower cytotoxicity (Figure 2).

P. entomophila L48 is widely studied in the context of host-pathogen interactions using Drosophila flies
(Liehletal., 2006; Vodovar et al., 2005, 2006). It secretes three main virulence factors regulated by the global
GacS/GacA two-component regulatory system: the pore-forming toxin Monalysin, the protease AprA, and
the hemolytic Entolysin A, all contributing to the bacterial invasion and/or killing of the host (Opota et al.,
2011; Vallet-Gely et al., 2010b; Vodovar et al., 2005). To study the role of ExIA in eukaryotic cell lysis without
interference of Monalysin, the principal virulence factor, we inactivated P. entomophila exIAin a Amnland
AgacA background (Opota et al., 2011). As for P. chlororaphis, the secretome produced by these different
P. entomophila mutant strains was characterized by MS-based quantitative proteomics, and the relative
abundances of secreted proteins in each strain and between strains were compared (Figure S3B and
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Table S3). These results confirmed that ExIAP and Monalysin were both synthesized and secreted indepen-
dently and that GacA had no influence on ExIA”® abundance as judged from the secretome. The kinetics of
cytotoxicity on epithelial cells and macrophages of P. entomophila strains were delayed compared to
that observed with P. chlororaphis or P. aeruginosa strains. However, in all three genetic backgrounds
(wild-type, Amnl, AgacA), deficiency of ExIA abolished the capacity of the strains to induce necrosis of
the eukaryotic cell (Figures 2 and S4).

We then tested a collection of strains belonging to the P. putida complex (Key resources table and Fig-
ure S4), including the reference strain KT2440 which harbors the exIBA operon. None of the strains,
including KT2440, was cytotoxic, except one that was identified as P. mosselii (185886). To be able to study
the activity of the ExIA homolog in P. putida KT2440, we expressed the exIBA operon (PP_1449-PP_1450)
from the arabinose-inducible promoter. Upon induction by arabinose, ExXIA™ was readily detected in bac-
terial culture supernatants using antibodies raised against ExIA™ (Figure 2 inset), and the cytotoxicity
toward macrophages and epithelial cells increased with higher arabinose concentrations (Figure 2).

Microscopy analyses revealed different morphological changes on A549 cells during the infection with
these four species. Although P. aeruginosa- and P. chlororaphis-infected cells that were Pl positive de-
tached from each other and rounded up, the cell layer infected by P. entomophila or P. putida looked intact
and kept the cell-cell contact, despite the presence of Pl-positive cells (Figures 2 and S5). Together, these
results revealed that all four ExIA proteins cause permeability of eukaryotic cell membranes, but the mech-
anism leading to cell death seems different for P. entomophila and P. putida compared to P. aeruginosa
and P. chlororaphis.

ExIA proteins display different activities toward membranes and E-cadherin

As ExIAP? is a membrane pore-forming toxin that binds to liposomes and host membranes (Basso et al.,
2017; Bertrand et al., 2020), we tested whether the ExIA homologs can also be detected within infected
cell membranes. In particular, we analyzed the detergent-resistant membrane (DRM) fractions called lipid
rafts, enriched in cholesterol and sphingolipids, which are involved in protein sorting, signaling, and traf-
ficking (Simons and Vintiner, 2011; Simons and Gerl, 2010). Membranes of infected human epithelial cells
were separated using a sucrose density gradient centrifugation and the fractions were tested for the pres-
ence of ExIA proteins by immunoblotting. ExIAT" and ExIA™ were recovered only in the DRM fractions
containing the lipid raft marker flotillin-2 (Figure 3A), demonstrating interactions and affinities toward
host lipids similar to P. aeruginosa. In contrast, EXIA™ seems to be able to bind both DRM and deter-
gent-soluble membranes (DSM) with a preference for DSM. Surprisingly, ExIAP® did not co-fractionate
with DRM but was recovered in fractions containing DSM and cytoplasmic content (Figure 3A). To further
investigate the localization of ExIA™® during infection, we labeled host surface proteins with biotin and pu-
rified the labeled proteins using NeutrAvidin Agarose beads. This strategy allowed us to show that ExIA™®
co-eluted with the marker of membrane fractions, indicating that all four ExIA proteins are associated with
eukaryotic membranes (Figures 3B and S6).

The cleavage of the cell-cell junction protein E-cadherin is a hallmark of cellular perturbations caused by
the ExIA®? toxin upon activation of the host protease ADAM10 by Ca®" influx (Reboud et al., 2017).
ExIAP" also induced the cleavage of E-cadherin, producing a soluble C-terminal fragment of 30 kDa
(Figures 3A and Sé). Interestingly, neither ExIA™ nor ExIAP® induced E-cadherin cleavage. The fact that
E-cadherin stays intact upon infection by P. entomophila L48 or P. putida KT2440 is in agreement with
the observation that despite the detection of Pl within the cell nuclei there is a conservation of A549
cell-cell adhesion contacts (Figure 2).

Therefore, ExIAP has the capacity to associate with epithelial membranes, but its membrane anchor/inter-
action seems to be different compared to the three other Pseudomonas ExIA proteins that bind the lipid
rafts. As neither P. entomophila L48 nor P. putida KT2440 expressing ExIA™ induce the E-cadherin cleav-
age, we concluded that lipid raft association and E-cadherin cleavage are independent events.

Contribution of CTDs to toxin activity

In different classes of TpsA proteins and in many polymorphic toxins (Zhang et al., 2012), the functional
domain is located at the C-terminal part of the protein. Indeed, the ExIA® CTD harbors the pore-forming
activity (Basso et al., 2017). Considering the divergent sequences of the CTDs of ExIAP/ExIAPh, ExIAPP,
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Figure 3. Association of ExIA proteins with lipid rafts and cleavage of E-cadherin

(A) Sucrose gradient fractions of infected epithelial cell membranes. Epithelial cells (A549) were infected with

P. chlororaphis PA23, P. entomophila L48, P. putida KT2440 carrying pSW196-exIBA™, and P. aeruginosa IHMA87, used
here as positive control. Detergent-resistant membranes (DRM) containing lipid rafts were separated on sucrose gradient
from the detergent-soluble membranes (DSM) and the cytoplasm (C), as described in STAR Methods. Protein contents of
each fraction were separated on a gradient 4-12% acrylamide gel and analyzed by Western blotting using anti-ExIA"?
antibodies. Anti-Flotillin-2 antibodies were used to localize lipid raft fractions. Anti-E-cadherin antibodies were used to
assess the cleavage of the protein (full length, FL, and cleaved C-terminal fragment 30-kDa, Cter). Note that the

P. entomophila ExIA does not co-fractionate with DRMs. Both P. aeruginosa and P. chlororaphis ExIAs induced the
E-cadherin cleavage (highlighted in red boxes). Numbers on the top refer to the 12 fractions recovered from the top to
the bottom of the tubes containing sucrose gradient, while sizes of protein markers in kDa are shown on the right.

(B) Affinity purifications of whole plasma membrane-bound protein contents using surface biotinylation. After 2-3 h of
infections with P. entomophila or P. aeruginosa, used as positive control, the samples were biotinylated, and the whole
lysates were subjected to affinity purification on avidin resin. The fractions from different purification steps were analyzed
by Western blots using anti-ExIAP? antibodies, anti-E-cadherin antibodies as membrane control and anti-B-tubulin as
cytoplasm control. Not infected A549 cells were treated in parallel. Input, cell lysate; FT, flow through; W, four washing
steps; E, elution. *Non-specific signal revealed by the anti-ExIAP? antibodies. Note the presence of P. entomophila ExIA
together with full-length E-cadherin within membranes, and absence of soluble cleaved C-terminal fragment, readily
detected in sample from P. aeruginosa infection. See also Figure Sé.

and ExIA”®, we hypothesized that the difference between the protein families in the affinity and activity to-
ward membranes depends on their CTDs. To investigate their structure-function relationship, we designed
chimeras with switched CTDs ExIAPaNter-PeCTD gy A\PaNter-PPCTD gy | \PeNter-PaCTD 5 4 x| APeNter-PPCTD (gq
ure 4A), and introduced them into two host strains: P. aeruginosa IHMA87 AexIBA and P. entomophila
L48 AexIBA. We used ExIAP2™N™" previously described (Bertrand et al, 2020) and engineered the
P. entomophila protein lacking the CTD (ExIAPe=Nt*") (Key resources table and Table S1) as controls. All
chimeric proteins were synthetized and secreted at similar levels in the two bacterial backgrounds (Fig-
ure 4B inset). We then assessed the cytotoxicity of the chimeras on A549 cells. ExIAP2~N®" was non-cyto-
toxic toward epithelial cells as previously reported (Basso et al., 2017), yet both chimeras carrying CTDs
of P. entomophila or P. putida proteins restored the cytotoxicity, showing that the amino acid sequence
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Figure 4. Contribution of different protein domains to ExIA function

(A) Schematic representation of chimeric proteins with switched CTDs.

(B) Comparison of cytotoxicity on epithelial A549 cells of P. aeruginosa IHMA AexIBA and P. entomophila L48 AexIBA
expressing different chimeric proteins. Epithelial cells were infected at an MOI of 10 at 37°C without arabinose for

P. aeruginosa and at 30°C in the presence of 0.01% arabinose for P. entomophila. Pl incorporation was measured as
fluorescence emission at 590 nm. AUCs were calculated according to the linear trapezoidal rule and are expressed in
arbitrary unit. One-way ANOVA followed by a Holm-Sidak test was performed to determine statistically significant
difference. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), ns: not significant. Cytotoxicity was followed for each strain at least
three times in triplicates. Box plots show the median and standard deviation values.

(C) Microscopy images were taken during the infections with P. aeruginosa IHMA wild-type, IHMA Aex/BA expressing
exIBAP? (Pa), exIBAPa=Nter (paNten and the chimeric proteins (Pa™N®"-PeCTP, paNter_ppCT0) without arabinose and with

P. entomophila L48 wild-type, L48 AexIBA expressing exIBAPe (Pe), exIBAPe~Nter (peNten and the chimeric proteins
(PeNer-paCTP, peNter_ppCT0) in presence of 0.01% of arabinose. For each bacterium, a superposed image of transmission
and Pl-fluorescence is shown, with zoom at several selected cells. Scale bar represents 50 um. Cells were lysed after the
infection and proteins recovered in the lysate were separated on a gradient of 4-20% acrylamide Tris-glycine gel and
analyzed by Western blotting using anti-E-cadherin antibodies. Anti-B-actin antibodies were used as a loading control to
normalize E-cadherin bands. 100% correspond to the non-infected condition. CTD of Pa increases ExIA™® cytotoxic ac-
tivity but does not provoke the E-cadherin cleavage during P. entomophila infection, whereas ExIAP? chimeras with CTD
of P. entomophila and P. putida partially restores the ExIA"? activity. The experiment for cadherin quantification was
repeated three times; one representative western blot and quantification are shown.
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atthe CTD is important for the cytotoxicity and can be exchanged between the two CTD classes. Similar to
ExIAP? the absence of CTD in the P. entomophila protein (ExIAP®~N®" resulted in a reduced cytotoxicity.
Chimeric proteins are significantly different from full-length ExIAPe, with ExIAPeNter-PaCTP haing more active
and ExIAPeNter-PRCTD |o5q active than the native protein; however, they were both significantly more cyto-
toxic than ExlAPe=Nter,

As the E-cadherin integrity can serve as a read-out of the pore-forming activity of ExIA through ADAM10
activation, we tested its cleavage by immunoblot and imaged the infection process by microscopy.
None of the chimeric proteins in P. entomophila induced the cleavage of E-cadherin, nor cell-to-cell adhe-
sion rupture or cell rounding during infection (Figure 4C), although they all caused Pl incorporation. This
result shows notably, that the CTD of ExIAP? is not sufficient to form a pore in association with
ExIAPe=N®" On the contrary, in P. aeruginosa the ExIAP2=N*" chimeric proteins with CTD of P. entomophila
or P. putida induced partial cleavage of E-cadherin with the partial loss of cell-to-cell adhesion (Figure 4C),
showing that the presence of any CTD could partially restore the ExIA™? pore-forming activity. Together,
these results suggest that these ExIA orthologues may induce cell death through different mechanisms
and that the CTDs and N-terminal domains with FHA repeat domains define together the protein function.

ExlA-like proteins contribute to virulence in Galleria mellonella larvae and Drosophila flies

We then sought to determine the role and the activity of ExIA proteins in vivo, in known hosts or targets
such as fungi, amoeba, and insect larvae for P. chlororaphis (Kupferschmied et al., 2013; Pukatzki et al.,
2002) and Drosophila flies for P. entomophila (Opota et al., 2011; Vallet-Gely et al., 2010b). We first tested
the capacity of P. chlororaphis to inhibit the growth of the fungal plant pathogens Sclerotinia sclerotiorum
and Botrytis cinerea (Manuel et al., 2012; Savchuk and Dilantha Fernando, 2004), using radial inhibition as-
says on agar plates. No significant difference in growth inhibition of these two fungi was observed, showing
that the ExIA toxin does not participate in the fungicide activity of PA23 (Figure S7A). We then wondered if
ExIA could influence the growth of eukaryotic organisms such as amoeba. To test whether P. chlororaphis
could infect Acanthamoeba castellani, the cytotoxicity of P. chlororaphis cells was determined by using a
simple plating assay (Pukatzki et al., 2002). No difference in plaque formation was observed between wild-
type and AexIBA strains (Figure S7B).

P. chlororaphis strains possess oral and systemic insecticidal activity (Flury et al., 2016) and P. entomophila
is a natural entomopathogen (Vodovar et al., 2006). To assess whether there is a contribution of ExIA toxins
to insect killing, we used G. mellonella larvae and Drosophila melanogaster adult flies, as models. As we
previously reported (Trouillon et al., 2020), the wild-type strain PA23 efficiently kills G. mellonella larvae,
whereas the AexIBA mutant was significantly attenuated (Figure 5A inset). When other P. chlororaphis
strains were injected into the hemocoel of the larvae (approx. 6 x 10* CFU), mortality occurred within
18-26 h post-injection with typical changes in color of the larvae due to melanization, an immune response
of the larvae (Figures 5A, S8A, and S8B). The P. chlororaphis strain CIP75.23 was more virulent than the
CIP63.22T strain, in accordance with in vitro results on cytotoxicity and the higher amounts of secreted
ExIA (Figures 5A and S8), further suggesting a contribution of ExIA" to larvae mortality. We then tested
the ability of P. entomophila strains to kill G. mellonella using similar conditions as those established for
P. chlororaphis (approx. 6 x 10 CFU, incubation at 30°C). Both Amnl and AgacA mutants displayed atten-
uated Galleria killing compared to the parental strain, confirming the role of the pore-forming Monalysin in
this infection model. In both genetic backgrounds, the inactivation of ex/A resulted in significantly less viru-
lent strains (Figure 5A) with additive effects, confirming that the ExIA protein of P. entomophila plays a role,
although probably different than Monalysin and other GacS/GacA regulated genes, in establishing a path-
ogenic relationship with the host.

As P. entomophila was originally isolated from dead flies and is a natural pathogen for D. melanogaster
(Vodovar et al., 2005), we tested if ExIA contributes to D. melanogaster killing by feeding or pricking. As
previously reported (Opota et al., 2011; Vallet-Gely et al., 2010a), female flies fed with high doses of
P. entomophila died within 2-4 days, while in the same experimental conditions, P. chlororaphis PA23 pro-
voked low fly mortality over several days, independently of the presence of ExIA (Figure S8C). Surprisingly,
although single mutants of Monalysin and GacA were less virulent than the wild-type P. entomophila strain
(Opota et al., 2011), inactivation of the exIBA operon in these three genetic backgrounds had no impact on
bacteria-induced fly killing (Figure S8C, lower panel). Recent work by Vesga et al. showed that the
PPRCHAO_4278 gene encoding the TpsA/ExIA in P. protegens was induced when bacteria are injected

8 iScience 25, 104596, July 15, 2022

iScience



iScience ¢? CellPress
OPEN ACCESS

A P. entomophila P. chlororaphis
100 e - 100 < .
80 - & 80 A @’J
T & . T 5
X < X &8
= 60 1 — perss = 60 1
; o~ Pe 148 ex/A-mut ; 100 —— e Pch CIP 75.23
£ 40 { = PeAmnl S 40 4" —e— Pch CIP 63.22T
3 ~0— Pe Amnl exlA-mut a 3 = i —o— PBS
~#= Pe AgacA E"’ ~reheazy "
20 4 - Pe AgacA exIA-mut 20 {7 = e =M
— NI v n » m
0 i . . * ] 0 Iime pos(-infectlion (h) r r ‘ *
8 12 16 20 24 28 0 4 8 12 16 20 24
B
e e Time post-infection (h)
80 A -
s %/ ., i
é 60 - -
©
> —o— Pe 148 _
2 40 1 o peAexiBA - [ |
a 4~ Pe AgacA
20 { -~ PeAgacA AexiBA
—N |
0 54 =
0 4 8 12 16

Time post-infection (h)

Figure 5. ExIA contributes to killing of fruit fly Drosophila melanogaster and larvae of wax moth Galleria
mellonella

(A) Survival of G. mellonella larvae (N = 20) after injection of P. entomophila L48 strain (Pe) (left panel) wild type (green
cyan), Amnl(deep blue), AgacA (light green), and the respective ex/A-mut in open symbols. Infection with different strains
of P. chlororaphis (Pch) (right panel), reference strain PA23 wild-type and AexIBA are shown in inset panel. Other strains of
Pch are presented in Figure S8. Survival rates of the larvae are expressed as percentage (%). Larvae were injected with
approx. 6 x 10% bacteria in PBS, and let at 30°C. Control larvae were injected with sterile PBS.

(B) Drosophila melanogaster infection (N = 50) with indicated P. entomophila strain. Pe were injected into the thorax of
female Drosophila flies using a needle dipped into a bacterial suspension. The fly survival was monitored at room
temperature. P. entomophila L48 (filled circle), the single mutant Aex/A (open circle), AgacA (filled triangle), and the
double mutant AgacAAexIA (open triangle) were resuspended in sterile PBS corresponding to ODgqg of 20. For all ex-
periments, Log-rank test was used to determine statistically significant difference with p < 0.05 (*), p < 0.01 (**), p <
0.001 (***), p < 0.0001 (****), ns: not significant. Pricking experiment was repeated five times. See also Figures S7 and S8.

into the larvae hemocoel, in which the protein might have a specific role in evading the insect immune
system (Vesga et al., 2020). This prompted us to inject bacteria directly into the hemocoel of the fly and
to evaluate its contribution to virulence. Indeed, the contribution of ExIA was observed when using the
AgacA genetic background, in which the deletion of the exIBA operon resulted in significantly delayed
fly killing (Figure 5B). Together, our results showed that, in two different Pseudomonas species, the disrup-
tion of a gene encoding the TPS toxin ExIA reduced bacterial toxicity toward different insects revealing the
role of this TPS in pathogenic bacteria-insect interactions.

Comparative genomics of the regions containing exIA and exIB genes in different
Pseudomonas species suggests different evolutionary histories

To better understand the evolution of the exIBA operon in the different Pseudomonas species, we
examined their genomic context across pathogenic and environmental isolates of Pseudomonas (Fig-
ure 6 and Table S4). This revealed that, although ExIB"" and ExIA"" are highly similar in sequence to
the proteins of P. aeruginosa, the genomic environment of the operon is different compared to
P. aeruginosa but conserved when compared to P. protegens (Figure 6). Furthermore, the analyses
of three P. putida strains (reference strain KT2440 and strains S13 and E41) showed that genomic syn-
teny is conserved only on one side of the ex/BA cluster (Figure 6). Indeed, strain P. putida KT2440 is part
of a small group of strains with conserved synteny, but synteny breaks are present compared to the rest
of the P. putida strains analyzed (Figure S9). This clearly suggests that a genomic rearrangement took
place in the ancestor of the small group that contains among others the P. putida KT2440 strain. In

contrast, genomic synteny is completely lost when analyzing P. entomophila 2014 and the widely
used L48 strain (Figure 6).
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Figure 6. Graphical representation of the genomic context and BLASTn comparison of the region containing the
exIBA locus in selected Pseudomonas strains

Protein-coding regions are represented by arrows (yellow and orange arrows represent ex/B and exIA genes,
respectively). The gradient gray shading represents regions of nucleotide sequence identity (100%-66%) determined by
BLASTn analysis. Figures are drawn to scale using Easyfig 2.2.2 (Sullivan et al., 2011). See also Figure S9.

This first genomic comparison pointed to a complex history of the evolution of the exIBA operon in the
genus Pseudomonas. Thus, to better understand the evolution of the operon in the analyzed Pseudomonas
strains, we constructed phylogenetic trees of both ExIA/B proteins as well as a Pseudomonas species tree,
which allowed us to compare the species versus gene histories.

The evolutionary history of the exIBA operon in the genus Pseudomonas is complex

To analyze the evolution of the Pseudomonas species/strains containing ex/BA used in this study, we
constructed a phylogeny based on their core set of genes using Burkholderia cepacia strains as outgroup
(Figures 7 and S13). The phylogenetic tree we obtained is congruent with phylogenetic studies of the Pseu-
domonas genus published previously (Gomila et al.,, 2015; Garrido-Sanz et al., 2016; Peix et al.,, 2018;
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Figure 7. Pseudomonas species tree versus ExIA tree

In the upper right side of each tree, a small-condensed version is represented to clearly visualize the main clades. The main clusters of each phylogeny (A, B,
C, and D) are highlighted by a yellow square. Orange squares highlight the main P. entomophila clusters in each tree. Numbers beside each node represent
node support values: Gene support indices (GSls) for the species tree and percentage bootstrap values after 1000 bootstrap replicates for the ExIA tree.
Scale bar on the bottom of each tree indicates the estimated number of amino acid substitutions per site. Both trees are rooted using outgroup species:
Burkholderia cepacia strains in the case of the Pseudomonas species tree and Serratia marcescens for the ExIA tree. The branch leading to B. cepacia is
represented by a dotted line in the species tree, has been shortened to adapt the size of the figure, and does not represent the real distance. See also
Figures S2, S10-S13, and Table Sé.

Lalucat et al., 2020). The Pseudomonas species containing the exIBA operon are distributed in two main
clades: one containing among others P. chlororaphis, P. protegens, and P. fluorescens strains (Figure 7,
clade A), and a second one containing mostly P. putida and P. entomophila strains (Figure 7, clade B),
whereas P. aeruginosa strains localize outside these two main clusters. When we reconstruct the same
tree but include also Pseudomonas strains that do not contain the exIBA operon like done previously
(Trouillon et al., 2020) (Figure S13), the patchy distribution of strains containing ex/BA suggests that these
genes were acquired through HGT.

To gain insight into the evolutionary history of this locus in the genus Pseudomonas, we performed phylo-
genetic tree reconstruction of both proteins, ExIA and ExIB, using maximum likelihood and Bayesian infer-
ence. The trees obtained with the different reconstruction methods were similar for both proteins, indi-
cating that a strong phylogenetic signal is present on both sequences (Figures S10 and S11). Moreover,
the trees obtained from ExIA and ExIB were also highly congruent (Figure S12), which suggests that
both genes have been transferred together within the genus Pseudomonas, in agreement with their strong
co-occurrence in different Pseudomonas species and their functional relationship. However, the compar-
ison of the Pseudomonas species tree and the ExIA/ExIB phylogenies reveals many topological differences
between both trees (Figure 7), which suggests that HGT of these two genes between Pseudomonas spe-
cies/strains has also occurred. One of these main differences is the distribution of Pseudomonas species
in two main groups in the ExIA/B trees (clusters C and D, Figure 7) that do not correspond exactly to the
two main groups in the species tree (clusters A and B in Figure 7) in which one contains mainly P. putida
and some P. entomophila strains and the other one mainly P. aeruginosa, P. chlororaphis, P. protegens,
and P. fluorescens. Based on this analysis, the ExIA/B proteins encoded by P. aeruginosa are closer to those
of P. chlororaphis or P. protegens than to those of P. putida. This result is supported by both ExIA and ExIB
phylogenies with high support values, and it is also congruent with our previous sequence analyses
showing a higher amino acid identity between ExIA/B from P. aeruginosa and P. chlororaphis than with
that of the P. putida cluster. This suggests HGT of these genes between the ancestor of P. aeruginosa
strains containing the locus and Pseudomonas species of cluster A of the phylogeny (Figure 7).

Another main difference is the phylogenetic position of P. entomophila strains in the ExIA/B tree, in
which the group of P. entomophila L48 and P. mosselii does not cluster with P. putida strains but
with the P. fluorescens group. In contrast, the other two P. entomophila strains (2014/1257) analyzed
here cluster with P. putida strains like in the phylogeny of the genus (Figure 7). This result is also in
agreement with our previous observation of a higher amino acid identity and synteny between
P. putida and P. entomophila 2014/1257 strains in comparison to P. entomophila L48 and explains
the differences we observed between strain L48 and P. entomophila strains 2014/1257 in sequence
identity and synteny.

The exIBA operon has been acquired several times during the evolution of the genus
Pseudomonas

The analyses of the genomic context of the exIBA operon in the different Pseudomonas species revealed
that, upstream of exIB, the synteny is conserved in all species belonging to the clade B of the Pseudomonas
phylogeny (Figures 6 and 7), as the exIBA genes are situated always downstream the ytgC gene. However,
the strains belonging to the smallest cluster that contains P. entomophila L48 and Pseudomonas sp.
CCOS191 (orange square, Figure 8) is an exception. In these species, the exIBA genes localize in a different
genomic region. This is in agreement with the acquisition of the exIBA genes by HGT in the ancestor of
these strains, as predicted by our previous results. However, the observation that, in all other species
belonging to clade B, exIBA are downstream the ytgC gene suggests that the most parsimonious scenario
is that the exIBA cluster was also present in this region in the ancestor of the clade P. entomophila L48 and
Pseudomonas sp. CCOS191, and it might have been lost later. To test this hypothesis, we analyzed the
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Figure 8. Comparison of the genomic regions containing exIBA of Pseudomonas species belonging to the cluster L. entomophila L48/P.
sp. CCOS191 with selected species phylogenetically related to this cluster
(A) exIBA operon and its genomic environment in selected species.

(B) Genomicregion containing the ytgC gene, the genomic location of exIBA or exIAB operon in the species belonging to cluster B of Pseudomonas. Synteny
has been analyzed with the software GeneSpy (Garcia et al., 2019). Orange square indicates the cluster L. entomophila L48/P. sp. CCOS191. See also

Figure S2.

genomic context around the ytgC gene in the species of the P. entomophila L48 and Pseudomonas
sp. CCOS191 cluster. Most interestingly, except for strain P. entomophila L48, all strains belonging to
this cluster contained in this genomic location also sequences with partial homology to ex/B and exIA
genes (Figure 8). However, these exIBA homologous genes were shorter compared to the genuine ex/BA
genes in the same strains, and even fragmented in some strains (e.g., homologous of ex/A in strain
P. mosselii PtA1). Secondly, in these strains, the order of the genes is inverted with respect to the genuine
exIBA cluster. Thirdly, these homologs had a higher identity with other ex/BA homologs or genes located
downstream of ytgC in other strains of the clade B than to the genuine ex/BA genes from the same strain.
This clearly indicates a different origin for the two exIBA operons and their homologs close to ytgC. Indeed,
the analyses of all results suggest, as the most parsimonious scenario of evolution of these genes, that
although originally the exIBA operon was in the same gene location for all strains belonging to clade B,
these genes were duplicated in the species belonging to the small cluster containing P. entomophila
L48 and Pseudomonas sp. CCOS191 due to the acquisition of a second ex/BA cluster through an HGT event
resulting in exIBA xenologs. The presence of duplicated copies in these strains, the original orthologs of
exIBA and the acquired xenologs, probably led to a pseudogenization process of the original ortholog ex-
IBA operon that s still ongoing, except in strain L48 in which the original exIBA cluster has been completely

removed.
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DISCUSSION

In this work, we characterized several ExIB-ExIA TPSs encoded in genomes of environmental Pseudomonas
species that are non-pathogenic for humans. Originally annotated in the databases as secreted filamentous
hemagglutinins, adhesins or hemolysins, most of the Pseudomonas ExIA proteins share similar size
(150-170 kDa), conserved TPS domains and have a central part encoding FHA domains. Based on the pri-
mary sequences of the TPS domain and their smaller size, they can be phylogenetically separated from the
TPS adhesins, proteins with contact-dependent inhibition activity (CDIs) and other TPS proteins with iron-
acquisition activities (Guerin et al., 2017; Mazar and Cotter, 2007). Indeed, the P. aeruginosa ExIA groups
with the well-studied hemolysins ShIA from Serratia marcescens and PhlA from Photorhabdus luminescens.
Here we show that the family of Pseudomonas ExIA proteins can be further sub-classified into two groups
depending on their CTDs and activity toward host-cell membranes. ExIA proteins of P. aeruginosa and
P. chlororaphis incorporate within lipid rafts of epithelial membranes, which results in the cleavage of
the cell-cell junction protein E-cadherin. The cleavage occurs as a consequence of ExIA-dependent pore
formation, massive influx of Ca?* which activates in turn the host protease ADAM10 (Reboud et al,,
2017). E-cadherins are natural substrates of the ADAM10 metalloprotease and frequent targets of bacterial
pathogens through a variety of mechanisms (Huber, 2020). ExIA proteins of P. entomophila and P. putida
although being associated with epithelial membranes did not provoke any cleavage of the E-cadherin
protein, suggesting that the ExIA-dependent mechanisms leading to epithelial cell dysfunction or death
differ between the species analyzed here. There are many examples where polymorphic toxins, including
CDls from the TPS family, carry functions in CTDs (Ruhe et al., 2020; Zhang et al., 2012). We showed previ-
ously that the pore-forming activity of ExIA"? is contained in its disordered, molten globule CTD (Basso
etal., 2017; Bertrand et al., 2020). Indeed, the CTDs of P. chlororaphis and P. aeruginosa are 64% identical
and show the same functional activity, e.g., pore-formation, cell rounding during infection, cleavage
of E-cadherin, and both proteins incorporate into lipid rafts. In contrast, ExIA orthologs from
P. entomophila and P. putida have shorter CTDs, and their interaction with the host membranes is different,
e.g., there is no cleavage of E-cadherin and consequently no cell rounding, clearly suggesting different
modes of action. Small differences in amino acid sequences, notably divergent CTDs, may alter the capac-
ity of proteins to form pores within host membranes, probably through a different fold of molten globules.
However, there is a clear contribution of FHA domains in pore-forming activity of the protein, as the
chimera between the N-terminal of ExIAP® carrying CTD of ExIA™@ did not restore E-cadherin cleavage.

The P. chlororaphis and P. entomophila ExIA proteins contributed to toxicity in G. mellonella larvae. This
finding might open the possibility to modulate ExIA levels and to increase the use of these Pseudomonas
species in management of pest insects (Keel, 2016; Kupferschmied et al., 2013). Some entomopathogens,
such as Photorhabdus and Xenorhabdus strains, are currently used as bio-insecticides in agriculture thanks
to the activity based on the tripartite toxin complex (Tc) production (Liu et al., 2010) composed of TcdA/
TedB/TeeC (Yang and Waterfield, 2013). The P. entomophila strain analyzed here also possesses the genes
encoding TccC-type toxin and proteomic analysis identified the protein. Possible interactions or coopera-
tion of the Tcc toxin with ExIA in insect killing will be investigated further. Moreover, some entomopatho-
gens use the type VI secretion machinery (T6SS) to target insect microbiota (Vacheron et al., 2019). Coop-
eration between TPS substrates and toxins exported by different secretion machineries should be
considered as virulence of entomopathogens is multi-factorial (Keel, 2016). We can speculate that ExIA pro-
teins somehow contribute to the modulation of the host immune response by acting on macrophages,
as recently proposed for ExIA from P. protegens (Vesga et al., 2020, 2021). In P. aeruginosa, two regulatory
elements dictate exIBA expression: the activating Vfr/cAMP pathway and the Cro/Cl-like repressor ErfA
(Berry etal., 2018; Trouillon et al., 2020). Interestingly, none of the exIB promoters in different Pseudomonas
display conserved Vir DNA-binding sites and ErfA regulation was found to be P. aeruginosa-specific (Trouil-
lon et al., 2020), suggesting novel, species-specific regulatory pathways governing the activation of the ex-
IBA operons. The regulatory mechanisms governing expression of ex/BA TPS operons in different species
need to be investigated in the future, as the spatiotemporal expression of virulence factors may be essential
for invasion of insect hosts by bacterial pathogens. Furthermore, the molecular tools developed in this work
may allow the investigation of the mechanistic features of ExIA directly in their natural hosts.

Itis intriguing, that even if only some Pseudomonas species contain the ExIA/B proteins, they have evolved
different functions. Indeed, our evolutionary analyses demonstrate that the ex/BA operon has moved hor-
izontally within the genus Pseudomonas, explaining why the similarity values between ex/BA from different
species are not always congruent with the phylogenetic distance between them. We identified a first
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putative HGT event suggesting that the exIBA operon might have jumped between the ancestor of some
P. aeruginosa strains and some species of the cluster P. fluorescens/P. chlororaphis, although the direction
of the transfer cannot be established based on our results. A second transfer event has been identified in
the cluster of P. entomophila L48 and Pseudomonas sp. CCOS191, shedding light on the particularities of
exIBA from P. entomophila L48 strain compared to other P. entomophila strains. The phylogenetic results
predicted that the transfer occurred from one species of the cluster P. fluorescens/P. mandelii to the
ancestor of the P. entomophila L48/Pseudomonas sp. CCOS191 group. Interestingly, the analysis of the
genomic context of the ex/BA in these species led us to reconstruct the evolutionary history of the exIAB
operon in this cluster. Indeed, our results suggest that the acquisition of a second ex/ operon in the
ancestor of this group gave place to the disintegration of the ancestral exIBA genes through a gene erosion
process that is still ongoing.

Horizontal movement of the ex/BA operon is probably also responsible for the emergence of these TPSs in
the genus Pseudomonas, as suggested from the patchy distribution of exIBA genes on the Pseudomonas
phylogeny. The determination of the putative source of acquisition of this operon by different Pseudo-
monas species is out of the scope of this study. However, a homologous search by blast revealed a surpris-
ingly high sequence similarity of Pseudomonas ExIA with proteins from nematodes (46% identity and 87%
coverage with a hypothetical protein of the nematode species Dyploscapter pachys). Given that nema-
todes have been described as natural hosts of Pseudomonas, HGT between them is highly likely and should
be explored in the future. The acquisition of genes from a eukaryotic host, as it has been shown for Legion-
ella pneumophila (Gomez-Valero and Buchrieser, 2019), is an efficient way to integrate new functions, and
increasing adaptability in these organisms could also be possible for Pseudomonas.

Taken together, our analyses shed light on the dynamics of the ex/BA operon within the genus Pseudo-
monas and demonstrated that HGT and genomic erosion shaped functional differences in the exIBA
operon from different species that might have been acquired from a nematode host.

Limitations of the study

In this study, we functionally characterized ExIA-like toxins in restricted and representative strains of
non-P. aeruginosa. Phylogenetic studies showed that strains differ greatly in the ex/BA sequences and their
genetic environment. More comprehensive functional approach could be applied to other strains to appre-
hend global diversity of ExIA functions.
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PA23

PA23 AexIBA
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CIP106718T
CIP110232T
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L48Dmnl
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L48AexIBA
L48DexIBA + exIBAP®

Reference strain, wild type

IHMA' collection, (Basso et al., 2017; Kos

etal., 2015)
Trouillon et al. (2020)
This work

This work

This work

This work

T. de Kievit, Loewen et al. (2014)
Trouillon et al. (2020)

Institute Pasteur Collection
Institute Pasteur Collection

Institute Pasteur Collection

Institute Pasteur Collection
Institute Pasteur Collection
Institute Pasteur Collection
(Faccone et al., 2014)

CHU Besancon, France

B. Lemaitre, (Vodovar et al., 2006)
This work

B. Lemaitre, Opota et al. (2011)
This work

B. Lemaitre, Vallet-Gely et al. (2010a),2010b

This work
This work
This work

https://www.pseudomonas.com/strain

urinary infection, ExIA + strain

Deletion of exIBA operon

IHMA87 AexIBA with pSW1‘9<ﬁ>—e)<IBAPa in attB
site (TcR)

IHMAB87 AexIBA with pSW196-exIBAPNter in
attB site (TcR)

IHMAB87 AexIBA with pSW196—exIBAPa'N‘e’PeCTD
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IHMA87 AexIBA with pSW196-exIBAPaNterppcTE
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Partial deletion of exIBA

subsp. aureofaciens, isolated from Maas River clay
subsp. aurantiaca

subsp. piscium, isolated from distal intestine of
Perca fluviatilis

subsp. chlororaphis, plate contaminant
Soil isolate

Isolate from grated carrot

Human clinical isolate, Argentina
Human clinical isolate, France
Entomopathogen, wild type

Double mutant in mnl and exIA (GmR)
Deletion of a gene encoding Monalysin

Insertion of pINT in exIA gene locus PSEEN2177
(named exlA-mut) (Gm®)

Deletion of gacA

Double mutant in gacA and exIA (GmR)
Partial deletion of exIBA

L48 AexIBA with pSW1 96-exIBAP (TcR)
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L48DexIBA + exIBAPeN®" This work L48 AexIBA with pSW196-exIBA™* N (TcR)
L48DexIBA + exIBAPeN*"Pa<TP This work L48 AexIBA with pSW196-exIBA"e N P3P (TcR)
L48DexIBA + exIBAPeN*e"Pp<TP This work L48 AexIBA with pSW196-exIBAe Nt PoCTP (TcR)
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164217
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174761
185589
185733
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185886
186043
TOP10

E. Gueguen, Lyon
This work

Collection of NRC-AR,? Besancon, France
Collection of NRC-AR,? Besancon, France
Collection of NRC-AR,? Besancon, France
Collection of NRC-AR,? Besancon, France
Collection of NRC-AR,? Besancon, France
Collection of NRC-AR,? Besancon, France
Collection of NRC-AR,? Besancon, France
Collection of NRC-AR,? Besancon, France
Collection of NRC-AR,? Besancon, France

Invitrogen

P. putida, reference strain

KT2440 with pSW1 96-exIBAFP (TcR) expressing
exIBAPP

P. asiatica Human clinical isolate, France

P. plecoglossicida Human clinical isolate, France
P. putida Human clinical isolate, France

P. monteilii Human clinical isolate, France

P. monteilii Human clinical isolate, France

P. putida Human clinical isolate, France

P. monteilii Human clinical isolate, France

P. mosselii Human clinical isolate, France

P. putida Human clinical isolate, France

Laboratory strain used for cloning

Biological samples

Fetal Calf serum

Thermo Scientific

Cat# 10270-106

Chemicals, peptides, and recombinant proteins

NuPAGE LDS sample buffer 4x
Reducing Agent 10x

4-20% NuPAGE Tris-Glycine
Protease inhibitor cocktail
Triton X-100

Sequencing Grade Modified Trypsin
LB Broth Miller Luria Bertani
LB Agar Miller Luria Bertani
Rifampycin

Tetracyclin

Gentamycin

Irgasan

DMEM

Propidium iodide
Arabinose

PBS

EDTA

Sodium Orthovanadate
Okadaic acid
Acrylamide-Bisacrylamide
PVDF membrane 0.2um
R250 Coomassie blue
HEPES

EGTA

NaCl
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Thermo Scientific
Thermo Scientific
Thermo Scientific
Roche

Sigma

Promega

BD Diagnostic
BD Diagnostic
Sigma

Sigma

Sigma

Sigma

Life Technology
Life Technology
Sigma
Euromedex
Sigma

Sigma

Sigma
Euromedex
Amersham Hybond
BioRad

Sigma

Sigma

Sigma

Cat# 2201423
Cat# 221429

Cat# NP0321BOX
Cat# 11873580001
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Cat# 244610
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Cat# T7660-25G
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Cat# 10567014
Cat# P4864

Cat# A3256-100G
Cat# ET330-A
Cat# ED2SS-50G
Cat# 5086050001
Cat# 495604-25UG
Cat# EU0074-B
Cat# 10600021
Cat# 1610400
Cat# H3375

Cat# E4378

Cat# 71383
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REAGENT or RESOURCE SOURCE IDENTIFIER
Glucose Sigma Cat# G5767-500G
Saccharose Sigma Cati# S0389
NUPAGE 4-12% BisTris Thermo Scientific Cat# WG1402BOX
MOPS Sigma Cat# M1254-250G
PYG medium Eurobio Cat# PYG-500
TBS Euromedex Cat# ET220
Critical commercial assays

Cell Surface Biotinylation and Isolation kit Thermo Fisher Scientific Cat# A44390
Micro BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23235

Deposited data

Proteomic data This paper Dataset identifier PXD029397 on
www.proteomexchange.org

Experimental models: Cell lines

Epithelial cells A549 ATCC ATCC CCL-185

Macrophages cells J774A-1 ATCC ATCC BITé67

Experimental models: Organisms/strains

Drosophila melanogaster genotype w''"®in a Canton-S genetic
background

Galleria mellonella

Acanthamoeba castellanii

Sud-Est Appats
ATCC

http://www.sudestappats.fr
ATCC 1034

Software and algorithms

ImageJ

Adobe lllustrator CS6

SIAS tool

SyntTaxtool

Easyfig 2.2.2 software
UBCG pipeline
Probcons software

T-coffee

IQ-TREE 2
Prottest software

Mr Bayes 3.2.6

FigTreev1.4.3

Mascot

Xcalibur
Proline

Sigma Plot

Schneider et al., 2012
Adobe

Reche et al., 2008 - Universidad Complutense
de Madrid Facultad de Medicina Departamento
de Immunologia (Microbiologia I)

Oberto, 2013

Sullivan et al., 2011

Na et al., 2018

Do et al., 2005
Notredame et al., 2000

Minh et al., 2020
Darriba et al., 2011
Ronquist et al., 2012

FigTree

Matrix Science

Thermo Fisher Scientific
Bouyssié et al., 2020

Jandel Scientific

https://imagej.nih.gov/ij/
https://www.adobe.com/ca/products/
illustrator.html

http://imed.med.ucm.es/Tools/sias.html

http://archaea.u-psud.fr/SyntTax
https://mjsull.github.io/Easyfig/
https://www.ezbiocloud.net/tools/ubcg
http://probcons.stanford.edu/download.html

https://www.tcoffee.org/Projects/tcoffee/
index.html#DOWNLOAD

http://www.igtree.org/
https://github.com/ddarriba/prottest3
https://nbisweden.github.io/MrBayes/

download.html
http://tree.bio.ed.ac.uk/software/figtree/

https://www.matrixscience.com/cgi/search_
form.pl?FORMVER=2&SEARCH=PMF

Xcalibur™ Software - OPTON-30965
https://www.profiproteomics.fr/proline/

https://systatsoftware.com/sigmaplot

"International Health Management Association, USA.
2National Reference Center for Antibiotic Resistance.
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Ina Attrée, ina.attree@ibs. fr.

Materials availability

This study did not generate new unique reagents or insect lines.

Plasmids and bacterial strains generated in this study are available from the lead contact.

Data and code availability

The scripts used in this study are available upon request to the lead contact.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

The mass spectrometry proteomics data have been deposited in the ProteomeXchange (www.
proteomexchange.org) with the unique dataset identifier PXD029397 also reported in the key resources
table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Bacterial strains and culture cell conditions

P. chlororaphis PA23 (Loewen et al., 2014) was a gift from Terasa de Kievit, University of Manitoba, Canada.
P. aeruginosa IHMAB87 is an isolate from a urinary tract infection and was previously shown to secrete Exo-
lysin (Elsen et al., 2014). P. putida KT2440 was obtained from the laboratory UMR5240, Lyon, France.
P. entomophila L48 (Vodovar et al., 2005) and derivatives were obtained from Bruno Lemaitre's lab
(EPFL, Switzerland). Bacteria were grown in liquid LB medium (Becton Dickinson) at 28-30°C (for
P. entomophila, P. putida and P. chlororaphis) or 37°C (for P. aeruginosa) with 300 rpm agitation. After over-
night incubation, strains were diluted in LB medium to reach optical density measured at 600,,, (ODgqo) of
1.0at 30°C or 37°C, respectively. When needed, arabinose (0-0.5%, as indicated) was added to the growing
cultures in LB, and tetracycline 10 pg/mL was always added in LB and DMEM for P. putida and
P. entomophila cultures to maintain the replication of pSW196.

Epithelial lung carcinoma cell line A549 (ATCC CCL-185) and J774 macrophages were grown in DMEM (Life
Technologies) supplemented with 10% fetal calf serum (Lonza). For cytotoxicity test, cells were seeded at
1,25 x 10% cells per well for A549 and 10° cells per well for J744 on black pclear 96-well plates (Greiner) and
used 48 h later to obtain confluent monolayers. One hour before infection, medium was replaced by DMEM
without phenol red, supplemented with propidium iodide (PI, Sigma, 1 pM). For lipid raft experiments,
epithelial cell line A549 was seeded in four 94-mm Petri dish at one or 2 x 107 cells/dish and infected in
6 mL of fresh DMEM media. While for membrane purification only one 94-mm Petri dish was used. Cells
were infected with bacterial cultures grown until ODgyo of 1 (for P. aeruginosa, P. putida and
P. chlororaphis) or overnight culture (for P. entomophila) at a MOI of 10. Infections were performed in pres-
ence of 5% CO, at 37°C for P. aeruginosa or at 30°C for P. entomophila, P. chlororaphis and P. putida +
pSW196-exIBAPP_For P. putida 0.5% arabinose was added in the bacterial culture and 0.1% in the infection
dish to ensure ExIA expression. For all experiments infections were monitored by microscopy and stopped
when approximately 60-70% of the cells started to change the morphology and shrink (in the case of
P. aeruginosa and P. chlororaphis), or when >60% cells were IP positive in a control plate for infection
with P. entomophila and P. putida.

Acanthamoeba castellanii (ATCC 1034) was cultured at 30°C in flasks with 20 mL of PYG medium (2% pro-
teose peptone, 0.1%, yeast extract, 0.1% sodium citrate dihydrate, 0.4 mM CaCl,, 4 mM MgSQOy, 2.5 mM
NayHPO4, 2.5 mM KH,POy4, 0.05 mM Fe(NH4)2(SO4),, 0.1 M Glucose).

Drosophila and Galleria

Drosophila melanogasterflies (genotype w'"'®in a Canton-S genetic background) were maintained at 25°C

on standard yeast-containing fly medium. For oral infection we used 4- to 8-day old females, while acute
infection was done on 7- to 10-day old female flies.
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Galleria mellonella were purchased from Sud-Est Appats (73720 Queige, France) and held at room temper-
ature until used within two days maximal. Twenty randomly selected larvae were transfer in Petri dish and
used per group.

METHOD DETAILS
Genetic constructions

The plasmid used to inactivate the PSEEN2177 gene (exIA"®) was a gift from Isabelle Vallet-Galey (I12BC-
CNRS, Paris, France) and was used to construct the exIAP® mutant (named ex/A-mut in the main text).
The strain was verified by PCR and sequencing for transposon insertion. For the P. chlororaphis PA23
AexIBA (RS20945/950) mutant construct, a 900 bp fragment containing a deletion was synthesized by
Genewiz and subcloned in EcoRI-Hindlll of pEXG2, leading to pEXG2-Mut-Pchloro_exIBA. To obtain the
deletion of the P. entomophila exIBA operon, the pEXG2-Pe_Aex/BA was obtained by sequence and
ligation-independent cloning (SLIC) (Li and Elledge, 2007) using primers described in Table S5. The plas-
mids were transferred into P. chlororaphis or P. entomophila by triparental mating using pRK600 as a helper
plasmid. For allelic exchange, cointegration events were first selected on LB plates containing rifampicin
(25 pg/ml) and gentamicin (25 pg/mL) at 28°C. Single colonies were then plated on NaCl-free LB agar
plates containing 10% (wt/vol) sucrose to select for the loss of plasmid. The sucrose-resistant strains
were checked for gentamicin sensitivity and mutant genotype by PCR. For heterologous expression of ex-
IBA operons of P. entomophila and P. putida, the operons were synthetized by Genewiz and cloned in
pSW196 harboring arabinose-inducible promoter (Baynham et al., 2006). The P. entomophila operon ex-
IBAPe (PSEEN2177/PSEEN2176) was synthetized as an EcoRI-Spel fragment with a putative RBS of ex/BA
from P. aeruginosa PA7 (gatacatgaaggatgccgc). Additional Awvrll (cctagg) restriction site was created
around the codon for Leu'??, just at the beginning of the C-terminal domain (starting from Ala'?%%), without
change of the amino acid sequence. This Avrll site will be further used for the construction of the C-terminal
domain deletion mutant (ExIAPe~Nter) (by introducing the Ala1296Stop mutation) and the chimeric proteins.
The P. putida operon (PP_1450/PP_1449) was synthetized as an EcoRI-Sacl fragment with the putative RBS
of exIBA from P. aeruginosa PA7, this first construct pSW196-exIBAPP* did not expressed ExIA after arab-
inose induction. In this construct the RBS was positioned in front of exIB starting from TTG (Met') in agree-
ment with annotation at http://pseudomonas.com (Winsor et al., 2016). As the second Met, just five amino
acids apart, could also serve as a start codon, we deleted by site-directed mutagenesis the sequence en-
coding the first 5 residues (MRGAS). The resulting pSW196-ex/BAPP showed good expression and secretion
of ExIA after arabinose induction. The operon sequences were verified by sequencing.

Protein chimeras were designed to exchange the CTD of ExIAP with the Pe“™P and Pp°TP, and the CTD of
ExIAP® was exchanged by the Pa“™® and Pp“TP. Briefly, the sequence of each CTD was amplified by PCR
containing an additional 15-bp flanking region corresponding to the pSW196 vector cleaved with Avrll
and Spel (for the exIAP® chimeras) or Sacl and SrgDl (for the exIA”? chimeras). Subsequently the PCR prod-
ucts were directly used as templates for SLIC to generate the four pSW196-exIBA constructs (Table S1).
Primers are listed in Table S5.

All the genetic constructs (pSW196) were introduced into Pseudomonas strains by triparental mating using
pRK2013 or pRK600, as a helper plasmid. Transconjugants were selected on LB plates supplemented with
25 ng/mL irgasan and 75 pg/mL tetracycline (for P. aeruginosa), 25 ng/mL rifampicin and 40 pg/mL tetra-
cycline (for P. entomophila) and 25 pg/mL irgasan and 25 pg/mL tetracycline (for P. putida).

Cytotoxicity assays and microscopy

Cells were infected at a multiplicity of infection (MOI) of 10, unless otherwise specified. Pl incorporation was
followed by fluorescence measuring (excitation 544 nm/emission 590 nm) every 10 min with Fluoroskan Ascent
FL2.5 Microplate Fluorometer (Thermo Corporation), over indicated time post-infection. Data were pre-
sented as arbitrary fluorescence units (AU) as a function of time. Cytotoxicity assays of strains carrying chimeric
proteins were performed over 10 h at 30°C for P. entomophila in presence of 0.01% arabinose or 37°C for
P. aeruginosa without arabinose. For comparison between strains, the data were presented as area under
the curve (AUC) calculated according to the linear trapezoidal rule, expressed in arbitrary units (AU).

For microscopy, infections were done as described above and images were captured at the end of infection
on a LEICA DMIRE2 microscope with an ORCA-05G camera and with an N PLAN x20 numerical aperture
0.40 objective in transmission light and TRITC channel.
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E-cadherin cleavage

A549 epithelial cells were seeded on a 6-well plate in the same conditions as previously described. When
about 70% of cells were considered as dead, culture medium was removed, cells were lysed with a lysis
buffer (PBS 1x, 1 mM EDTA, 1% Triton X-100, Protease inhibitors (Roche), 1T mM orthovanadate and
50 nM okadaic acid) and scrapped. The suspension was centrifuged at 15,000 g during 15 min at 4°C
and the supernatant was recovered. Protein concentrations of the lysates were determined with Micro
BCA Protein Assay (Thermo Scientific™) using BSA as standard. Proteins (20 ng sample) were separated
by a 10% acrylamide gel, then transferred on to a PVDF membrane and revealed with E-cadherin (BD
transduction laboratories) or B-actin (Sigma) antibodies. Quantification of the bands was made with ImageJ
software, the amount of E-cadherin full-length was normalized to the amount of B-actin and expressed as
percentage referred to non-infected condition, considered as 100%.

Lipid raft isolation and western blotting

At the end bacterial infection, lipid raft fractions were purified as follows (Bertrand et al., 2020). Cells were
washed twice with 10 mL PBS, then scraped into 400 pL of 50 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM
EGTA, 1% Triton X-100 containing a protease inhibitor cocktail (PIC, Roche). Scraped cells were incubated
on ice for Th with frequent vortexing. Finally, cells debris were removed by centrifugation at 1 000 g for
10 min and solubilized materials were applied on the bottom of a centrifuge tube and a sucrose gradient
was applied on the top (typically 4 mL of 40% of sucrose containing the soluble fraction, followed by 5 mL
of 30% sucrose and 3 mL of 5% sucrose). Lipid rafts appear as a white cloudy bands below the 5% sucrose after
ultracentrifugation at 40,000 rpm for 16 h at 4°C using swinging-bucket SW41 Ti rotors. Fractions of 1 mL were
recovered from the top to the bottom of each tube and loaded on a gradient 4-12% Bis-Tris Gel (BioRad or
Thermo Fisher Scientific). For Western Blot analysis, the proteins were transferred onto a PVDF membrane
and incubated with different antibodies. A mixture of rabbit polyclonal anti-ExIA antibodies composed by an-
tibodies against three synthetic peptides designed from the ExIA sequence (dilution 1:500) (Elsen et al., 2014),
antibodies anti-Ex|A-Cter and anti-ExIA-Nter both diluted 1:1 000 '; for P. entomophila and P. putida exper-
iments only the antibodies anti-ExIA-Nter were used. Mouse antibodies anti-Flotillin-2 (BD Biosciences) were
used as lipid raft marker at a dilution of 1:10000 and E-cadherin Cter (36/E-Cadherin, BD Transduction Lab-
oratories) (1:5000) were used as membrane marker. Secondary antibodies anti-mouse-HRP (SIGMA) and
anti-rabbit-HRP (SIGMA) were diluted (1:10000) and (1: 50000), respectively.

Cytoplasmic membranes purifications

A549 cytoplasmic membranes were purified following the Pierce™ Cell Surface Protein Biotinylation and
Isolation kit protocol (Thermo Fisher Scientific). When more than 70% of the cells showed shrinkage (for
P. aeruginosa and P. chlororaphis) or were IP positive (for P. entomophila and P. putida), cells were washed
with 20 mL PBS and then incubated for 30 min at 4°C in 10 mL of Sulfo-NHS-SS-Biotin solution (all provided
in the kit). Labeling solution was then removed and cells were first washed with 20 mL TBS-ice cold twice,
then scraped in 20 mL of TBS-ice cold and finally centrifuged 3 min at 500 g. Cells pellet were resuspended
into 500 L lysis buffer (from the kit) containing protease inhibitors (Roche) and incubated 30 min onice. The
cell lysates were centrifuged at 15,000 rpm for 15 min at 4°C, the clarified supernatants (containing solubi-
lized membranes and soluble proteins) were incubated with 250 uL NeutrAvidin Agarose (from the kit) for
30 min at room temperature on a rocking platform. Resins were washed 4 times with 500 pL wash buffer
(from the kit), then biotinylated membrane proteins captured on the resin were eluted after incubation
for 30 min at room temperature with 200 pL of Elution Buffer containing 10 mM DTT. For immunoblotting,
20 pl of fractions from each step were mixed with NuPAGE LDS sample buffer 4x (Thermo Scientific) and
Reducing Agent 10x (Thermo Scientific), heated at 70°C for 10 min and loaded on a 4-20% NuPAGE Tris-
Glycine (Thermo Scientific) run in MOPS 1x buffer. Proteins were transferred onto PVDF membrane,
blocked overnight at 4°C in 5% non-fat dairy milk before revelation with polyclonal rabbit anti-ExIA-Nter
antibodies (dilution 1:1,000) (Basso et al., 2017; Berry et al., 2018). Monoclonal mouse E-cadherin-Cter
(36/E-Cadherin, BD Transduction Laboratories) (1:5000) and monoclonal mouse anti-B-tubulin (SIGMA)
(1:5000) antibodies were used to develop membrane or cytoplasm markers, respectively. Secondary anti-
bodies anti-mouse-HRP (SIGMA) and anti-rabbit-HRP (SIGMA) were used at 1: 50000 dilution.

Amoeba growth by plaque formation assay

100 pL of overnight bacterial culture were pelleted by centrifugation at 4000 rpm for 5 min and resus-
pended in 1 mL of M63 medium. 100 pL of this resuspension at ODggonm of 0.1 were spread on M63 Glucose
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0.2% agar plates to form a bacterial lawn. The plates were dried 20 min. Amoeba’s cells were collected by
centrifugation, washed once with M63 medium, and different numbers of amoebae cell in 5 uL. M63 were
deposited on the top of the agar plate. Plates were incubated at 30°C for 5 days. The least number of Acan-
thamoeba castellanii cells deposited above that was able to form plaque on the bacterial lawns was defined
as the minimum number of cells required for plaque formation in this study.

Galleria mellonella infection

Infections of Galleria larvae were done as described (Sentausa et al., 2020) with some modifications. The
bacterial dose of approx. 6 x 10° bacteria/injection was evaluated in preliminary experiment as such to
obtain larval mortality within 40 h post-pricking. 10 plL of bacterial in PBS solution were injected in the larvae
using an insulin pen. Incubations were done at 30°C and larvae were counted every 45 min. The death was
evaluated by the insusceptibility to touch with plastic tweezers. The dead larvae were removed from the
dish. The experiment was repeated at least twice.

Drosophila infections

For oral infection flies were starved in an empty vial before their transfer to a contaminated vial containing
the bacterial or uninfected solutions. P. chlororaphis PA23 (wild-type and the AexI/BA mutant) and
P. entomophila L48 wild-type, AgacA, Amnl and the corresponding exIA mutant were grown in LB at
28-30°C. Overnight bacterial cultures were pelleted and suspended into a sterile 1% sucrose solution
and adjusted to an OD,go of 100 corresponding to 1.4 and 6 x 10'° bacteria/mL for Pe and Pch, respec-
tively. 200 pL of bacterial suspension were added to a filter paper disk placed on the top of a standard
fly-feeding medium in the infected vials. Flies were then maintained at 29°C and the survival was monitored
over 2 weeks. Vials containing filter paper imbedded with 200 pL 1% sucrose alone were used as negative
control. Infection experiment was performed with 40-50 flies per conditions tested distributed as 10 flies
per vial.

For acute infection, flies were pricked with a thin needle previously dipped into the bacterial cultures pre-
pared from the exponential phase of growth, pelleted and suspended into a sterile PBS solution and
adjusted to an ODgqg of 20. The flies were anesthetized using CO, and placed on a CO; pad. The needle
was dipped into a drop of the diluted bacteria and the flies were pricked in the upper part of thorax
(Fauvarque et al., 2002). A drop of PBS was used as a negative control. Flies were maintained at 29°C
and the survival was monitored over 15 h. 50 flies were pricked per conditions tested and distributed by
set of 10 flies per vial.

Evolutionary analyses

The amino acid identity between ExIA/B from different species/strains of Pseudomonas was calculated
using both, the SIAS tool with default parameters (http://imed.med.ucm.es/Tools/sias.html) and blastp
comparison analyses. The synteny conservation of the genomic regions containing exIA/B was analyzed
on selected strains using both the SyntTax webserver (Oberto, 2013) and EasyFig 2.2.2 (Sullivan et al.,
2011). All completely sequenced Pseudomonas genomes (690) were downloaded from both
NCBI (https://www.ncbi.nlm.nih.gov/genome/) and the Pseudomonas genome database (https://www.
pseudomonas.com/) (Table Sé). We detected both exIA and ex/B homologous in 191 genomes that
were then selected for further analyses (Sheet 2, Table Sé). First, a species tree of Pseudomonas spe-
cies/strains containing exIAB was constructed using these 191 Pseudomonas genomes and two Burkholde-
ria cepacia genomes that were selected as outgroups for constructing the phylogeny. The tree reconstruc-
tion was based on 92 concatenated housekeeping genes and was built with UBCG (Na et al., 2018), which
uses MAFFT to create the multi-gene alignment and FastTree for computing the tree. Using the extracted
ExIA and ExIB sequences from each genome, we carried out phylogenetic reconstruction of these two pro-
teins. The sequence of each protein was aligned using PROBCONS (Do et al., 2005) and poorly aligned
positions were filtered using T-coffee (v.11) (Notredame et al., 2000) to keep only positions with scores be-
tween 8 and 9. The resulting alignment was used for phylogenetic reconstruction with two methods:
maximum likelihood and bayesian inference. Maximum likelihood phylogenetic trees were reconstructed
using IQ-TREE 2 (v2.1.1) (Minh et al., 2020) with the amino acid substitution model selected with ProtTest
(Darriba et al., 2011) based on the smallest Akaike Information Criterion. Branch supports were estimated
by means of 1,000 ultrafast bootstrap approximation replicates. Likelihood trees were also re-done adding
ShIBA proteins from Serratia marcescens. Bayesian analyses were conducted with MrBayes 3.2.6 (Ronquist
et al., 2012). Two independent runs with 12 chains each were calculated simultaneously for 1 million
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generations, sampling every 10 generations. The average standard deviation of split frequencies below
0.01 was used to ensure convergence of the runs. The probability values were generated after discarding
the first 25% of the sampled trees. Phylogenetic trees were visualized using Figtree (v1.4.3, http://tree.bio.
ed.ac.uk/software/figtree/).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistics

All statistical analyses were performed using SigmaPlot software. For cytotoxicity on A549 with chimera
proteins a one-way ANOVA followed by a Holm-Sidak test was performed. For survival experiments with
Galleria and Drosophila, a log rank statistic method was used.

Mass spectrometry-based quantitative proteomic analysis of secretomes

Overnight cultures of P. chlororaphis or P. entomophila done in triplicates were centrifuged 10 min at
13,000 rpm at 4°C to separate bacterial cells from secretomes. Laemmli denaturing buffer was added to
secretomes followed by a denaturation step by heating for 10 min at 100°C. Samples were analyzed by sil-
ver staining on SDS-PAGE (TGX precasted 8-16% acrylamide gels, BioRad). For mass spectrometry, the
proteins solubilized in Laemmli buffer were stacked in the top of a 4-12% NuPAGE gel (Invitrogen). After
staining with R-250 Coomassie Blue (Biorad), proteins were digested in-gel using trypsin (modified,
sequencing purity, Promega), as previously described (Casabona et al., 2013). The resulting peptides
were analyzed by online nanoliquid chromatography coupled to MS/MS (Ultimate 3000 RSLCnano and
Q-Exactive HF, Thermo Fisher Scientific) using a 140-min gradient. For this purpose, the peptides were
sampled on a precolumn (300 um X 5 mm PepMap C18, Thermo Scientific) and separated in a
75 um x 250 mm C18 column (Reprosil-Pur 120C18-AQ, 1.9 um, Dr. Maisch). The MS and MS/MS data
were acquired by Xcalibur (Thermo Fisher Scientific). Peptides and proteins were identified by Mascot
(version 2.6.0, Matrix Science) through concomitant searches against the NCBI database (Pseudomonas
chlororaphis strain PA23 taxonomy, June 2020 download) or the Microscope (Medigue et al., 2019) data-
base (Pseudomonas entomophila L48 taxonomy, January 2020 download), a homemade database contain-
ing the sequences of classical contaminant proteins found in proteomic analyses (human keratins, trypsin,
etc.), and the corresponding reversed databases. Trypsin/P was chosen as the enzyme and two missed
cleavages were allowed. Precursor and fragment mass error tolerances were set respectively at 10 and
20 ppm. Peptide modifications allowed during the search were: Carbamidomethyl (C, fixed), Acetyl (Pro-
tein N-term, variable) and Oxidation (M, variable). The Proline software (Bouyssié et al., 2020) was used
for the compilation, grouping, and filtering of the results (conservation of rank 1 peptides, peptide length
>6 amino acids, peptide score >25, allowing to reach a false discovery rate of peptide-spectrum-match
identifications <1% as calculated on peptide-spectrum-match scores by employing the reverse database
strategy, and minimum of one specific peptide per identified protein group). Proline was then used to
perform a compilation, grouping and MS1 label-free quantification of the identified protein groups based
on razor and specific peptides. The results were manually curated to invalidate peptides belonging to
deleted or mutated genes that were erroneously detected in the dataset. Intensity-based absolute quan-
tification (iBAQ) (Schwanhausser et al., 2011), values were calculated from MS1 intensities of razor and
specific peptides. The iBAQ values were normalized by the sum of iBAQ values in each sample, before aver-
aging the values of the three replicates to generate the final iBAQ value of each sample type. MS data have
been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (Perez-Riverol et al.,
2019) with the dataset identifier PXD029397.

26 iScience 25, 104596, July 15, 2022

iScience


http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/

	ISCI104596_proof_v25i7.pdf
	Genomic erosion and horizontal gene transfer shape functional differences of the ExlA toxin in Pseudomonas spp.
	Introduction
	Results
	TPS exolysins display divergent CTDs across Pseudomonas species
	Eukaryotic cells are sensitive to ExlA-like proteins from various Pseudomonas species
	ExlA proteins display different activities toward membranes and E-cadherin
	Contribution of CTDs to toxin activity
	ExlA-like proteins contribute to virulence in Galleria mellonella larvae and Drosophila flies
	Comparative genomics of the regions containing exlA and exlB genes in different Pseudomonas species suggests different evol ...
	The evolutionary history of the exlBA operon in the genus Pseudomonas is complex
	The exlBA operon has been acquired several times during the evolution of the genus Pseudomonas

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Supporting Citations
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Bacterial strains and culture cell conditions
	Drosophila and Galleria

	Method details
	Genetic constructions
	Cytotoxicity assays and microscopy
	E-cadherin cleavage
	Lipid raft isolation and western blotting
	Cytoplasmic membranes purifications
	Amoeba growth by plaque formation assay
	Galleria mellonella infection
	Drosophila infections
	Evolutionary analyses

	Quantification and statistical analysis
	Statistics
	Mass spectrometry-based quantitative proteomic analysis of secretomes





