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A predation assay using amoebae
to screen for virulence factors
unearthed the first W. chondrophila
Inclusion membrane protein

C. Kebbi-Beghdadi'?, L. Pilloux{®?, A. Croxatto?, N. Tosetti’, T. Pillonel ®* & G. Greub®'"

Waddlia chondrophila is an intracellular bacterium phylogenetically related to the well-studied
human and animal pathogens of the Chlamydiaceae family. In the last decade, W. chondrophila

was convincingly demonstrated to be associated with adverse pregnancy outcomes in humans

and abortions in animals. All members of the phylum Chlamydiae possess a Type Three Secretion
System that they use for delivering virulence proteins into the host cell cytosol to modulate their
environment and create optimal conditions to complete their life cycle. To identify W. chondrophila
virulence proteins, we used an original screening approach that combines a cosmid library with an
assay monitoring resistance to predation by phagocytic amoebae. This technique combined with
bioinformatic data allowed the identification of 28 candidate virulence proteins, including Wimp1, the
firstidentified inclusion membrane protein of W. chondrophila.

Waddlia chondrophila is an obligate intracellular bacterium belonging to the phylum Chlamydiae. This phy-
lum comprises the Chlamydiaceae family including several well-studied human and animal pathogens such as
Chlamydia trachomatis, Chlamydia pneumoniae and Chlamydia psittaci in addition to several other families of
Chlamydia-related bacteria. A recently published comparative analysis of this phylum, based on genomic data,
identified thirteen family level lineages of Chlamydia-related bacteria' which have been isolated from mammals,
fish or arthropods as well as other environmental samples®. Some of them are symbionts of protists while others,
such as Piscichlamydia salmonis, Parachlamydia acanthamoebae, Simkania negevensis or Waddlia chondrophila,
are emerging animal or human pathogens®”.

W. chondrophila was isolated twice from an aborted bovine fetus, once in the USA and once in Germany*®.
Since then it has been reported as a bovine abortigenic agent in several studies using both serological and molec-
ular methods®’. In humans, W. chondrophila is associated with adverse pregnancy outcomes, tubal infertility or
respiratory tract infections®'>. Consistent with its pathogenic potential, W. chondrophila is able to infect and
propagate in human macrophages, the first line of defense against infection, as well as in endometrial cells and
pneumocytes'!5,

Like all members of the Chlamydiae phylum, W. chondrophila exhibits a biphasic life cycle with the infectious
form, the Elementary Body (EB) entering the host cell and rapidly evading the endocytic pathway to establish a
replicative niche in a vacuolar compartment that is named the inclusion. EBs then differentiate into Reticulate
Bodies (RBs), the replicative form that divides by binary fission. At the end of the exponential growth phase, RBs
redifferentiate into EBs that lyse their host cell and are ready to start a new cycle's.

As a strict intracellular organism, W. chondrophila closely interacts with its host cell in order to create optimal
conditions for the completion of its life cycle. For this purpose, it secretes virulence proteins or effector molecules
into the host cell cytoplasm, mainly via its Type 3 Secretion System (T3SS). The T3SS is a syringe-like structure
spanning the inner and outer bacterial membranes as well as the inclusion membrane, thereby allowing direct
secretion from the bacteria into the host cell cytosol'”'8. The structural proteins forming the T3SS apparatus, as
well as the chaperones required for maintenance of the effectors in a secretion-competent state, are very well con-
served between distantly related bacteria encoding similar secretion systems and between all known members of
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the Chlamydiae. Indeed a comparative analysis of Chlamydiae T3SS genomic data indicates that genes encoding
the structural components and chaperones of T3SS are present in genomes of all members of the phylum'. T3SS
genes in Chlamydiae are split between four different loci, but the genetic organization is conserved, indicating
that this secretion system was probably already present in the common ancestor of these bacteria®!**. Despite
the high degree of conservation of T3SS structural components, effector proteins are very poorly conserved
between different bacterial species and are largely species-specific. Indeed, only a few T3SS effectors identified
in Chlamydiaceae have identifiable homologs in W. chondrophila'. T3SS effectors are usually either found at the
bacterial surface or are secreted into the host cell cytoplasm'”. In addition, some effectors localize to the inclusion
membrane, where their position at the interface between the bacteria-containing vacuole and the host cell is ideal
to facilitate their manipulation of the host. These T3SS effectors are called inclusion membrane proteins. A subset
of these proteins, characterized by a bilobed hydrophobic domain, are named Inc proteins (Incs). Dozens of Incs
have been bioinformatically identified or experimentally studied in Chlamydiaceae bacteria®'~>>, however only a
few of them have been carefully well characterized so far, mainly those of C. trachomatis. They mediate a wide
range of bacteria-host cell processes, including vesicular trafficking, microtubule modifications, interactions with
RAB GTPases and modulation of other host signaling pathways and cellular functions?*=*. In addition, Incs also
play structural roles and are important in enabling homotypic fusion of inclusions or for maintaining the stability
of the inclusion membrane®*,

The species specificity of Inc proteins and more generally of T3SS effectors probably reflects the very diverse
life styles of Chlamydiae bacteria. Indeed, W. chondrophila is able to enter and multiply in a broad range of hosts
including protists, insect, fish and mammalian cell lines'>****. Whereas the tropism of Chlamydiaceae bacteria is
mainly restricted to mammalian cells**>*¢. Furthermore, their trafficking in host cell is different. W. chondrophila
recruit mitochondria around their replicative vacuole and associate with endoplasmic reticulum'* whereas C.
trachomatis disrupt the host cell Golgi and intercept vesicular traffic to the plasma membrane to obtain lipids®”*.
The identification and characterization of virulence proteins of W. chondrophila will shed light on several impor-
tant aspects of the pathogenicity of these strictly intracellular bacteria and may help to understand how W. chon-
drophila subvert host cell pathways to their own advantage.

In the present work, we used a novel approach to identify W. chondrophila candidate virulence proteins. This
approach combines a genomic library in cosmids with a screen using a lysis plaque assay that monitors resist-
ance of cosmid-transduced E.coli to predation by phagocytic amoebae®. Indeed, several studies with intracellular
bacteria have demonstrated that genes required for resistance to predation by amoebae are also required for
replication or survival in mammalian phagocytes or even for causing diseases in animals*. Utilizing our orig-
inal and transferable screening approach, combined with bioinformatics analyses, we identified 28 putative W.
chondrophila virulence proteins. Focusing on one of them, hypothetical protein Wew_1131, we could highlight
its T3SS dependent secretion and characterize its gene and protein expression during the course of an infection
as well as its localization within the inclusion. Altogether, these results unveil Wimpl as the first W. chondrophila
inclusion membrane protein.

Results

Identification of Wcw_1131 as a potential virulence factor of W. chondrophila.  Acanthamoeba
castellanii are unicellular protists able to feed on E. coli and to create large lysis plaques in a bacterial layer.
Resistance to predation results in smaller or delayed plaque formation and correlates with virulence®*!-#. In
order to identify candidate virulence proteins, we performed a lysis plaque assay with E. coli transduced with
cosmids containing a genomic library of W. chondrophila. Amoebae were spread over a layer of E. coli harboring
different clones of the cosmid library and bacterial resistance to predation was visualized macroscopically and
compared to the E. coli reference strain (Fig. 1a). In a preliminary screening of 200 cosmids (the complete library
contains 1600 cosmids), we observed an increased resistance to predation by A. castellanii for 23 cosmids that
were sequenced and mapped to the W. chondrophila genome!? (Fig. 1b). These 23 cosmids of interest were further
analyzed for the presence of genes potentially involved in virulence, based on homology to known virulence
proteins, predicted domains and presence of predicted transmembrane regions or signal peptides. Twenty-eight
candidate virulence proteins were identified using this cosmid library screening (Supplementary Table S1) includ-
ing Mip (Wcw_0028), a conserved virulence factor encoded on the genome of all members of the Chlamydiae,
demonstrating the pertinence of this approach to identify virulence proteins of W. chondrophila. We also iden-
tified putative new virulence proteins, including a protein belonging to an uncharacterized protein family that
includes a number of plasmid-encoded virulence proteins (Wew_0023, Pfam uncharacterized protein family
UPF0137), a homolog of the Type IV secreted protein Hcp (Wew_0936), a hemolysin (Wcew_1828) and a hydro-
lase (Wcw_1835).

Among the 28 putative virulence proteins listed in Supplementary Table S1, we focused our interest on
hypothetical protein Wew_1131, that exhibits a Ras guanine-nucleotide exchange factors (Ras GEF) domain
(PF00617), a eukaryotic domain implicated in the activation of small GTPases such as those of the Ras super-
family*. This domain has been described in bacterial virulence proteins*® and indicates that Wew_1131 pro-
tein is probably able to interact with eukaryotic host proteins, with a putative role in virulence that needs to be
investigated.

Bioinformatic analyses suggest that Wcw_1131 is a virulence protein secreted by Type Il
Secretion System. Apart from its Ras GEF domain, hypothetical protein Wew_1131 does not display
any significant feature that could give hints about its function or localization during W. chondrophila infection.
This 74 kDa protein is strictly specific to W. chondrophila and has no identifiable homolog in any other bacteria.
According to the Interpro database, the Ras guanine-nucleotide exchange factors catalytic domain (IPR001895)
was identified in only 153 bacterial proteins in UniProtKB (versus 17784 eukaryotic proteins). Interestingly, most
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Figure 1. Predation assay using amoebae. (a) Resistance of E.coli harbouring W. chondrophila cosmid 4C02

to predation by amoebae is compared to resistance of E.coli containing the empty plasmid (Epil100). Gain of
toxicity resulted in smaller lysis plaques. 106, 10°, 10%, or 10° A. castellanii were spread over the bacterial layer.
(b) Cosmid 4CO2 was sequenced and mapped on the W. chondrophila genome. The genomic region covered by
this cosmid contains multiple Open Reading frames (ORFs) whose predicted function is not related to virulence
(yellow triangles). However, three genes encoding putative virulence proteins were identified in this genomic
region and highlighted in color: 1 =wcw_1131; 2 =wcw_1138; 3 =wcw_1143. For detailed analysis of these
genes, see Supplementary Table 1. (¢) Graphical representation of three different screenings of W. chondrophila
genome for virulence proteins. Hypothetical protein Wew_1131 is the only protein recovered in the three
screenings.

of these 153 proteins are encoded in the genome of known intracellular bacteria, including Chlamydiae spp.,
Legionella spp., Piscirickettsia salmonis, one Coxiella sp. and two Berkiella spp.*”*8. Wecw_1131 Best Blast Hits
(BBH) with the NCBI nr database are against eukaryotic proteins containing a Ras GEF domain (about 30%
identity in the Ras GEF domain region). Twenty other W. chondrophila-specific proteins exhibit a BBH against
eukaryotic proteins (Supplementary Table S2) and are thus likely to be implicated in bacteria-host interactions. In
addition, Wew_1131 protein is predicted in silico to be a Type 3 Secretion System effector by three different algo-
rithms: Effective T3, BPBAac and Modlab**-°!. Supplementary Table S3 shows the nine W. chondrophila proteins
predicted by these three algorithms to be T3SS effectors. Interestingly, Wew_1131 is the only protein retrieved in
the cosmid screen for virulence proteins that has a BBH against eukaryotic proteins and is predicted to be a T3SS
effector by the three algorithms mentioned above (Fig. 1¢). It has no predicted signal peptide or transmembrane
domain nor does it display the typical hydrophobic bilobed structure of chlamydial Inc proteins*?*.

Wcw_1131 is secreted by Type Ill Secretion System. As W. chondrophila is not amenable to genetic
manipulation, we assessed Type 3-dependent secretion of recombinant Wew_1131 in Yersinia enterocolitica, a
heterologous system that has, thus far, been successfully used to demonstrate secretion of chlamydial effectors,
including inclusion proteins®*=* In this assay, Y. enterocolitica Type 3 Secretion System is repressed or activated
depending on the presence or absence of calcium in the culture medium®. Full length Wew_1131 was cloned in
the low copy number plasmid pBAD-DEST49 that allows addition of a V5 epitope to the C-terminal end of the
protein. We used immunoblot to look at the presence of Wew_1131 and of the negative control SecA in bacterial
pellets and culture supernatants when the T3SS was activated or not (Supplementary. Fig. S2a). Wew_1131 was
retrieved in the supernatant only when the T3SS was activated. The non-secreted protein SecA was not detected
in the supernatant in any of the conditions. Congruent results were obtained in four independent experiments. To
exclude the possibility that presence of the protein in the culture supernatant was due to non-specific lysis of the
bacteria, cell viability was compared in both conditions by counting CFU. These results were further confirmed
when a chemically-synthetized specific T3SS inhibitor>® was added to the culture medium in T3SS-activated
conditions. Inhibitor addition resulted in a decrease of the amount of protein detected in the supernatant, while
the signal intensity in the bacterial pellet did not vary (Supplementary. Fig. S2a). Experiments with the T3SS
inhibitor were performed in triplicates and gave similar results. Signal intensities were measured with Image J
and the ratio of values detected in supernatant versus pellet fractions were calculated for each tested condition
(Supplementary. Fig. S2b). Data obtained in this assay suggested that secretion of Wew_1131 is dependent on a
functional T3SS. However, due to the low number of replicates as well as to the variability between immunoblots,
differences between the three conditions were not statistically significant.
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Figure 2. Type 3-dependent secretion of Wew_1131 in Y. enterocolitica. (a) Wew_1131 tagged with a V5
epitope was detected by immunoblot in the bacterial pellet (P) or in the culture supernatant (SN) of Y.
enterocolitica T3S-proficient (AHOPEMT) and T3S-deficient (AHOPEMT AYscU) strains. Two out of 6
independent experiments are displayed in this figure. Full-length immunoblots are presented in Supplementary
Fig. S1. MreB is a strictly cytosolic Y. enterocolitica protein. Its absence of detection in the supernatant
fractions demonstrates that the presence of Wew_1131 in these same fractions does not result from bacterial
lysis or contamination. (b) Same assay performed with the positive control C. trachomatis TepP. Full-length
immunoblots are presented in Supplementary Fig. S1. (c) Signal intensities were measured with Image J
software and the percentage of Wew_1131 secretion by Y. enterocolitica AHOPEMT or AHOPEMT AYscU
was calculated as the ratio between the amount of secreted and total protein. Results are the means and SD of 6
independent experiments. **p=0.0022.

In order to clarify these results, we used another Y. enterocolitica secretion assay that involves T3S-proficient
(AHOPEMT) and T3S-deficient (AHOPEMT AYscU) strains®. Full length Wew_1131 tagged with a C-terminal
V5 epitope was cloned in the low copy number plasmid pLJM3 where expression of the gene of interest is driven
by the promoter of the Y. enterocolitica YopE gene®*. We checked by immunoblot the presence of Wew_1131 in
bacterial pellets and culture supernatants from both Y. enterocolitica strains (Fig. 2a). Similar amounts of proteins
were detected in the bacterial pellets for both strains, indicating proper expression of the protein. Wew_1131
was detected in the supernatant of the T3S-proficient strain in all experiments (n=6). In the supernatant of
T3-deficient strain, Wew_1131 was either absent (n=3) or weakly detected (n=3). The C. trachomatis T3SS
effector TepP (translocated early phosphoprotein) was used as positive control in this assay (Fig. 2b)*”. Signal
intensities on immunoblots were measured with Image J and the percentage of secretion was calculated as the
ratio between the amount of protein in the supernatant fraction and the total amount of protein in pellet and
supernatant fractions. For Wew_1131, this percentage was significantly higher in the T3S-proficient strain than
in the T3-deficient one (Fig. 2¢c). The absence of the strictly cytosolic protein MreB in the supernatant frac-
tions demonstrates that the presence of Wew_1131 in these same fractions does not result from bacterial lysis or
contamination.

Altogether, results obtained in Y. enterocolitica demonstrated that secretion of Wew_1131 is dependent on a
functional T3SS.

wcw_1131 gene is expressed early during the course of a replication cycle. The transcriptional
pattern of gene wew_1131 was determined by qRTPCR at different time points following infection of Vero
cells with W. chondrophila. In this cell line, EBs differentiate into RBs as early as 3 hours post infection (pi).
Exponential multiplication occurs between 8 and 32 hours pi with a doubling time of about 80 min®%. RBs then
asynchronously re-differentiate into EBs that are released by host cell lysis. The replication cycle is completed in
about 48 hours!>*%. qRTPCR results were normalized at 48 hours pi using 16SrRNA gene as an internal reference.
The transcription profile indicates that wew_1131 gene is transcribed very early during the replication cycle with
a peak of RNA detected at 8 hours pi (Fig. 3a).

Protein expression was analyzed during the course of a replication cycle by immunoblot using a specific
anti-Wcw_1131 antibody (Fig. 3b). Unfortunately, no signal could be detected earlier than 32 hours pi prob-
ably due to the low abundance of the protein as well as to the weak sensitivity of this technique. Western
blot results indicated roughly similar levels of Wew_1131 at the different time points, with only a two-fold
increase at 48 hours pi as compared to 32 hours pi. However, our RNA analyses suggested that wew_1131 is an
early-transcribed gene and we expected the corresponding protein to be produced during the early phase of the
replication cycle. In absence of a detectable signal at time points 3, 8 or 24 hours pi, we could only speculate on
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Figure 3. Wcw_1131 is expressed during the early/mid phases of the W. chondrophila life cycle. wew_1131
transcriptional expression was analysed by gQRTPCR during the course of an infection in Vero cells and
normalized at 48 h pi according to 16SrTRNA gene expression. Results are the means and SD of three
independent experiments. (b) Wew_1131 protein expression was monitored by immunoblot during the course
of an infection in Vero cells (full-length immunoblot is presented in Supplementary Fig. S4). The signal intensity
measured with Image] was normalized according to the number of bacteria in the sample and expressed as
percentages of the maximum value. Results are the means and SD of three independent experiments.
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Figure 4. Wcw_1131 localizes at the W. chondrophila inclusion membrane during infection. Vero cells infected
with W. chondrophila were stained with a polyclonal antibody raised against Wew_1131 (green) and with

DAPI (blue) at different time points after infection covering the entire bacterial development cycle. White
arrows point at EBs (at 0 h post infection) or at small inclusions (at 8 and 16 hours post infection). (b) Vero cells
infected with Estrella lausannensis during 24 hours were incubated with anti-Wcw_1131 (green) and DAPI
(blue). Bar: 20 pm.

the temporal expression of Wew_1131. This matter was clarified when we performed immunostaining on W.
chondrophila-infected Vero cells to localize the protein. With this more sensitive technique, we could detect a
signal corresponding to protein Wew_1131 already at 8 hours pi. At this time point, the signal co-localizes with
bacteria in small inclusions (Fig. 4).

Wcw_1131 protein is located within the W. chondrophila inclusion membrane. Confocal images
of Vero cells infected with W. chondrophila and fixed at different time points during the replication cycle are pre-
sented in Fig. 4a. Protein Wew_1131 was stained in green with a specific mouse antibody and nucleic acids in blue
with DAPI. At 0h pi, bacteria could be detected by DAPI staining (white arrows) but not with the anti-Wcw_1131
antibody. At 8 and 16 hours pi, the signal corresponding to Wew_1131 co-localized with bacteria in growing
inclusions (white arrows). At 24 hours pi, the green Wew_1131 signal was clearly located in the membrane of the
bacteria-containing inclusions but it was still weakly co-localizing with RBs. At 48 hours, a pronounced staining
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Figure 5. Anti-Wcw_1131 antibody is specific to Wew_1131. Vero cells infected with W. chondrophila during
24 h post-infection were stained with anti Wew_1131 antibody (green) previously pre-incubated with increasing
amounts of (a) purified His-Wcw_1131 protein (respectively from left to right no antigen, 0.001 mg/ml, 0.01 mg/
ml and 0.05mg/ml) or (b) purified His_Wcw_1618, an unrelated protein (respectively from left to right 0.01 mg/
ml and 0.05 mg/ml). Samples were also stained with DAPI (blue) to visualize bacterial DNA. Bar: 20 pm.

of the inclusion membranes could be observed. In addition, the green signal was not associated with bacteria
anymore, indicating efficient secretion of Wew_1131. Contrarily to the well-described C.trachomatis homotypic
inclusion fusion®, multiple W. chondrophila inclusions do not systematically fuse together and several of them
could be observed in one single host cell. No green signal could be detected in non-infected cells or when using
the corresponding pre-immune serum (data not shown). However, the signal localized at the inclusion membrane
could be due to cross-reactions of the antibody with eukaryotic proteins that decorate the inclusion. To clarify this
point, we infected Vero cells with Estrella lausannensis, a distantly related bacterium of the Criblamydiaceae fam-
ily and stained the infected cells with the anti-Wcw_1131 antibody. As expected, no signal could be detected on
the membrane of E. lausannensis-containing inclusions (Fig. 4b). In addition, we performed competition exper-
iments by pre-incubating the anti-Wcw_1131 antibody with increasing amounts of purified Wew_1131 or of an
irrelevant protein before the immunofluorescence staining. Results presented in Fig. 5a clearly demonstrated
that the Wew_1131 signal is abolished following pre-incubation of the antibody with a sufficient amount of puri-
fied Wew_1131, while this is not the case when an unrelated protein is used in the competition assay (Fig. 5b).
These immunofluorescence data confirm that the green signal detected at the inclusion membrane is specific for
Wew_1131. This protein is thus the first described inclusion membrane protein of W. chondrophila. It was named
Wimpl for Waddlia Inclusion Membrane Protein 1.

Discussion
In this study, we have used an original approach to identify new virulence proteins of the emerging pathogen W.
chondrophila. We screened a W. chondrophila genomic library using the ability of E. coli expressing W. chondroph-
ila proteins to resist predation by amoebae. Several studies have demonstrated that the mechanisms involved in
resistance to predation by environmental phagocytes are also involved in resistance to phagocytic immune cells
and contribute to virulence in human or animal infections*®. Resistance to grazing by protists has thus been
widely used to identify virulence factors especially for extracellular bacteria*'-*>¢!. However, to our knowledge,
only a few studies report the use of E.coli transduced with a cosmid library as prey for amoebae**2. Our partial
screening of a W. chondrophila 1600 clones library resulted in the identification of 28 putative virulence proteins.
Among them was a recognized virulence protein, the Macrophage Infectivity Potentiator (Mip)®. In the present
study, we described one of these newly identified virulence proteins, hypothetical protein Wew_1131, as the first
protein demonstrated to localize to the inclusion membrane of W. chondrophila. We named it Wimp1 for Waddlia
Inclusion Membrane Protein 1. Given the genetic intractability of W. chondrophila we have used a heterologous
secretion assay to show that Wimpl1 is secreted through Y. enterocolita T3SS, indicating that it may be comparably
secreted through W. chondrophila T3SS. It is surprising that our screening approach using an E. coli strain that
does not express a T3SS led to the identification of a T3SS effector. It may be serendipitous, for instance, due to the
location of another virulence factor on the same cosmid, but it is also possible that Wimpl is acting as a virulence
factor in the context of amoebae feeding on E. coli expressing this protein even in absence of a T3SS. Indeed, the
Y. enterocolitica secretion assays indicated that a small proportion of Wew_1131 was secreted even when the
T3SS was absent (Fig. 2¢) or blocked (Supplementary Fig. S2). It is thus possible that this small proportion of
Wew_1131 is secreted by another secretion system and is sufficient to interfere with predation by A. castellanii.
Proteins secreted by intracellular chlamydiae to their inclusion membrane are often considered to be virulence
factors. Located at the interface between bacteria and host cell, they are very likely to play important roles in the
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interactions between the pathogen and its host and to allow the chlamydiae to subvert host cell pathways for
their own successful replication. Incs of Chlamydiae share little sequence similarities between each other but are
characterized by a hydrophobic bilobed domain®***. Wimp1 does not display this typical domain, however it may
possess other amphipathic characteristics or associate with a yet unknown protein allowing its localization in the
W. chondrophila inclusion membrane where it can interact with host cell components.

In silico predictions based on the typical bilobed hydrophobicity pattern of Incs identified up to hundred
putative Incs in chlamydiae but a core set of only 23 of them are shared between 5 different species belonging to
the Chlamydiaceae family**. Thus, despite the large number of host-pathogen interaction mechanisms expected to
be shared by all chlamydiae, there is little conservation of Incs between species. This suggests that these bacteria
have acquired different sets of eukaryotic-like proteins by horizontal gene transfer from their hosts and that Inc
proteins have evolved unique roles related to the bacteria host range. Only 6 of the 23 core Incs have homologs
in the genome of W. chondrophila, a feature that might reflect the large differences observed in host range and
survival mechanisms between Chlamydiaceae and Chlamydia-related bacteria®®.

Inc proteins extensively modify the chlamydial inclusion membrane and they sometimes represent up to
10% of the coding capacity of the bacterium?®. Surprisingly, even if Chlamydia-related bacteria have much larger
genomes than Chlamydiaceae, only a small proportion of their proteins exhibit the typical Inc bilobed hydro-
phobic domain. Indeed, only 23 proteins of Protochlamydia amoeobophila display this hydrophobicity pattern®.
However, it is very likely that multiple proteins also decorate the inclusion membrane of Chlamydia-related bac-
teria, particularly considering their broad host range and ability to resist digestion by amoebae. Since a signifi-
cant number of known Inc proteins of C. trachomatis exhibit some sequence similarities with specific eukaryotic
domains, we have searched the complete W. chondrophila ORFeome for protein sequences that are specific to this
bacterial species and have a best blast hit against eukaryotic proteins. This analysis allowed the identification of
21 putative inclusion membrane proteins specific to W. chondrophila. These proteins are considered to be first
secreted by the T3SS and then subsequently relocated in the inclusion membrane facing the host cell cytoplasm.
We demonstrated in the present study that Wew_1131 is indeed secreted by T3SS and located in the inclusion
membrane from 24 hours post infection. Five of the 21 W. chondrophila-specific proteins exhibiting a BBH against
eukaryotic proteins have a predicted N-terminal signal peptide allowing translocation across the inner membrane
by the Sec machinery. The presence of this signal peptide probably prevents secretion by the T3SS. Among the
16 remaining proteins, four, including Wew_1131, contain a Ras GEF or a Rho GEF domain. These domains are
thought to regulate Ras GTPases (or Rho GTPases) signal transduction. They have numerous effects on cellu-
lar differentiation and proliferation, cytoskeleton rearrangements, vesicular trafficking and nuclear transport®.
Interestingly, Ras GEF proteins are found only in Legionella, Piscirickettsia, Coxiella and Berkiella spp. as well as
in three Chlamydiae families: Parachlamydiaceae, Criblamydiaceae and Waddliaceae. All these bacterial species
are amoebae-resisting organisms. In addition, all the amoebal genomes included in RefSeq (n=10) encode pro-
tein(s) with Ras GEF domains. It is thus probable that genetic exchanges among intra-amoebal microorganisms
or between microorganisms and their amoebal hosts resulted in the acquisition of these Ras GEF proteins, since
amoebae are melting pots for gene exchanges®%”.

The transcription profile of gene wew_1131 revealed its early expression during the replication cycle sug-
gesting that the corresponding protein could interfere with early mechanisms of host cell response to infection.
Wew_1131 could play a role in the intra-amoebal survival of W. chondrophila, an ability probably related to the
rapid escape of the bacterium from the endocytic pathway and its replication in vacuoles in close association with
endoplasmic reticulum markers, such as calnexin'®. Similarly, intracellular survival of Legionella pneumophila
depends on the secretion of effectors by the Type 4 Secretion System that avoid phagosome-endosome fusion and
help Legionella to relocate with the endoplasmic reticulum. Some of these Legionella effectors have similar func-
tions in both amoebae and macrophages®”°. Alternatively, Wew_1131 could be implicated in the recruitment of
mitochondria around the W. chondrophila inclusion, an event that occurs very rapidly after bacterial entry in the
host!.

To conclude, this work reports the results of a screen for virulence proteins, using a W. chondrophila cosmid
library in E. coli in an assay monitoring resistance of these transduced bacteria to predation by amoebae. This
screening led to the identification of 23 cosmids harboring multiple genes and conferring resistance to E. coli.
Candidate virulence proteins present on these cosmids were further identified by bioinformatics analyses. So far,
only one of them was studied in detail, but this is a promising result, as we identified the first W. chondrophila
inclusion membrane protein. This species-specific virulence protein is secreted by the T3SS and located in the
inclusion membrane. Its temporal gene and protein expression indicate that it is produced at the beginning of the
replication cycle, probably in order to rapidly interfere with cellular processes and to establish favorable condi-
tions for W. chondrophila survival and replication. Further experiments are now needed to define its precise role
in the host-pathogen interactions.

Methods

Cell culture and bacterial strains.  Vero cells (ATCC CCL-81) were routinely maintained at 37 °C, 5% CO,
in high glucose Dulbecco’s modified minimal essential medium (DMEM, PAN Biotech, Aidenbach, Germany)
supplemented with 10% foetal calf serum (Gibco, Thermo Fisher Scientific, Waltham, USA). Waddlia chondro-
phila strain ATCC VR-1470 was grown at 32 °C within Acanthamoeba castellanii strain ATCC 30010 as described
elsewhere’!. For infection of Vero cells, bacteria were recovered from a 4 day-old amoebal co-culture and filtered
through a 5-pum filter (Millipore, Carrigtwohill, Ireland) to eliminate trophozoites and cysts.

Cosmid library and predation assay using amoebae. A W. chondrophila WSU86-1044 cosmid library
containing about 1600 clones and covering 53% of the genome was obtained in E. coli EPI100-T1® by Amplicon
Express (Pullman, USA). Briefly, W. chondrophila genomic DNA fragments of 20 to 40 kb (average size 30kb)
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were inserted in pWEB™ vectors and packed in bacteriophages, which were then used to transduce E. coli.
Cosmids were partially sequenced by Amplicon Express using T7 and M13 universal primers. They were not
evenly distributed along the genome but rather clustered in some hot spots regions.

The amoebal predation assay was performed on Acanthamoeba castellanii as described in Froquet et al.®’.
Briefly, overnight cosmid-containing E. coli cultures were diluted at 10® bacteria /ml and 500 pl were spread on
SM agar plates (1% glucose, 1% proteose peptone, 0.1% yeast extract, 4 mM MgSO,, 14 mM KH,PO,, 3.4mM
K,HPO,, 2% bacto agar). Acanthamoeba castellanii strain ATCC 30010 were grown at 25°C in PYG broth and
resuspended in PAS buffer as described in Jacquier et al.”!. 105, 10°, 10* and 10° amoebae were spotted on the
lawn of E. coli and plates were incubated for 3 days at 28 °C in a humidified atmosphere. Pictures were taken
with Alphalmager 3400 ™ (Alpha-InnoTec, St_Sulpice, Switzerland) and Image] software was used to measure
diameters of lysis plaques.

Cosmids of interest were sequenced and mapped with Geneious software against the W. chondrophila genome
with the following parameters: High/medium sensitivity and up to 5 times iteration®.

Bioinformatic analysis. Complete genome and proteome sequences of W. chondrophila WSU 86-1044 have
been downloaded from chlamdb database (https://chlamdb.ch)’2 Sequences were submitted to 3 sequence-based
prediction programs to predict potential protein secretion through T3SS. Effective T3 (https://effectors.csb.uni-
vie.ac.at)*, BPBAac (https://biocomputer.bio.cuhk.edu.hk/T3DB/BPBAac.php)*! and Modlab* are online pre-
diction tools based on an naive Bayes algorithms, and trained on large dataset to recognize specific peptides in
N-terminal protein region of secreted T3SS effectors.

The identification of homologs of W. chondrophila proteins, the identification of W. chondrophila-specific pro-
teins and homology search against the RefSeq database to identify best hits with eukaryotic sequences were based
on data and methods published in Pillonel et al.”>.

Yersinia enterocolitica Type 3 secretion assays. T3S assays using Y. enterocolitica AHOPEMT and
AHOPEMT AYscU strains were performed as described in da Cunha et al.**. Briefly, Wew_1131 full gene was
cloned in pLJM3 with a C-terminal V5 epitope tag and transformed in the T3-proficient (AHOPEMT) and
T3-deficient (AHOPEMT AYscU) strains. Bacteria were grown for 2 hours at 27 °C in BHI medium supple-
mented with 20 mM sodium oxalate, 0.4% glucose, and 20 mM MgCl,. Activation of the yop regulon was obtained
by temperature shift to 37 °C in a water bath. After 4hours incubation, absorbance of the culture was measured at
ODy and bacteria were pelleted by 1 minute centrifugation at 14000 rpm. Pellets were resuspended in SDS load-
ing buffer and supernatants were precipitated with trichloroacetic acid before resuspension in SDS loading buffer.
Both fractions were normalized according to the OD 4, values and analyzed by immunoblot. Signal intensities
were measured with Image J and the percentage of secretion was calculated as the ratio between the amount of
secreted protein relative to the total amount of protein.

Type 3-dependent secretion of Wew_1131 was also assessed using a T3S assay described in Sorg et al.”*.
Briefly, Wew_1131 full gene was cloned in pBAD-DEST49 Gateway destination vector (Invitrogen, Thermo
Fisher Scientific, Waltham, USA), and transformed in Y. enterocolitica MRS40 (pNG40031) strain’. Bacteria were
grown in BHI supplemented with glycerol (4 mg/mL) and 20 mM MgCl,. Expression of Wew_1131 was induced
by adding 0.2% L-arabinose, and activation of the yop regulon was obtained by temperature shifting from 28 °C
to 37 °C. Permissive secretion through T3SS conditions were obtained by chelating calcium with 20 mM sodium
oxalate. After 4hours, samples were normalized based on absorbance at ODy, and bacteria were pelleted by
centrifugation (17000 g, 10 minutes, 4 °C). Pellets were resuspended in SDS loading buffer and supernatants were
precipitated with trichloroacetic acid before resuspension in SDS loading buffer. Both fractions were analyzed by
immunoblot. Signal intensities were measured with Image J and the ratio of values detected in supernatant versus
pellet fractions were calculated for each tested condition.

Statistical analyses. Statistical analyses were performed using GraphPad Prism 8.01 software (GraphPad
Software Inc., La Jolla CA, USA). Percentage of secretion calculated in Y. enterocolitica Type 3 secretion assays
were compared using a non-parametric Mann-Whitney test with 95% confidence interval and two-tailed P value.
** indicates p value < 0.01.

Purification of recombinant Wew_1131 and antibody production. Wcw_1131 full gene was cloned
using Ndel and Sacl restriction sites in pCWR547, a plasmid allowing addition of a N-terminal 6His tag to
the protein’®. The 6His tag is followed by a recognition site for the SUMO protease. Recombinant protein was
expressed in BL21 E.coli and purified on a Ni-NTA agarose (Quiagen, Hombrechtikon, Switzerland) under dena-
turing conditions following the manufacturer’s protocol. Removal of the 6His tag was performed with SUMO
protease (Invitrogen, Thermo Fisher Scientific, Waltham, USA) according to supplier’s protocol. Polyclonal
mouse and rabbit antibodies were obtained from Eurogentec (Liége, Belgium).

Infection procedure. Epithelial cells were seeded, 1 day before infection, at 2.5 x 10° cells per well in
24-wells microplates for immunofluorescence or at 4 x 10° cells per 25 cm? flasks for RNA extraction and total
protein preparation. Cells were infected as described in Kebbi Beghdadi et al.**.with a 1/2000 dilution of W. chon-
drophila grown in A. castellanii, which corresponds to an MOI of 2-3, as estimated with a W. chondrophila specific
real time quantitative PCR”’. Alternatively, Vero cells were infected with a 1/2000 dilution of E. lausannensis
grown in A. castellanii (MOI 2-3)*.

Gene expression. At different time points after infection, culture supernatant and Vero cells harvested by
scraping were collected in TRIzol (AmbionR, Life Technologies, Thermo Fisher Scientific, Waltham, USA) and
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RNA was extracted as described in Chomczynski and Mackey’®. cDNA was produced using random primers and
the GoScript Reverse Transcription kit (Promega, Diibendorf, Switzerland). Quantitative PCR was performed on
total cDNA using I Taq SYBRGreen technology (BioRad, Cressier, Switzerland), 4 pl of 1/25 cDNA sample and
300nM (16S rRNA) or 200 nM (wcw_1131) of the following primers:

16S rRNA for: 5 GGCCCTTGGGTCGTAAAGTTCT 3’
16 SrRNA rev: 5 CGGAGTTAGCCGGTGCTTCT 3’
wew_1131 for: 5 CCGCCTCATGTACAACCCTT 3/
wew_1131 rev 5': CCTGAAGGGTCGATGCAGTT 3/

Cycling conditions were 10 min at 95 °C, followed by 40 cycles of 15s at 95°C and 1 min at 60 °C. Amplification
and detection of PCR products were performed with the StepOne Real-Time PCR System (Applied Biosystems,
Zug, Switzerland). qRT-PCR results were analyzed using 16 S rRNA gene as the endogenous control and 48 h pi
as the reference time point.

Immunoblots. Secretion assays. Pellet and precipitated supernatant fractions were loaded on SDS gels and
proteins were separated by electrophoresis. Immunoblots were performed as described in Kebbi Beghdadi et al..
Mouse monoclonal anti-V5 epitope antibody (Invitrogen, Thermo Fisher Scientific, Waltham, USA) was used at
1/5000 dilution and incubated for 2 hours at room temperature or overnight at 4 °C. Rabbit polyclonal anti-MreB
was used at 1/5000 dilution and incubated overnight at 4 °C. Secondary antibodies, goat anti-mouse IgG-HRP
and donkey anti-rabbit IgG-HRP (BioRad, Cressier, Switzerland) were used at 1/3000 dilution and incubated for
1 hour at room temperature. Immunoblots were revealed with ECL™ Prime Western Blotting Detection Reagent
(Amersham, GE Healthcare, Glattbrugg, Switzerland) and analysed on a ImageQuant LAS4000 mini (Amersham,
GE Healthcare, Glattbrugg, Switzerland). Image ] software was used to quantify signal intensity.

W. chondrophila infected cells. ~ At different time points after infection, culture supernatant and infected Vero cells
harvested by scraping were centrifuged 5 minutes at 12000 g. 50 jul were kept for DNA extraction with Wizard
SV genomic DNA extraction kit (Promega, Ditbendorf, Switzerland) and quantification using W. chondrophila
specific gPCR”” as described in Kebbi Beghdadi et al.**. The pellet corresponding to one T25 flask was washed
once with PBS and resuspended in 500 ul of SDS PAGE loading buffer. Proteins were separated by SDS PAGE and
transferred on a nitrocellulose membrane. Immunoblots were performed as described in Kebbi Beghdadi et al.*8.
Rabbit anti-Wew_1131 antibody was used at a 1/1000 dilution and incubated overnight at 4 C. Secondary goat
anti-rabbit-HRP conjugated antibody (Promega, Diibendorf, Switzerland) was used at 1/3000 dilution and incu-
bated for 1 hour at room temperature. Immunoblots were revealed with ECL™ Prime Western Blotting Detection
Reagent (Amersham, GE Healthcare, Glattbrugg, Switzerland) and analysed on a ImageQuant LAS4000 mini
(Amersham, GE Healthcare, Glattbrugg, Switzerland). The signal intensities were measured with Image], normal-
ized according to the number of bacteria present in each sample (determined by quantitative PCR) and expressed
as a percentage of the maximum value.

Immunofluorescence and confocal microscopy. At 0, 8, 16, 24 and 48 hours post infection,
infected Vero cells grown on glass coverslips were fixed with ice-cold methanol for 5min, washed three times
with PBS and incubated in blocking solution (PBS, 0.01% NaN3, 1% BSA) at 4°C. Coverslips were incubated
for 2h at room temperature with a mouse anti-Wcw_1131 antibody diluted 1/200 in PBS, 0.1% saponin, 1%
BSA. For protein-antibody competition experiments, the anti-Wcw_1131 antibody (final dilution 1/200) was
pre-incubated during 90 minutes at room temperature with purified proteins His-Wcw_1131 or His-Wcw_1618
at final concentrations of 0.05, 0.01 or 0.001 mg/ml. After three washing steps in PBS, 0.1% saponin, cov-
erslips were incubated for 1h at room temperature with a 1/500 dilution of AlexaFluor 488-conjugated goat
anti-mouse (Life Technologies, Thermo Fisher Scientific, Waltham, USA) and a 1/30000 dilution of DAPI dilac-
tate (4',6-Diamidino-2-Phenylindole Dihydrochloride, Molecular Probes, Thermo Fisher Scientific, Waltham,
USA). After washing twice with PBS 0.1% saponin, once with PBS and once with deionized water, the coverslips
were mounted onto glass slides using Mowiol (Sigma-Aldrich, Buchs, Switzerland). Cells were observed under a
confocal microscope (Zeiss LSM 710 or 780 Quasar Confocal Microscope, Feldbach, Switzerland).

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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