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Abstract

Bacterial type VI secretion systems (T6SSs) are molecular weapons designed to deliver
toxic effectors into prey cells. These nanomachines play an important role in inter-
bacterial competition and provide advantages to T6SS active strains in polymicrobial
environments. Here we analyse the genome of the biocontrol agent Pseudomonas putida
KT2440 and identify three T6SS gene clusters (K1-, K2- and K3-T6SS). Besides, ten
T6SS effector/immunity pairs were found, including putative nucleases and pore-forming
colicins. We show that the K1-T6SS is a potent antibacterial device which secretes a toxic
Rhs-type effector Tke2. Remarkably, P. putida eradicates a broad range of bacteria in a
K1-T6SS-dependent manner, including resilient phytopathogens which demonstrates that
the T6SS is instrumental to empower P. putida to fight against competitors. Furthermore,
we observed a drastically reduced necrosis on the leaves of Nicotiana benthamiana during
co-infection with P. putida and Xanthomonas campestris. Such protection is dependent
on the activity of the P. putida T6SS. Many routes have been explored to develop
biocontrol agents capable of manipulating the microbial composition of the rhizosphere
and phyllosphere. Here we unveil a novel mechanism for plant biocontrol which needs to
be considered for the selection of plant wardens whose mission is to prevent

phytopathogen infections.
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Introduction

The type VI secretion system (T6SS) is found in more than 25% Gram-negative bacteria
and used to inject toxic proteins into prokaryotic or eukaryotic cells (Ho et al. 2013).
Initially the T6SS was assigned a role in virulence and eukaryotic cell manipulation (Ma
& Mekalanos 2010; Miyata et al. 2011). Further analyses showed that this system plays
a key role in inter-bacterial competition (Ho et al. 2013). It provides selective advantages
to producer strains by annihilating competitors either in an indiscriminate manner or in
response to danger signals (Ho et al. 2013; Basler et al. 2013; Hood et al. 2010; Hachani
et al. 2014). The T6SS toxins are usually produced together with immunity proteins that
prevent self-intoxication. In molecular terms, the T6SS displays structural similarities
with the tail and the puncturing device of the bacteriophage T4 (Cascales & Cambillau
2012; Filloux 2011; Leiman et al. 2009). It is composed by thirteen core components of
which some have now been assigned clear functions (Fig. 1a). TssB and TssC form a
contractile sheath that encases a tube formed by rings of Hcp hexamers (Kudryashev et
al. 2015). A puncturing device made up of a trimeric VgrG spike is placed on top of the
Hcp tube and crowned with a PAAR-protein (Cascales & Cambillau 2012; Shneider et
al. 2013). The cytosolic part of the T6SS docks onto a membrane complex (TssLMJ)
likely by interacting with a phage baseplate-like structure (Durand et al. 2015; Planamente
et al. 2016; Filloux & Freemont 2016). Upon contraction of the TssBC sheath, the T6SS
effectors are propelled out of the bacterium together with the Hcp and VgrG proteins and
delivered into prey cells (Basler & Mekalanos 2012). Finally, the ClpV ATPase binds the
contracted sheath for disassembly and recycling enabling another round of injection
(Kube et al. 2014; Kapitein et al. 2013). The T6SS is usually quite modular and can
accommodate different combinations of VgrG/PAAR proteins to form the tip. This

modularity allows the delivery of a great variety of effectors (Shneider et al. 2013;
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Hachani et al. 2014; Whitney et al. 2014). Alternatively, the effectors can also be ushered
in and delivered by the tube-forming Hcp protein (Silverman et al. 2013). Thus, a wide
variety of effectors with a broad range of activities can be secreted by a single T6SS.
T6SS effectors have been classified into specialised and cargo effectors (Cianfanelli et al.
2016). Specialised effectors are domains, usually at the C-terminus of specific T6SS
structural components that are coined as “evolved” VgrG, PAAR or Hcp proteins. In
contrast, cargo effectors interact non-covalently with “canonical” VgrG, PAAR or Hcp
proteins (Durand et al. 2014). Several cargo effectors carry a motif named MIX (marker
for type six effectors) that is proposed to be required for recognition and direct interaction
with VgrG or PAAR proteins (Salomon et al. 2014). Specific adaptors such as Tap/Tec
and EagR proteins are likely to facilitate the interaction between the structural
components of the T6SS tip and the effectors (Unterweger et al. 2015; Liang et al. 2015;
Alcoforado Diniz & Coulthurst 2015). Finally, accessory elements (named tag from T6SS
accessory genes) are required to modulate the assembly of the system and/or confer
additional functions (Boyer et al. 2009).

The T6SS was first identified in two pathogenic bacteria, Vibrio cholerae and
Pseudomonas aeruginosa (Mougous et al. 2006; Pukatzki et al. 2006) and analysed later
in many other pathogens (Lin et al. 2013; Suarez et al. 2008; Murdoch et al. 2011; de
Pace et al. 2010; Burtnick et al. 2011; Rosales-Reyes et al. 2012). However, analytical
description of T6SS in non-pathogenic bacteria is underrepresented in the literature
(Bladergroen et al. 2003; Marchi et al. 2013), despite an even distribution in both classes
of organisms (Boyer et al. 2009). Pseudomonas putida is a saprophytic soil bacterium
that has the capacity to colonise the root of crop plants (Espinosa-Urgel et al. 2000;
Molina et al. 2000). It is a well-established biocontrol agent that provides growth

advantages to the plant (Weller 2007). In this study we identified and characterized the
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P. putida T6SS which exhibits great variety and complexity both in terms of apparatus
and secreted toxins. We showed that this secretion system is used by the bacterium to
drive killing of resilient phytopathogens and appears to be a major player in its biocontrol

portfolio.

Materials and methods

Bacterial strains and growth conditions

Bacterial strains are listed in Table S1. P. putida mutants were constructed by allelic
exchange as described previously (Vasseur et al. 2005). Briefly, 750-bp DNA fragments
upstream and downstream the gene to be deleted were amplified using KT2440 genomic
DNA. Mutator fragments were obtained by overlapping PCR, cloned into pCR-Bluntll-
TOPO (Invitrogen), sequenced and subcloned into the pKNG101 suicide vector (Kaniga
et al. 1991). A similar approach was used to replace the wild-type tke2 gene with tke2-
V5 encoding a C-terminally V5-tagged Tke2 protein. The hcpl-HA gene encoding a C-
terminal HA-tagged Hcpl protein was introduced on the chromosome using the miniCTX
transposon (Hoang et al. 2000). Insertions and gene replacements were confirmed by
PCR. All strains were grown in LB (Sambrook et al. 1989). For secretion assays, tryptone
soya broth (TSB) medium (Oxoid) was used. E. coli was incubated at 37°C, and P. putida
and the phytopathogens at 25-30°C. Antibiotics were used at (g ml™): ampicillin (Ap),
100; gentamycin (Gm), 20; kanamycin (Km), 50; piperacillin (Pip), 25; rifampicin (Rif),

20; streptomycin (Sm), 100; tetracycline (Tc), 50.
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Plasmids and cloning

Plasmids are described in Table S1 and primers listed in Table S2. PCR amplifications
were performed using Phusion® Hot Start High-Fidelity (Finnzymes), KOD Hot Start
(EMD Millipore) or Taq (Roche) DNA polymerases. Recombinant plasmids were
sequenced and transferred to P. putida by electroporation (Choi et al. 2006) or

conjugation (Ramos-Gonzalez et al. 1991).

Bioinformatic analyses

Pseudomonas sequences were obtained from the Pseudomonas Genome database
(Winsor et al. 2016). BLASTP analyses were performed at the NCBI website (Boratyn et
al. 2013) and amino acid sequence searches using SMART (Letunic et al. 2015) and
Pfam (Finn et al. 2016). The Protein Homology/analogy Recognition Engine (Phyre2)
server was used to perform structural-base homology prediction (Kelley et al. 2015). The
PyMOL Molecular Graphics System (Version 1.8 Schrondinger, LLC) was used to build
structural alignments. The phylogenetic tree was constructed using MEGAG6 (Tamura et
al. 2013). PSORTDb software and SOSUI GramN server were used to predict sub-cellular
location of proteins (Yu et al. 2010; Imai et al. 2008), TMHMM software to predict
transmembrane domains (Krogh et al. 2001), and SignalP and SOSUIsignal to predict
signal peptides (Petersen et al. 2011; Gomi et al. 2004). Synteny was analysed using the
CoGe's Genome Evolution tool (Lyons & Freeling 2008). The UGENE bioinformatics

software was used to identify open reading frames (orfs) (Okonechnikov et al. 2012).

Secretion assays
Bacterial strains were grown in TSB for 5 hours at 30°C and the extracellular fraction

obtained and analysed as previously described (Hachani et al. 2011). The proteins in the
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culture supernatants were precipitated with trichloroacetic (TCA) acid and resuspended
in 1M of Tris-base and 4x Laemmli buffer. Proteins were separated by SDS-PAGE
containing 8% or 15% (w/v) acrylamide and electro-transferred to nitrocellulose
membranes. Immunodetection was performed using monoclonal antibodies directed
against the influenza hemagglutinin (HA) epitope (HA.11, Covance) or the
paramyxovirus of simian virus 5 (V5) epitope (Invitrogen). A monoclonal antibody
against the B subunit of the RNA polymerase (Neoclone) was also used. The secondary
antibody, horseradish peroxidase-conjugated rabbit anti-mouse (Sigma), was detected
using the SuperSignal® West Pico Chemiluminescent Substrate (Thermo Scientific).

Blots were scanned and analysed using the Image Reader LAS-3000 (Fuji).

Growth inhibition assays

Overnight LB cultures of E. coli DH5a harbouring the vectors pPNDM220 (Gotfredsen &
Gerdes 1998), pPBAD33 (Guzman et al. 1995) or derivatives encoding Tke2 or Tki2 were
adjusted to ODeoo of 0.1. Expression of tke2 and tki2 was induced with 0.2% (w/v) L-

arabinose and 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG), respectively.

Interbacterial competition assays

In vitro competition assays were performed on LB plates as previously described
(Hachani et al. 2013). Bacterial overnight cultures were adjusted to ODeggo 0f 1 in PBS
and mixed in a 1:1 ratio (P. putida-prey). Bacteria were co-cultured at 30°C for 5 hours
(E. coli) or 24 hours (phytopathogens). The competition was quantified by counting
colony forming units (CFU) upon antibiotic selection. At least three biologically
independent experiments were performed. In planta competition assays were carried out

by infiltration of bacteria into Nicotiana benthamiana leaves as described before (Ma et
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al. 2014). Overnight cultures of P. putida and X. campestris were adjusted to ODegoo Of
0.01 in PBS and mixed in a 1:1 ratio. Approximately 100 pl volume was infiltrated on
the reverse of a 1 month-old leaf and the infiltration area marked. After 24 hours of
incubation in a plant chamber (23°C, 16 hours-light) CFUs were determined. A section
of the leaf from the infiltration area was cut out, homogenised in PBS and subsequently
serially diluted. The leaves were visualized by fluorescence microscopy using a Leica
M206FA stereomicroscope. Imaging was performed at room temperature with a 1x
objective. The evaluation of necrosis was based on the coloration of the leaves following
previous standard evaluation of virulence that goes from no visible effects to changes in
the tissue colour of the leaf, which can shift from green to yellowish (chlorosis), yellowish
to brownish and blackening of the leaf (necrosis), up to complete rotting of the leaf at
later stages (Katzen et al. 1998). In our assay the circled zones point at deep brown colour

area.”

Results

Genome wide screening for T6SSs in P. putida species

In silico analyses of forty P. putida strains revealed that all encode T6SS genes and 90%
of them have at least one cluster encoding a full set of T6SS components (Table S3). The
number of T6SS clusters in a single strain ranged from zero in P. putida BIRD-1 or H8234
to four in P. putida PA14H7, while most strains contained one or two clusters (Table S3).
In total, we identified sixty-six complete T6SS gene clusters distributed in three main
phylogenetic clades (Fig. 2). Following previous nomenclature (Boyer et al. 2009; Barret
et al. 2011) we referred to these three groups as 1.2, 2 and 4B. Eighty percent of the

clusters belong to group 1.2 or 4B, whereas 10% are found in group 2 (Fig. 2). Each of
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these groups contains distinguishable genetic architecture and features (Figure S1), as

described in the next section.

The reference strain P. putida KT2440 is equipped with three T6SSs

We used the strain KT2440 to perform in depth genomic analysis. In this strain, only five
T6SS-related genes, i.e. the hcp genes PP2615 and PP4082 or the vgrG genes PP2614,
PP3386 and PP4049 are annotated (http://pseudomonas.com/). Using bioinformatics
approaches (e.g. BLASTP, Ugene or SMART) we identified a large number of T6SS-
related orfs (Tables S4-S6). Most of the genes fall into three clusters that we named K1-,
K2- and K3-T6SS (Fig. 1b,c,d, Tables S4-S5). Several hcp and vgrG orphan genes were
also found scattered on the chromosome (Fig. 1b,e and Table S6). Phylogenetic analysis
showed that the K2- and K3-T6SSs are related (group 1.2, Fig. 2) whereas the K1 cluster
clades separately (group 4B, Fig. 2).

K2 and K3 consist of two divergently transcribed gene clusters that contain 12 of the
13 genes encoding core T6SS components (Fig. 1d). The missing core gene, clpV,
encodes the ATPase required for disassembling the sheath (Kube et al. 2014; Kapitein et
al. 2013), which is absent in all clusters belonging to group 1.2 (data not shown). Using
the “CoGe's Genome Evolution Analysis” tool we observed a synteny among the K2 and
K3 clusters (Fig. 1d). The identity of the corresponding proteins encoded within each of
these clusters was remarkably high, ranging from 64 to 99% (Table S5). These
observations indicate that the two clusters may have arisen from a duplication event.

The K1 system is not related to K2 and K3 and belongs to the plant-related group
(group 4B, Fig. 2) (Boyer et al. 2009). This cluster comprises two putative operons and
an “intermediate” region (Fig. 1c). The first operon contains 15 genes, 12 of which encode

T6SS core components, and was named the structural operon (Fig. 1c). The last core
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component gene, vgrG, is located within the second operon that was therefore named the
VgrG1 operon (Fig. 1c). Within the structural operon we found a previously undefined
orf, PP3090.1 encoding the accessory protein TagF1 (Table S4). An orthologue of this
protein was reported to function as a post-transcriptional regulator (Silverman et al.
2011). Another accessory gene encodes TagP1 (Table S4), a TssM derivative whose C-
terminal periplasmic portion carries a peptydoglycan binding domain (pfam00691)
(Aschtgen et al. 2010). Finally, our analysis identified a novel T6SS feature represented
by the first gene in the K1-T6SS structural operon, PP3100.1, tagX1 (Fig. 1c and Table
S4). The protein encoded by this gene has no homologues or recognizable features. It has
not been assigned a role in the T6SS but is exclusively present in all clusters belonging

to the 4B group (i.e. P. putida and Pseudomonas syringae).

The K1-T6SS is functional and anti-bacterial

Hcp release is dependent on the T6SS and is a reliable marker for assessing functionality
of the system (Pukatzki et al. 2006). Therefore, we engineered P. putida strains producing
an HA-tagged version of Hcpl to assess K1-T6SS activity. TsSA is a core baseplate
component of the T6SS, is essential for T6SS activity (Planamente et al. 2016) and we
used a tssA mutant to disable the P. putida T6SSs. We readily detected Hcpl in the
supernatant of wild-type cultures but not in an isogenic tssA1 mutant (Fig. 3a), thus
establishing that the K1-T6SS is a functional secretion machine.

Several characterized T6SSs have anti-bacterial activity, resulting from the injection
of T6SS toxins into bacterial preys (Russell et al. 2014; Cianfanelli et al. 2016). We
performed competition assays using E. coli K12 as prey and P. putida wild-type or T6SS
mutants as predators. The E. coli prey harbours a plasmid that confers blue colour to the

colony in the presence of X-gal (Fig. 3b). In a mixed culture, the P. putida wild-type
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strain was able to annihilate E. coli, whereas mutants in any of the K1-T6SS structural
genes (tssAl, tssL1, tssK1, tssG1, tssF1 or tssE1) were no longer outcompeting E. coli
(Fig. 3b). In contrast, mutants in the K2- or K3-T6SS clusters, P. putida AtssM2 and
AtssM3, respectively, still efficiently annihilated E. coli (data not shown). We concluded
that K1 is the most active KT2440 T6SS in vitro, as under the laboratory conditions used

here, and that its antibacterial activity may result from the secretion of T6SS effectors.

P. putida KT2440 encodes a wealth of T6SS bacterial effectors

Genes encoding putative T6SS effectors and cognate immunity proteins (El pairs) are
often linked to hcp, vgrG genes and/or genes encoding chaperones/adaptors (Dong et al.
2013; Liang et al. 2015; Unterweger et al. 2015; Ma et al. 2014; Hachani et al. 2014). Our
in silico analyses identified a total of ten potential El pairs most of them encoded in the
vicinity of vgrG/hcp genes and in some cases near genes encoding Tap or EagR adaptors
(Fig. 1c-e and Tables S4-S6). These EI pairs have been named Tke and Tki for Type six
KT2440 effector and immunity, respectively (Fig. 4a).

VarG linked effectors

Downstream vgrG1 and vgrG2 in the K1 and K2 clusters, respectively, putative effector
genes, tke2 and tke4, and EagR adaptor genes, eagRla-eagR1b and eagR2, were found
(Fig. 1lc-d). Tke2 and Tke4 proteins share a similar structure, both containing an N-
terminal PAAR motif (Cascales & Cambillau 2012; Shneider et al. 2013) and a conserved
Rhs domain (Busby et al. 2013) limited by specific RVxxxxxxxxG and PxxxxDPxGL
motifs (Fig. 4 a-b). PAAR proteins have been shown to be located at the tip of the VgrG
trimer, sharpening the T6SS spike and/or creating an interface for T6SS effectors and
adaptors (Whitney et al. 2015). The C-terminal region of Tke2 or Tke4 (110 and 102

amino acid-long, respectively) carries a cytotoxic domain. This domain is similar in both
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proteins and belongs to the HNH superfamily of nucleases e.g. colicin E7 and pyocin S1
(Fig. 4a and 5a) (Huang & Yuan 2007) although Tke4 domain contains a specific SHH
signature (Fig. 4a and 5b). Genes encoding putative effectors were also found
downstream vgrG3, vgrG4 and vgrG5 (Fig. 1d-e). The tke5 and tke9 genes within the K3
and vgrG4 operons, respectively, are linked to genes encoding Tap adaptors (tap3 and
tap4) (Fig. 1d-e). No recognizable features were found in Tke5 or Tke9, except for a
conserved N-terminal MIX motif considered a marker for T6SS effectors (Salomon et al.
2014) (Fig. 4a, and 4c). This motif is also present in the effector encoded downstream
vgrG5, Tkel0, which is predicted to be a restriction endonuclease (REase) (Fig. 1e and
Fig. 4c). In addition, tke5 and tke10 are linked to genes encoding a PAAR-motif (named
tsp for type six paar) (tsp5 and tsp10) (Fig. 1d-e, 4b and Table S6).

Effectors encoded in proximity to hcp genes

The potential effector genes tke6, tke7 and tke8 were found within or in the vicinity of the
three hcp orphan operons (hcp4, hep5 and hep6) (Fig. 1e and Table S6). These effectors
have similarities with pore-forming colicins (i.e. colicin S4) (Fig. 4a, 5¢ and Table S6).
The tke6, tke7 and tke8 genes are not genetically associated with vgrG or T6SS adaptor
genes. These hcp-linked T6SS effectors could be delivered by docking into the lumen of
the Hep ring, instead of being attached at the VVgrG tip, as observed with the P. aeruginosa
Tse2 effector (Silverman et al. 2013). In contrast to tke7 and tke8, tke6 is not located
within the hcp operon but 5 kb upstream of the hcp4 gene. Interestingly, hcp4 has a
premature stop codon and might not be functional (Fig. 1e and Table S6) while Tke6 has
an N-terminal PAAR domain (Fig. 4a-b). Thus, in contrast to Tke7 and Tke8 that lack
PAAR or MIX domains, the delivery of Tke6 could be mediated by a VgrG protein

through a PAAR-VgrG interaction.
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Orphan effectors

We found two additional potential El pairs (tkel-tkil and tke3-tki3) within the K1-T6SS
cluster both lacking PAAR or MIX motifs. Tkel is an orthologue of the P. aeruginosa
Tse6 which presents a C-terminal region carrying a toxic domain known as Toxin_61
(Fig. 4a and S2a) (Hachani et al. 2014; Whitney et al. 2014) and degrades NAD(P)(+) in
target cells (Whitney et al. 2015). In case of Tke3, a Phyre2 analysis suggests that the C-
terminal domain resembles the B30.2 fragment from the human protein TRIM20 (Weinert
et al. 2015) (Fig. S2b and Table S5).

In summary, we identified ten potential T6SS effectors in the KT2440 genome. Three
of them Tke2, Tke4 and Tke6 have an N-terminal PAAR-domain (Fig. 4a-b) and are
therefore considered “specialised” effectors. The others are not fused to any T6SS

component and their domain architecture suggests they are “cargo” effectors.

Tke2/Tki2 is a P. putida K1-T6SS effector/immunity pair
We have shown that the K1 system is functional and that the corresponding gene cluster
encodes several El pairs including Tke2/Tki2 (Fig. 1c, 4a, 5a and Table S4). To assess
the functionality of this EI pair, the tke2 and tki2 genes were cloned into compatible
plasmids and transformed into E. coli K12. Expression was induced by the addition of
IPTG (tke2) or arabinose (tki2). Upon induction of the effector gene tke2, E. coli growth
was significantly impaired (Fig. 6a-b) but growth could readily be rescued upon co-
expression of the putative Tki2 immunity protein (Fig. 6a-b). This suggests that
Tke2/Tki2 is a genuine El pair.

We assessed whether Tke2 is secreted in a K1-T6SS-dependent manner. The
corresponding gene was replaced on the KT2440 chromosome with a version encoding a

C-terminally V5-tagged protein. However, Tke2-V5 production was only weakly
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detected when using this strain (Fig. S3). In contrast to bacterial killing which is a highly
sensitive assay, detection of secreted T6SS toxins by western-blot may need higher level
of T6SS expression (Cianfanelli, et al. 2016). It has been described in other bacteria that
several global regulators are involved in T6SS expression, including the alternative sigma
factor RpoN (Bernard et al. 2010, 2011; Sana et al. 2013). The tke2-V5 chimeric gene
was introduced into an rpoN mutant and in this strain Tke2 production was considerably
increased as compared to the wild-type P. putida (Fig. S3). We thus used this genetic
background to analyse Tke2 secretion. Tke2 was produced in both the rpoN strain and
the isogenic T6SS mutant (rpoNAtssAl), but was only found in the supernatant of the
strain with an intact T6SS (Fig. 6¢). Our results show that Tke2 is an effector of the K1-

T6SS and its activity is antagonized by the Tki2 immunity protein.

P. putida outcompetes plant pathogens in a T6SS-dependent manner

P. putida is an efficient biocontrol agent (Amer & Utkhede 2000; Validov et al. 2007),
and we hypothesized that it uses the T6SS to kill ecologically-relevant competitors. To
test this we selected four plant pathogens, P. syringae, Xanthomonas campestris,
Pectobacterium carotovorum and Agrobacterium tumefaciens, that are leading causes of
deadly diseases in several economically-important crops (Mansfield et al. 2012). The
various T6SSs are likely to be differentially expressed in vitro, in vivo, in planta or in the
presence of different competitors (Ma et al. 2014). In order to assess whether the T6SS
in general is required for outcompeting plant pathogens and thus involve in plant
protection we used a triple T6SS mutant (AtssA1AtssSM2AtssM3, also named AT6SS) so
that none of the K1, K2 or K3 system is at play. First, a competition assay between
KT2440 or the triple mutant, and the phytopathogens was performed. The P. putida wild-

type strain caused a 10-fold decrease in survival of A. tumefaciens and P. caratovorum
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and a 1000-fold decrease in the survival of X. campestris and P. syringae (Fig. 7). The P.
putida T6SS mutant had barely any impact on the survival of any of these bacteria (Fig.
7). Our results indicate that KT2440 outcompetes all challenged phytopathogens in a

T6SS-dependent manner and suggest a role for this secretion system in biocontrol.

T6SS-active P. putida protects plants from pathogen s attack

To assess the ability of P. putida to kill phytopathogens in an ecologically-relevant set-
up we developed an in planta competition assay. We selected X. campestris as the
pathogen and Nicotiana benthamiana as the plant model. Leaves were co-infected with
X. campestris and either P. putida wild-type or the isogenic AT6SS mutant. X. campestris
was tagged with a green-fluorescent protein to monitor in situ colonisation. X. campestris-
induced halos of necrosis on the leaves were observed 5 days post-infection, whereas
inoculation with P. putida resulted in healthy-looking leaves (Fig. 8a). Remarkably, co-
infiltration of X. campestris and P. putida wild-type strain considerably reduced the
necrotic areas produced by X. campestris (circled in Fig. 8b). This is not observable with
the P. putida AT6SS mutant and we concluded that interference with X. campestris
colonisation is T6SS dependent (Fig. 8b). The protection conferred by P. putida is due to
reduced survival of X. campestris in the leaves (~2.5-fold reduction), as qualitatively
observed by fluorescence microscopy (Fig. 8b) and quantitatively measured by CFU
counting (Fig. 8c). Our results show that P. putida outcompetes X. campestris during

plant colonization and this process involves the bactericidal properties of the T6SS.

Discussion

The type VI secretion system was discovered in the bacterial pathogens V. cholerae

(Pukatzki et al. 2006) and P. aeruginosa (Mougous et al. 2006). Since then an increasing
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number of studies has provided details on the function and structure of this original
bacterial secretion system (Hachani et al. 2016; Russell et al. 2014; Zoued et al. 2014,
Cianfanelli, et al. 2016). However, although the presence of the T6SS in non-pathogenic
strains is evident (Boyer et al. 2009), little work has been done to understand its relevance
in this category of bacteria (Bladergroen et al. 2003; Mougous et al. 2006; Pukatzki et al.

2006; Aschtgen et al. 2008).

Phylogeny and genetic structure of the P. putida T6SS clusters. In this study we have
identified a total of 66 T6SS clusters among P. putida strains, which suggests that this
secretion machine plays an important role in P. putida physiology and fitness. The P.
putida T6SS clusters clade within three phylogenetic groups, group 1.2, 2 or 4B (Fig. 2).
Remarkably, P. putida is the only Pseudomonas species encoding T6SSs from group 1.2,
while T6SSs from group 4B are only present in P. putida and P. syringae (Barret et al.
2011). The P. putida KT2440 strain contains two clusters from group 1.2 (K2 and K3)
and one cluster from group 4B (K1). The K2-T6SS cluster contains two orfs, vgrG2 and
tssC2, that present premature stop codons (Table S5) implying that this system is not
functional. Prematurely interrupted T6SS genes have been identified in functional T6SSs
of Citrobacter rodentium and Yersinia pseudotuberculosis (Gueguen et al. 2014). In these
cases, a transcriptional frame-shifting caused by a poly-A tract allows the production of
functional TssM variants (Gueguen et al. 2014). However, this is unlikely to be the case
in KT2440 since poly-A tracts are not found either in tssC2 or in vgrG2. Alternatively,
related VgrGs (i.e. VgrG3, VgrG4 and VgrG5) (Fig. S4) and TssC proteins (i.e. TssC3)
(Table S5) could be shared between different T6SSs.

The K2 and K3 clusters do not encode a ClpV protein, the ATPase responsible for
disassembling the T6SS sheath. Yet, orphan clpV genes can be used. There are three Clp

ATPase-encoding genes in the KT2440 genome (i.e. PP0625, PP3316 and PP4008), but
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none encodes a protein from the ClpV family (Fig. S5). They are CIpA and ClpB
members, which are phylogenetically distant from ClpV (Schlieker et al. 2005).
Alternatively, the ClpV1 component within the K1 cluster could be shared between the
systems but possibly a ClpV component may not be necessary for the function of the
group 1.2 T6SS, as some P. putida strains (i.e. S12, B001, SJ3 and S610) exclusively
contain a group 1.2 cluster (Table S3). In fact, functional T6SSs lacking the clpV gene
have been identified in other bacteria (Chow & Mazmanian 2010; Broms et al. 2012).
Furthermore, the clpV gene of V. cholerae can be deleted without a total loss of T6SS
function (Zheng et al. 2011). After all, other nanomachines structurally comparable to the
T6SS such as the contractile-tailed phages or R-type pyocins, do not use a ClpV homolog
for their function. Instead, recently discovered phage-like protein translocation structures
(PTLS), are encoded within gene clusters that also carry a clpV homologue (Kube &
Wendler 2015). This type of structure may have evolved divergently with the some T6SS

subgroups and acquired ClpV from ancestral systems.

Antibacterial activity of the P. putida KT2440 T6SS. The main role of the T6SS is to inject
effectors into eukaryotic or prokaryotic prey cells (Alcoforado Diniz et al. 2015; Hachani
et al. 2016). We identified an impressive battery of ten potential T6SS effectors in P.
putida KT2440. This is not unique but suggests that P. putida is primed to fight a wide
range of competing organisms. At least three effector-immunity (EI) pairs are encoded
within the K1-T6SS cluster (i.e. tkel-tkil, tke2-tki2 and tke3-tki3), which belongs to the
uncharacterized plant-related group (group 4B, Fig. 2). A remarkable characteristic of the
system is the presence of a conserved accessory gene, tagX, systematically absent from
other T6SS groups and which is a hallmark for group 4B systems. Here we show that
suitable preys for the K1-T6SS are bacterial cells and that the Tke2 toxin contributes to

the antibacterial activity. Tke2 contains a canonical Rhs-effector domain organisation,
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which includes an N-terminal PAAR motif, a central domain of conserved Rhs-repeats,
and a C-terminal toxic domain. Although the function of the Rhs domain is still unknown,
it has been suggested that it forms a shell structure that encapsulates the C-terminal region
of effectors (Busby et al. 2013) (Fig. S6). Furthermore, a specific adaptor named EagR
(named after “Effector-associated gene”) that contains the DUF1795 domain, has been
involved in the secretion of PAAR/Rhs-effectors (Alcoforado Diniz & Coulthurst 2015).
Two different proteins containing DUF1795 domains are encoded immediately upstream
tke2 (eagR1a and eagR1b, Fig. 1c). Although the function of these adaptors has not been
analysed vyet, it is possible that both function together to assist Tke2 secretion. The
recurrent association between PAAR/Rhs-effectors and EagR adaptors is furthermore
confirmed by the association of tke4, encoding another P. putida PAAR/Rhs-effector

(Fig. 1c, 4a and S6), with an eagR gene (eagR2).

Biocontrol properties of the P. putida T6SS. It is becoming increasingly obvious that the
antimicrobial properties of the T6SS could be instrumental for the control of
polymicrobial populations in excluding foes from natural and ecologically relevant
environments. For instance, a clear correlation between activation of T6SS, enhanced
fitness and subsequent antagonism against other bacteria has been observed with Vibrio
parahaemolyticus in marine niches (Salomon et al. 2013). This suggested that T6SSs are
key for survival and persistence of specialised species in specific habitats. In the lungs of
cystic fibrosis (CF) patients, P. aeruginosa can persist for years while the diversity of
species that primarily colonises this environment decreases over time (Marshall et al.
2015). P. aeruginosa isolates from CF patients have highly active T6SSs (Mougous et al.
2006; Moscoso et al. 2011), which suggests that T6SSs contribute to the colonisation
advantage of P. aeruginosa over other species. In agreement with these observations, the

T6SS has been proposed to be crucial in the establishment/evolution of the gut
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microbiome (Russell, Peterson, et al. 2014; Cianfanelli, Monlezun, et al. 2016). Half of
the human-associated Bacteroidetes, the dominant phyla in the human gut, not only
encode T6SSs (Coyne et al. 2016) and possess a wide range of T6SS effectors but
accumulate immunity genes against other T6SS effectors (Wexler et al. 2016). This
strongly supports that T6SS is a selective mechanism involved in the establishment of gut
communities. These remarkable properties of the T6SS are obviously useful in the
development of biocontrol strains. The T6SS was originally discovered in Rhizobium
leguminosarum and involved in pea nodulation (Bladergroen et al. 2003), but barely any
studies have demonstrated the potential that such system may have in the context of the
plant microbiome. A parallel can be made between the gut and the rhizosphere as both
are eukaryotic based environments hosting a symbiotic relationship with a complex
microbial community (Stone 2016). Both animals and plants depend on their microbiome
to protect themselves against pathogens and to help assimilate necessary nutrients (Haney
& Ausubel 2015; Haney et al. 2015; Carmody et al. 2015). As a defence strategy, many
plant species promote the development of a specific microbiome in the rhizosphere which
has antagonistic activity against soil-borne pathogens (Cook et al. 1995; Weller et al.
2002; Lebeis et al. 2015). Whilst the mechanisms for pathogen suppression are not
completely understood they include the production of bioactive metabolites such as
antibiotics, bacteriocins and siderophores (Weller 2007). However, these mechanisms fail
to account for the full level of protection conferred by the biocontrol organism (Matilla
et al. 2010). Here, we report for the first time, that the T6SS might be a primary
mechanism for phytopathogen control. Indeed, we demonstrate that the crop protection
agent P. putida KT2440 readily outcompetes a panel of economically important
phytopathogens and that the efficient destruction of the pest is mostly T6SS-dependent.

This property can likely be transferred to the field since this effect was observed in vitro
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but also in vivo by demonstrating that P. putida protects plant leaves from the deleterious
effect of X. campestris.

In our study we have used a laboratory setup and further trials in crop plants are needed
so that in depth investigation of the impact of KT2440 in the rhizosphere can be assessed.
Nevertheless, our finding shows that the T6SS can be used by environmental strains to
protect plants from the attack of bacterial pathogens and can thus be considered as a plant
health warden. This opens new possibilities in the selection of biocontrol agents used for
biotechnological applications. Noticeably, the poor specificity of the T6SS (Hood et al.
2010) may allow such biocontrol organism to also fight eukaryotic pathogens belonging

to different kingdoms including nematodes and fungi.
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Figures legends
Figure 1. T6SS clusters in P. putida KT2440. (a) Schematic representation of the T6SS

structure. (b) Distribution of the K1-, K2- and K3-T6SS clusters (blue), and the vgrG
(yellow) and hcp (purple) genes in the KT2440 genome. (c-e) Genomic organisation of
the P. putida T6SSs cluster, including K1 (c), K2 and K3 (d) or the vgrG and hcp orphan
clusters (e). The colour code of the genes correlates with the colour code shown in panel
a. The asterisk (*) in the tssC2, vgrG2 and hcp4 genes indicates that these genes contain

premature stop codons.

Figure 2. Phylogenetic distribution of T6SS clusters in P. putida species. Maximum-
likelihood tree with 1000 bootstrap replicates were built with Mega 6 for the core
component protein TssB. T6SS cluster nomenclature (Boyer et al., 2009, Barret et al.,
2011) is used to show the major phylogenetic clusters. Three main groups are clearly
distinguishable: group 1.2 (green), group 2 (red) and group 4B (blue). P. aeruginosa and
A. tumefaciens T6SSs loci are included into the phylogenetic tree to illustrate all the
subgroups: 1.1 (P. aeruginosa H2), 1.2 (P. putida K2-K3), 2 (P. putida W619), 3 (P.

aeruginosa H1), 4A (P. aeruginosa H3), 4B (P. putida K1) and 5 (A. tumefacines).

Figure 3. Functionality of the P. putida K1-T6SS. (a) Production and secretion of Hcpl
in the P. putida KT2440 wild-type and the AtssA1 mutant strains. The HA tagged Hcpl
protein was detected by western-blot analysis using an anti-HA antibody. Detection of
the B subunit of the RNA polymerase (B-RNAP) was used as control. The position of the
molecular size marker (in kDa) is indicated. (b) Competition assay between P. putida and
a lacZ-encoding E. coli strain. Blue patches on X-gal-containing LB plates indicate E.

coli survival. The top row shows the growth of E. coli, P. putida KT2440 wild-type strain
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and a battery of P. putida mutants in K1-T6SS genes. The bottom row shows the growth

of mixed E. coli/P. putida cultures after 5h of co-incubation.

Figure 4. P. putida KT2440 T6SS effectors. (a) The domain organization of the putative
effectors is shown, with PAAR motifs indicated in orange, MIX-motifs in blue, Rhs
domains in green, HNH nuclease motifs (Tox-HNH and Tox-SHH) in purple, colicin
motifs in yellow, and the Tox-61 domain in pink. Multiple sequence alignments of the
PAAR (b) and MIX (c) protein motifs are represented. The KT2440 T6SS effectors
identified in this work are indicated in blue. The sequence of known T6SS effectors
containing  these  motifs was retrieved from the NCBI  database

(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). Conservation logos of the

motifs are indicated above the alignment. Conserved residues are highlighted according
to the amino acid characteristic: hydrophobic (black), small (pink), positive (blue),

negative (yellow) and polar (purple, light blue, red).

Figure 5. P. putida KT2440 T6SS nucleases. (a-b) Multiple sequence alignments of the
C-terminal domains of Tke2 (a) and Tke4 (b) effectors (blue) with known proteins of the
family (black). Conservation logos of the motifs HNH (a) and SHH (b) are indicated
above the alignment. Conserved residues are indicated with the colour code used in figure
4. A representation of the structural model of the C-terminal domain of the Tke2 effector
(magenta) superimposed on the colicin E7 structure (blue; PDB: 2JBO0) is shown on the
right of panel a. Side chains of the active site residues are shown. (¢) Multiple sequence
alignment of T6SS colicin effectors (blue) with known proteins of the family (black). The

secondary structure prediction (ssp) for effector Tke7 is shown above the alignment. A
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structural alignment of the Tke7 effector model (magenta) with the colicin S4 (blue, PDB:

3FEW) is shown on the right.

Figure 6. Toxicity and secretion of the Tke2 effector. (a) The growth of E. coli K12 cells
harbouring the pTke2-CT and pTki2 plasmids containing the C-terminal toxin domain of
the tke2 effector and the tki2 immunity genes, respectively, was determined by measuring
the OD at 600 nm. At time zero either 1 mM IPTG and/or 0.02% (w/v) arabinose were
added to the LB medium to induce expression of the tke2-CT or/and tki2 genes,
respectively. (b) Western blot analyses using an anti-V5 or anti-HA monoclonal antibody
to detect the Tke2-CT-V5 or Tki2-HA tagged proteins. Proteins were prepared from E.
coli K12 cells grown during 10 hours in presence (+) or absence (-) of 1 mM IPTG and/or
0.02% (w/v) arabinose. (c) The indicated P. putida KT2440 strains bearing a tke2-V5
tagged gene were grown in TSB medium for 5 hours. Tke2-V5 was detected in the whole
cell and supernatant fractions using a monoclonal anti-V5 antibody. Detection of the
subunit of the RNA polymerase (B-RNAP) was used as control. The position of the

molecular size marker (in kDa) is indicated.

Figure 7. Bactericidal activity of P. putida KT2440 against a panel of phytopathogens.
X. campestris, A. tumefaciens, P. carotovorum and P. syringae pv. tomato strains harbour
the pRL662-gfp plasmid that confers gentamycin resistance. The P. putida KT2440 wild-
type (WT) and its isogenic AtssAlAtssM2AtssM3 triple mutant (AT6SS) were co-
incubated with the phytopathogens for 24 hours. CFU quantifications were performed
upon gentamycin selection. The average + SD from at least three biological replicates is

plotted.
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Figure 8. In planta competition assay between the biocontrol strain P. putida KT2440
and the phytopathogen X. campestris. (a) Leaves of Nicotiana benthamiana 24 hours after
being infiltrated with X. campestris (pRL662-gfp) (expressing a plasmid-encoded green
fluorescence protein), the P. putida KT2440 wild-type (WT), or its isogenic
AtssA1AtssM2AtssM3 triple mutant (AT6SS). (b) Leaves of Nicotiana benthamiana 5
days after co-infiltration of X. campestris (pPRL662-gfp) with the indicated P. putida
strain. In (a) and (b) the leaves were also visualized by fluorescence microscopy using a
Leica M205FA stereomicroscope. The necrotic areas resulting from X. campestris
infection are marked. The deep brown zone of necrosis is spread on a large portion of the
leave (right panel) while such spread is far more restricted when the phytopathogen is co-
inoculated with a T6SS positive P. putida strain (left panel) (c) Quantification of X.
campestris (pRL662-gfp) CFU recovered from Nicotiana benthamiana leaves after 24-
hour of co-infiltration with the indicated P. putida strain. X. campestris CFU were
quantified after Gm selection. Graphs represent mean +SD, of at least 5 biological
replicates with two technical replicates per experiment, statistical significance is indicated

t-test P < 0.001.
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PSPPH_5072 40 KNLGL GQKDLMKDLVEGYDPATAPAMLVPRVG[TVSKEGVG I VSRSRINPNTGLPFT
Aave_3481 4 RPSDTE | |QDAWAKSQ IGKQ3TYGAPAILLQNGP[gD I ANAAQNARRDARLATGRGKWES
Bcen3344 1 SNSPLE VLDVWMAKNVPDY4PIKSPTIALSAESEAATKAAYRDWL TMKTGRPVGGKVD
Tked 16 SNSPLE ILDIWAAQNVPSYGG3KGSPTIVLS2N[EAATKAVYREWLREKTGKPVGGKVD
Pal Pa2 Pa3
Tke7 SSp HCCCCCHHHHHHHHHHHHHHHHHCCCCCEFHHHHHHHHHHHHHHHHHHHHHHHHHHHHH- - -CCCCCCCHHHHHHHHHHHHHHH
Collcm S4 23 SMNRDRIQ SDVLNKAA EVISDIGNKVGDYLGDAYKSLARE | ADDVKNFQGKT IRSY
79 ELNGGGFDGFLLENFELLQSLLARASIGAGTASDAWSKHLEAIKKTLEEIEQLHRDYLL KGTLKARDEFYSKRTALFLKLE
COI|C|nN 15 KEEKEKNE KEALLKAS ELVSGMGDKLGEYLGVKYKNVAKEVANDIKNFHGRNIRSY
Tke6 14 AVLDFAESDFMMEYQAE IAGLLSDASLSMGVGKDMMDHGLRQLRSTLGNIERLHQQEFL RHGHLNSPSFFAERRLLLEQLD
Tke8 14 EVNGAGVDDFLLDNYEMLNSFLAHASMGAGAVSDGWSRHLDAIKETLGQIEQLHRDYLG GGTIKARDEFYAKRMVLF IRLE
Pa4 Pa5 Poa6
Tke7 SSp HHHHHHHHHHHCCCCHHHHHHHHCCCHHHHHCCCCHHHHHHHHHHHHHHHHHHHHCC CCCHHHHHHHHHCCCCHHHC
CO|ICIn S4 79 DDAMASLNKVLSNPGFKFNRADS DALANVWRS | DAQDMANKLGN | SKAF KFADVVMKVEKVREKS IEGYETG
160 EAQLDSMATYGVGLRNGGK I KHALDISTKRFLHGGE IKGYAEKISGVAKAANWIKKGTYLGMALDVASTELSIRNACVLGREEE
CO||c|nN 71 NEAMASLNKVLANPKMKVNKSDK DAIVNAWKQVNAKDMANK IGNLGKAF KVADLAIKVEKIREKSIEGYNTG
Tkes 95 GQLKATFLNKHLNLGAYERLKKSLNISTKSLVHHWSKAGGPGQ IPGYATYLDKVAKLSKYLRYGGHVGIGLGGTSSYLKVQEAC
Tkes 95 EQLDRLAAYGSGLRKKGKAKRTLGISTKSYLHAGE IVGYAEKIAGVSKAANL IKNGTYIGIGLDVAATGLS I HQACTLGREDEC
Pa7 Po8 Pa9 Pa 10
Tke7ssp C HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
C0|ICIHS4 151 NWGPLMLEVESWVLSGIASAVALGVFSATLGAYALSLGAPAIAVGIVGI LLAAVVGALLDDKFADALNKEI
Tke7 244 CRKAEYVERTSLVASLGLGGMGGHVGGLLGPIACVAVGIPTGGTATFACAVLGGAAGG IAGGEFGEVLGESV
Colicin N 143 NWGPLLLEVESWI IGGVVAGVAISLFGAVLSFLPIS GLAVTALGVIGIM TISYLSSFIDANRVSNINNI I
Tke6 179 RAGETEGCKK I RLSEAGAFAGGLAGG IVGGKIAGITALAVCGVFSAGTAGFGAPVCGIALVGGGAFAGSIAG

Tke8 179 AQARYVEGGAL IGSIGGS | AGGAVGGAIATVVCTAVLGIPTGGSGALACAVLGGTLGGKIGGDKGGQGGEYF

[l Colicin E7
B Tke2

[l Colicin S4
B Tke7
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Figure 8
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Table S1: Bacterial strains and plasmids used in this work

Bacterial strain

Description®

Source or reference

E. coli

DH5a supE44AlacU169 (¢80 lacZAM15) hsdR1 recAl endAl gyrA96 (Hanahan 1983)
thi-1 relAl1; Nal®

Topl0 F—mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74 recAl | Invitrogen
araD139 A(ara leu) 7697 galU galK rpsL (StrR) endAl nupG

HB101 SUpE44 hsdS20 recAl3 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 (Boyer & Roulland-Dussoix
mtl-1 1969)

CC118\pir Host strain for pPKNG101 replication; A(ara-leu) araD AlacX74 (Herrero et al. 1990)
galE galK-phoA20 thi-1 rpsk rpoB argE recAl, lysogenized with
Apir; RifR

P. putida

KT2440R Wild-type strain ; Rif? (Espinosa-Urgel et al. 2000)

tssA1-Tn5 KT2440R carrying a miniTn5-Km in the tssA1 (PP3088) gene; (Molina-Henares et al. 2010)
Rif?, KmR and this work

tssL1-Tn5 KT2440R carrying a miniTn5-Km in the tssL1 (PP3092) gene; (Molina-Henares et al. 2010)
Rif?, KmR and this work

tssK1-Tn5 KT2440R carrying a miniTn5-Km in the tssK1 (PP3093) gene; (Molina-Henares et al. 2010)
Rif?, KmR and this work

tssG1-Tn5 KT2440R carrying a miniTn5-Km in the tssG1 (PP3096) gene; (Molina-Henares et al. 2010)
Rif?, KmR and this work

tssF1-Tn5 KT2440R carrying a miniTn5-Km in the tssF1 (PP3097) gene; (Molina-Henares et al. 2010)
Rif?, KmR and this work

tssE1-Tn5 KT2440R carrying a miniTn5-Km in the tssE1 (PP3098) gene; (Molina-Henares et al. 2010)
Rif?, KmR and this work

AtssAl Markerless KT2440R null mutant in the tssAl (PP3088) gene, This work
disabling the K1-T6SS; Rif?

AtSSAL1AtssSM2AtssM3 (AT6SS) Markerless KT2440R null mutant in the tssA1/tssM2/tssM3 This work




(PP3088/PP4071/PP2627) genes disabling all three T6SS clusters;
RifR

miniCTX-hcpl-HA KT2440R containing a miniCTX transposon expressing a HA This work
tagged hcpl gene; RifR, TcR
AtssA1 miniCTX-hcpl-HA tssA1 null mutant containing a miniCTX transposon expressing a This work

HA tagged hcpl gene; RifR, TcR

rpoN::Km KT2440R carrying a Km cassette in the rpoN (PP0952) gene; KmR | (Kohler et al. 1989)
rpoN::Km tke2-V5 rpoN::Km mutant in which the tke2 gene has been replaced by a This work

version tagged with a dual V5 epitope; KmR
rpoN::Km AtssAl tke2-V5 rpoN::Km tke2-V5 containing the AtssA1 mutation; Km® This work

Other strains

Xanthomonas campestris pv.
campestris IVIA 2734-1

Wild-type strain

Maria Milagros Lopez
collection (IVIA, Spain)

Agrobacterium tumefaciens C58

Wild-type strain

Erh Min Lai collection
(Academia Sinica, Taiwan)

Pectobacterium carotovorum subsp.

carotovorum SCRI 194

Wild-type strain

Maria Milagros Lopez
collection (IVIA, Spain)

Pseudomonas syringae pv tomato
DC3000

Wild-type strain

Martin Buck collection
(Imperial College London, UK)

Plasmids

pCR-BluntlI-TOPO Blunt cloning vector; ApR, KmR Invitrogen

pRK600 Helper plasmid; oriColE1 mobRK2 traRK2; CmR (Kessler et al. 1992)
pRK2013 Helper plasmid; oriColE1 mobRK2 traRK2; Km~ (Figurski & Helinski 1979)
pKNG101 Gene replacement suicide vector, oriR6K, oriTRK2, sacB; SmR? (Kaniga et al. 1991)

pBAD33

Cloning vector containing the pBAD promoter inducible by L-

(Guzman et al. 1995)




arabinose; p15A origin; CmR

pNDM220 Low copy number cloning vector containing the lacl gene and the | (Gotfredsen & Gerdes 1998)
Lacl%regulated promoter PA1/04/03, IPTG-inducible; Ap®
miniCTX-1 Plasmid for the integration of genes into the att site of the P. putida | (Hoang et al. 2000)

chromosome; TcR

pRL662-gfp2

Broad host range vector derived from pBBR1MCS-2 expressing a
green fluorescence protein (gfp); GmR

Erh-Min Lai collection

pTki2

pBAD33 carrying in Sacl-Xbal a 550 bps PCR fragment
containing the entire P. putida tki2 (PP3108.1) gene; CmR

This work

pTke2-CT

pNDM220 carrying in BamHI-Xhol a 514 bps PCR fragment
containing the C-terminal part of the P. putida tke2 (PP3108) gene;
ApR

This work

pKtssAl

pPKNG101 carrying in Xbal-BamHI a 1.7-Kb PCR fragment
containing the regions up- and downstream the P. putida tssAl
(PP3088) gene; SmR

This work

pKtssM2

pKNG101 carrying in Xbal-BamHI a 1.6-Kb PCR fragment
containing the regions up- and downstream the P. putida tssM2
(PP4071) gene; SmR

This work

pKtssM3

PKNG101 carrying in Xbal-BamHI a 1.6-Kb PCR fragment
containing the regions up- and downstream the P. putida tssM3
(PP2627) gene; SmR

This work

pKtke2V5

pKNG101 carrying in Xbal-BamHI a 1.2-Kb PCR fragment
containing a C-terminally V5 dual-tagged P. putida tke2 gene and
the regions up- and downstream this gene; SmR

This work

miniCTX-Plac-hcpl-HA

miniCTX-1 carrying in EcoRI-BamH]I a 0.6-Kb PCR fragment
encoding a C-terminal HA-tagged hcpl gene from a Plac promoter
; TcR

This work

aApR, GmR, KmR, Nal®, Rif?, Sm® and TcR, resistance to ampicillin, gentamycin, kanamycin, nalidixic acid, rifampicin, streptomycin and

tetracycline, respectively
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Table S2: Sequence of the primers used in this work

Amplified/Deleted gene | Plasmid Name Sequence (5° = 3°)?
and promoter region
from P. putida KT2440
PP3088 (tssAl) pKtssAl tssAl-1 GGAATCTAGACAACAACCGCGAACGCAG
tssAl-2 CGGCCGAATTCCATAGAACACTCTGGACAT
tssA1-3 GCCGGGAATTCTAGGGGCTGCAATAAAAG
tssAl-4 TCGGTGAACAGGATCCAGTC
PP4071 (tssM2) pKtssM2 tssM2-1 TAGAGTCTAGAGACGCGCCGAGCCATC
tssM2-2 CTACATGACTTGATTCATCGAGGCTCC
tssM2-3 ATGAATCAAGTCATGTAGGCAGGAGGC
tssM2-4 TTCAAGGATCCGCGTGAACGCTCGTTACA
PP2627 (tssM3) pKtssM3 tssM3-1 AGGAATCTAGAACGACGCTACCGGCTACC
tssM3-2 TCATAGTCGTTGATTCATCGAGGCTCC
tssM3-3 ATGAATCAACGACTATGAACCTCGTCA
tssM3-4 ACCTTGGATCCTGAGCTGACGCTGCACAT
PP3108 (tke2) pKtke2V5 tke2V5-1 GGTCCTCTAGAAGAATCTGCGCTTCCAAGGT
tke2V5-2 aggcttacccgtagaatcgagaccgaggagagggttagggataggcttaccCCATACATCAACTCCTTTAA
TTACT
tke2V5-3 %aétctacgggtaagcctatccctaaccctctcctcggtctcgattctachGAATTAAAGGAGTTGATGTAT




tke2V5-4

AATAAGGATCCCGGACACCTGCAAAATAC

PP3108 (tke2) pTke2-CT | Tke2-F CCGGCGGATCCtaacaggaggaattaaccATGCGTTATGTCACTCAGGACC
Tke2-R CCGGGCTCGAGCTAcgtagaatcgagaccgaggagagggttagggataggcttaccCCATACATCA
ACTCCTTTAATTAC
PP3108.1 (tki2) pTki2 Tki2-F CCGCCGAGCTCtaacaggaggaattaaccCATGGTAATCAATGGCGGTTCATTGG
Tki2-R AATTATCTAGAttagcacgcgtagtccggcacgtcgtacgggtaAGCCCCAAGACCTGTCAACT
TGAT
PP3089 (hcpl-HA)P miniCTX- | HcplHA-F CCGCCGAATT CtaacaggaggaattaacCATGTTGTTAATGGAGAGTTT
':lfc’thl' HcplHA-R | AACTTGGATCCTTAGCACGCGTAGTCCGGCACGTC

& The sequences of the restriction sites are indicated in bold and the annealing region is underlined. Artificial Shine-Dalgarno and V5-tag are

shown in lowercase.

b The strain used as a template for this PCR reaction contains the gene encoding Hcpl with a C-terminal HA-tag.




Table S3: Distribution of T6SS loci in Pseudomonas putida strains

P. putida strain

T6SS
clusters

Group
1.1

Group
1.2

Group 2

Group 3

Group
4A

Group

4B

Group 5

VgrGs

Hcps

PA14H7

4

1

2

1

TRO1

3

1,Partial

1

KT2440

w

2
(K2, K3)

(

~

DOT-T1E

2

H

LS46

B6-2

GB-1

F1

ND6

§13.1.2

SJTE-1

str. Idaho

YKD221

791_PPUT

T2-2

RrlrRrlrlrRr]lRrRr]lRr]RrR]INMINMNS

W619

CBBS

sQ1l

HHl—\l—\l—\HHl—\l—\l—\HHl—\l—\HHﬁl—\l—\

CSV86

W150ct28

S16

NBRC 14164

HB3267

Partial

DLL-E4

PD1

SF1

Partial

LF54

ATH-43

RlRrlRr|Rr]Rr]Rr|R]|R

UASWS0946

S12

B001

SJ3

$610

[ =S =S =Y

MC4-5222

KG-4

MTCC 5279

BIRD-1

Partial

H8234

O|lOo|r|FR|IFRPIFRPIFRP|IFRPIFRPIFRPIFRPIFRPIFRPIRPIRPIFRPIRPIFRININININININININININININININNIWIWlW]lW

N|Jo|N|INININ]IAINIPlWIRPIWIURPITWIWIWIWlOlOdDPIUOVTWIWIUITWIOIN]IDPRIWlWS]IPdDIU]DSOV
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Table S4: Characteristics of proteins encoded by the P. putida KT2440 K1-T6SS

cluster.
I(_jentities Conserved Domains Molecular - Transme Predicted
. with T6SS . Predicted cellular .
Locus name Protein name PAO1/Othe COG/pfam/TIGR weight location® ¢ mbrane signal
a b H e idef 0
¢ identities (Short Name)/Phyre (P) (KDa)/pl Helices peptide
Structural operon
PA0082
(HsiAl) COG3515/pfam06812 361 a.a. 1. Unknown No
PP3088 TssAL 721316 (ImpA-rel_N) + 30.0/4.4 2. Cytoplasmic 0 Yes (1-18)
(23%) TIGR03363 (VI_chp_8) o '
PA0085 COG3157 (Hep)/
(Hepl) pfam05638 (DUF796)/ 180 a.a. 1. Extracellular No
PP3089 TssD1/Hepl 53/169 TIGR03344 19.5/5.3 2. Cytoplasmic 0 No
(31%) (VI_effect_Hcpl)
PA0077 COG3523 (lemP)/ 1. Inner
(lcmF1) pfam14331 (ImcF- 83l a.a Membrane No
PP3090 TagP1 related_N)/TIGR03348 o 3
151/406 93.1/9 2. Inner No
(VI_lcmF) + pfam00691
(37%) (OmpA) Membrane
PA0076
(TagF1) 302 a.a. 1. Cytoplasmic No
PP3090.1 TagFl 8/22 pfam (DUF2094) 33.8/6.2 2. Unknown 0 No
(36%)
PA0QO77 COG3523 (IcmF)/ 1. Inner
(lemF1) pfam14331 (ImcF- 1267 a.a. Membrane No
PP3091 TssM1 152/466 related_N)/TIGR03348 138.7/6.8 2. Inner 3 No
(33%) (V1_lcmF) Membrane
Izé 231? COG3455/pfam09850 238 a4 1. Cytoplasmic No
PP3092 TssL1 50/187 (DUF2077)/ TIGR03349 26 9/5; 7 2. Inner 1 No
(27%) (TIGR03349) Membrane
PA0079
C0OG3522/ pfam05936 .
(TssK1) 447 a.a. 1. Cytoplasmic No
PP3093 Tsskl 140/450 (DUF?\Z?)/CEIGE)O 3353 50/6.4 2. Unknown 0 No
(31%) -Chp_
PA0080
COG3521/pfam12790
(Tssd1) i 240 a.a. 1. Unknown No
PP3094 Tssl 33/107 (T6S (S\?IN%TI%)RO%SZ 25.9/4.7 2. Periplasm 0 Yes (1-26)
(31%) —Chp_
PA0090
PP3095 TssH1/ (ClpV1) p%%%gggi EC: Ip: A: ) ;)/ 878 a.a. 1. Cytoplasmic 0 No
ClpVv1 4(552]{%3 TIGRO3345 (VI_CIE)Vl) 96.5/6.1 2. Unknown Yes (1-22)
PA0089
C0OG3520/pfam06996 .
(TssG1) 356 a.a. 1. Cytoplasmic No
PP3096 TssG1 111/328 (DUFl(f/Of)C’rT 'G1'§03347 40.8/9.9 2. Cytoplasmic 0 No
(34%) —ChP_
PA0088
COG3519/pfam05947 .
(TssF1) 606 a.a. 1. Cytoplasmic No
PP3097 TssFL 216/632 (DUF?\Z?)/C E'GE)O?’?’SQ’ 69.217.3 2. Cytoplasmic 0 No
(34%) -Chp_|
PA0087
COG3518/ pfam04965 .
(TssE1) 160 a.a. 1. Cytoplasmic No
PP3098 TssEl 42/138 (GPW—%{’/ZIE’Z/ rTT]'gR°3357 18.4/18.5 2. Cytoplasmic 0 No
(30%) -2y
PA0084
COG3517/pfam05943 .
(TssC1) 500 a.a. 1. Cytoplasmic No
PP3099 TssCl 251/486 (DUF?\ZP’;'GF;)O%SS 56.1/4.9 2. Cytoplasmic 0 No
(52%) i
PA0083
COG3516/pfam05591 .
(TssB1) 191 a.a. 1. Cytoplasmic No
PP3100 TssB1 68/161 (DUFZ\Z?)’;'GE)%%S 21.77.7 2. Cytoplasmic 0 No
(42%) i
254 a.a. 1. Cytoplasmic No
PP3100.1 Tagx1 - 28.5/5.5 2. Unknown 0 No
Intermediate region
68 a.a. 1. Unknown No
PP3100.2 B 7.15/9.26 2. Periplasm 0 No
183 a.a. 1. Inner No
PP3100.3 - 20.6/9.04 Membrane 3 Yes (1-40)




2. Inner

Membrane
COG1397 (DraG)/
pfam03747
- 260 a.a. 1. Unknown No
PP3101 (ADP_ribosyl_G)/ 28.7/6.5 2 Unknown No
TIGR02662 T '
(dinitro_ DRAG)
90 a.a. 1. Unknown No
PP3101.1 B 10.2/4.81 2. Cytoplasmic No
189 a.a. 1. Unknown No
PP3101.2 - 215/10.7 2. Cytoplasmic No
PP3106
PP3101.3 Partial 28/61 - e > Jnnown e
(46%) o )
1. Inner
PP3105
BPSIOL4 | Patial | 1007231 - 202058 | e No
0 .2/9. .
(43%) membrane
PP3106
. 67 a.a. 1. Unknown No
PP3101.5 Partial 31/51 Pfam05954 (Phage GPD) -
—_ (61%) 7.6/9.30 2. Cytoplasmic No
. COG0013: Alanyl-tRNA 103 a.a. 1. Unknown No
PP3101.6 Partial synthetase 11.9/5.9 2. Cytoplasmic No
10l aa. 1. Unknown No
PP3101.7 B 11.1/6.31 2. Cytoplasmic No
COG3344/
pfam00078/
. TIGR04416/ 129 a.a. 1. Unknown No
PP3101.8 Partial (RVT 1) 14.8/10.5 2. Cytoplasmic No
Group Il intron reverse
transcriptase
. Ribosomal protein S7 58 a.a. 1. Unknown No
PP3101.9 Partial cl00313:uS7 Superfamily 6.7/10.15 2. Unknown No
PA0092
. (Tsi6) P:Tsi6 98a.a. 1. Unknown No
PP3102 Tkil 44193 (4-89 a.a) C:100% 10.9/8.4 2. Cytoplasmic No
(47%)
P(?Sgg)S pfam (Toxin_61) 391 aa 1. Unknown No
PP3103 Tkel 88/160 P: Tse6 42 6/§§ 2. Inner No
(55%) (227-383 a.a.) C: 100% T Membrane
1. Unknown
98 a.a. No
PP3103.1 - 115/9.1 2. Inner No
Membrane
VgrG1 operon
1. Unknown
338 a.a. No
PP3104 - 35195 2. Inner No
Membrane
1. Inner
PP3101.4
231laa. Membrane No
PP3105 1&%/02/?31 - 26.5/10.5 2. Inner No
0 Membrane
PA0091
COG3501 (VgrG)/ .
PP3106 | Tssli/VgrGl (z\ig;%lg pfam05954 (Phage_GPD)/ g;%fgaé ; E;’;‘;i';sl'm; Hg
TIGR03361 (VI_Rhs_Vgr) o '
(36%)
PA0094 .
PP3106.1 EagRla 6/14 pfam08786 (DUF1795) b 1'20&32']2%"‘ "
(43%) o )
PA0094
COG5435/pfam08786 173 a.a. 1. Unknown No
PP3107 EagR1b 3(%{,2)1 (DUF1795) 19.1/4.9 2. Extracellular No
pfam05488 (PAAR_motif)
+ C0OG3209 (RhsA)/
TIGR03696 1. Unknown
PP3108 Tke2 (Rhs_assc_core) + HNH 1135855 z?/'g' 2. Inner Hg
nuclease (SM00507) / P: ' Membrane
Endonuclease (1331-1362
a.a.) C: 50%
. 158 a.a. 1. Cytoplasmic No
PP3108.1 Tki2 - 17.4/4.6 2. Cytoplasmic No
PP3108
PP3108.2 Partial 207/219 | pfam05593 (RHS-repeat) 5182 s ) 1'E>L<Jtrr]::emr|]ar Hg

(95%)




PP3108.3 pfam14136 (DUF4303) 21(7)%74&5' 21'cl;tr:)|:;r|]§mic mg
1. Inner
PP3108
PP3109 Partial 24126 pfam03527 (RHS) oaas Membrane e
o 1/11. .
(92%) Membrane
PP3109.1 P: Multiheme cytochromes 159 a.a. 1. Cytoplasmic No
) (28-120 a.a.) C: 65% 18.2/5.1 2. Cytoplasmic No
. pfam14427 (Pput2613- 76 a.a. 1. Unknown No
PP3109.2 Partial deam) 8.1/5.8 2. Cytoplasmic No
PP3100.3 Partial Pfam15588 (Imm?7) naa zl'ctftr(‘)‘;'l‘;’swn:‘ic e
P: B30.2 domain of -
PP3109.4 Tke3 TRIM20 (103-198 a.a.) aon 1'2C§r?|fr']‘?)m° e
C: 84% T )
PP3109.5 Tki3 Pfam15428 (Imm14) L/saa y gﬁgg:g:m:g N
1. Cytoplasmic
201 a.a. No
PP3109.7 23.9/6.3 2. Outer No
membrane
70 a.a. 1. Unknown No
PP3110 8/10 2. Periplasm No
PP3111 Pfam09339 (HTH-IcIR) o > ynknown e

a.a.; amino acids

Newly annotated proteins are in bold
Partial proteins or those with premature stop codon are underline

a: Structural-based homology prediction using the Protein Homology/analogy

Recognition Engine (Phyre) server (Kelley, et al., 2009). C stands for Confidence.

b: The molecular weight and isoelectric point (pl) are based on prediction by the
software EXPASYy (http://www.expasy.ch/tools/pi_tool.html).

c: The cellular localization is based on prediction by PSORTb
(http://www.psort.org/psortb/index.html).

d: The cellular localization is based on prediction by SOSUIGramN
(http://bp.nuap.nagoya-u.ac.jp/sosui/sosuigramn/sosuigramn_submit.html).
e: The prediction of transmembrane domains was determined by TMHMN
(http://www.cbs.dtu.dk/servicess TMHMMY/)

f: The prediction of signal peptides was determined by SignalP
(http://www.cbs.dtu.dk/services/SignalP/).

g: The prediction of signal peptides was determined by SOSUlIsignal
(http://bp.nuap.nagoya-u.ac.jp/sosui/sosuisignal/sosuisignal_submit.html).




Table S5: Characteristics of proteins encoded by the P. putida KT2440 K2- and K3-

T6SS clusters

K2-K3 Conserved
. . . - Domains - Transmem- | Predicted
L Protein . Identities with Identities Predicted cellular .
ocus name Protein length COG/pfam/TIGR -l brane signal
name H2-T6SS PAO1 /Other location® o4 et
. e (Short Name)/ helices' peptide®
identities Phyre?
yre
PA1669 COG3523 (IcmF)
PP40T1 TssM2 1208 aa. (lemF2) 26% 82% pfam06761(IlcmF) | 1. Inner Membrane 3 No
TIGR03348 2. Inner Membrane No
PP2627 TssM3 1206 a.a. 27% (VI_lcmF)
PA1656 pfam06812 1. Cytoplasmic
Ppao72 TssA2 488aa. (HsiA2) 26% - (ImpA-rel_N)+ | 2. Cytoplasmic 0 No
TIGR03362 1. Cytoplasmic No
PP2626 TssA3 487 a.a. 24% (VI chp.7) o1 Imst Membrane
. No
Pfam11319 1. Cytoplasmic
PP4073 Vasl2 210 a.a. 64 (DUF3121)/ 2. Unknown 0 2Y§)s, (1-
’ TIGRO3360 1. Cytoplasmic No
PP2625 Vasl3 23laa. (VI_minor_1) 2. Cytoplasmic 1 No
PA1657 COG3516/pfam05
PP4074 TssB2 167aa (HsiB2) 50% 82% 591(DUF770)/TI | 1. Cytoplasmic 0 No
GR03358 2. Cytoplasmic No
PP2624 TssB3 167 a.a. 50% (VI chp_5)
TssC2 - PA1658 COG3517/
PR4OTS (partial) | 4%8/4%5"aa | (ico) 5% pamoso43 | | o N
84% (DUF877)/ - Cytoplasmic 0 0
2. Cytoplasmic No
PP2623 TssC3 496 a.a. 67% TIGR03355
(VI_chp_2)
PP4076 TssE2 136 a.a. PALE59 COG3518/
(HsiF) 27% pfam04965 1. Cytoplasmic No
88% (GPW_gp25)/ 2. Unknown 0 No
PP2622 TssE3 136 a.a. 30% TIGR03357 ’
(V1_zyme)
PA1660 COG3519/
PP4077 TssF2 588 a.a. (HsiG) 35% pfam05947 Lc s N
86% (DUF879)/ - Cytoplasmic 0 0
2. Cytoplasmic No
PP2621 TssF3 588 a.a. 34% TIGR03359
(V1_chp_6)
PA1661 COG3520/ 1. Cytoplasmic
PP4078 TssG2 338aa. (HsiH) 34% pfam06996 2. Cytoplasmic \o
88% (DUF1305)/ T — 0 No
PP2620 TssG3 338a.a. 35% TIGR03347 5 Cvtolasmic
(VI_chp_1) - Cytop
PA1665 COG3456/TIGRO | 1. Unknown No
AR FIEE HEYEE, (Fha2) 25% 3354 (VI FHA) | 2. Cytoplasmic v No
No
PA1666
PPa0Ts Tesl2 265aa. (Lip2) 22% COG3521/pfam12 ;(%s (-
76% 790 (T6SS- 1. Unknown 0 Yes (1-
% | SciN)/TIGR03352 | 2. Periplasm s (
PP2618 TssJ3 265 a.a. 27% (VI_chp_3) Yes (1-
23)
PA1667 C0OG3522/pfam05
PP4080 Tssk2 44522, (HsiJ2) 35% o1% 936 (DUF876)/ | 1. Cytoplasmic o No
TIGR03353 2. Periplasm No
PP2617 TssK3 445 a.a. 35% (VI chp_4)
PP1668(DotU2) COG3455/
PP4081 TssL2 310 a.a. 34% pfam09850 L Unknown o
85% (DUF2077)/ 2. Inner Membrane 1 No
PP2616 TssL3 289 a.a. 34% TIGR03349 ’
(IV_VI_DotU)
PA1512 COG3157 (Hcp)/
PP4082 TSSD? Hep 171aa (Hcp2) pamose38 | oo o
58% 99% (DUF796)/ 2‘ Extracellular 0 No
TssD3/Hcp TIGR03344 ’
PP2615 3 171 aa. 58% (VI_effect_Hepl)




TssI2VarG PA1511 COG3501
PP4083 TMST 361/659 a.a. (VgrG2a) (VgrG)/
<P 49% _— pfam05954 1. Cytoplasmic No
TssI3/VarG 0 (Phage_GPD)/ 2. Cytoplasmic No
PP2614 3 g 722 a.a. 53% TIGR03361
(VI_Rhs_Vgr)
pfam13503 1. Unknown No
PPAELS RiEE SEE, (DUF4123) 2. Cytoplasmic No
No
PP2612 Te5 996 a.a. - 1. Inner Membrane Yes (1-
2. Unknown
35)
No
. pfam11746 1. Inner Membrane :
AL, = S, (DUF3303) 2. Inner Membrane ;(f)s a
COG4101/pfam05
PP2610 Tsp5 85a.a. 488 é g”'zn‘i‘;‘g%ic mg
(PAAR motif) | % ©YOP
COG5435/
1. Unknown No
PP4084 EagR2 143 a.a. pfam08786 .
(DUF1795) 2. Cytoplasmic No
Pfam05488
(PAAR_motif) +
COG3209(RhsA)/ No
pfam03527(RHS)/ | 1. Unknown )
PP408S Thed 1530 a2, TIGR03696 2. Inner Membrane ;(;)S a
(Rhs_assc_core) +
pfam15652 (Tox-
SHH)
SMO000860(SMI1/
PP4085.1 Tki4 16laa. P;‘égg"' KNR4 family) ; g)’(‘tljgsglvlllar Hg
’ Imm-SUKH '
PP4094.1 _ 1. Cytoplasmic No
PP4085.2 l43aa 73% 2. Cytoplasmic No
1. Inner Membrane No
PP4086 187 a.a. -- 2. Cytoplasmic No
1.Unknown No
PP4087 50 a.a. -- 2 Unknown No
. TIGR03696 1. Unknown No
PP4087.1 Partial 100aa. (Rhs_assc_core) | 2. Cytoplasmic No
. pfam15428 1. Unknown No
EP4087.2 Partial 140aa. (Imm14) 2. Cytoplasmic No
. PP4085 pfam05593 1. Unknown No
PP4088 Partial 491aa. 95% (RHS_repeat) 2. Extracellular No
. PP4085 1. Unknown No
PP4089 Partial 422 a.a. e pfam03257 (RHS) | 5’ £y ciiiiar No
1.Cytoplasmic No
PP4089.1 153 a.a. - 2. Cytoplasmic No
. PP4085 pfam05593 1. Unknown No
PP4090 Partial 302aa. 98% (RHS_repeat) 2. Extracellular No
C0OG3436/
PP4091 ISPPULS pfam03050
(DDE_Tnp_IS66)
C0OG3436/
PP4092 1SPpuLS pfam05717
(TnpB_IS66)
COG3209
PP4093 Partial 198 a.a PP4085 (RhSA)lsanslGR036 1. Unknown No
a. o .
57% (tRNA_nuclease_ 2. Cytoplasmic No
WapA)
P: Hypothetical
protein YwqG
PP4093.1 Partial 212aa. (pdb: dipvsa) | 88't‘er‘r‘mmbrane Hg
(143-212 a.a.) C: :
93%
SMO000860(SMI11/ .
PP4094 Tkidb 161 aa. PPAOBS.1 | ™\ NR4 family) | L CYtoplasmic No
96% 2. Extracellular No
Imm-SUKH
PP4094.1 101 a.a. PP4085.2 Pfam09827 1. Unknown No




73% (CRISPR_Cas?2) 2. Cytoplasmic No

PP4095 Partial 91 aa.

pfam05954 1. Unknown No
(Phage GPD) 2. Cytoplasmic No

a.a.: amino acids.
Newly annotated proteins are in bold
Partial proteins or those with premature stop codon are underline

a: Structural-based homology prediction using the Protein Homology/analogy
Recognition Engine (Phyre) server (Kelley, et al., 2009). C stands for Confidence.
b: The cellular localization is based on prediction by PSORTb
(http://www.psort.org/psortb/index.html).

c: The cellular localization is based on prediction by SOSUI GramN
(http://bp.nuap.nagoya-u.ac.jp/sosui/sosuigramn/sosuigramn_submit.html).

d: The prediction of transmembrane domains was determined by TMHMN
(http://www.cbs.dtu.dk/servicess TMHMMY/)

e: The prediction of signal peptides was by SignalP
(http://www.cbs.dtu.dk/services/SignalP/).

f: The prediction of signal peptides was by SOSUIlsignal (http://bp.nuap.nagoya-
u.ac.jp/sosui/sosuisignal/sosuisignal_submit.html).




Table S6: Characteristics of proteins encoded by orphan hcp and vgrG gene clusters

Transm Predict Predicted non-
Gene name Conserved Domains Molecular Predicted cellular | embran ed classicall
Locus name Protein Identities COG/pfam/TIGR weight C signal Y
name (Short Name)/Phyre? (KDa)/pl® location*® € peptide secreted
helices® o protein
Orphan Hcp4 cluster
COG4101/pfam05488 1. Unknown
(PAAR_motif) + P: 466 a.a. ' No
PP0646 Tkeo Colicin n (242-460 a.a.) 48758 | Zmer 2 No No
C: 87.6%
129 aa 1. Inner No
PP0647 Tki6 - 146 /9' 4'6 membrane 3 Yes No
T 2. Inner (1-37)
membrane
— Hep4 Tﬁggf; COG3157/pfam05638 108aa | 1. Unknown 0 No Ves
I (Partial) 24180 (30%) (DUF796) 11.7/4.2 2. Extracellular No
Orphan Hcpb cluster
1. Inner
. PP5238.2 43/ 124 a.a. membrane No
PP4g84.1 Tki7 104 (41%) - 143/103 | 2. Inner 2 No No
membrane
PP5238.1 . .
P: Colicin s4 (57-314 a.a.) 323aa. 1. Cytoplasmic No
PP488S Thet 1521250 C: 95% 34/64 | 2. Unknown 0 No No
(61%)
PA0085
(Hepl)
47/157 (30%) COG3157/pfam05638
PP4886 Hcps PP5238 (DUF796)/TIGR03344 i e E’Etlzﬁ‘éf,'v'#'ar 0 " Yes
(Hcpé) (VI1_effect_Hcpl) T ’
150/162
(93%)
Orphan Hcpé6 cluster
PA0085
(Hepl)
47/157 (30%) COG3157/pfam05638
PP5238 Hcpé PP4886 (DUF796)/TIGR03344 igzsﬁaz . 'é’;ttroacggﬂfcr 0 Hg Yes
(Hepb) (VI1_effect_Hcpl) D ’ P
150/162
(93%)
PP4885 .
g 1. Cytoplasmic
(Tke7) P: Colicin n (43-258 a.a.) 260 a.a. No
PP5238.1 Thes 152/250 C: 68% 26.9/7.8 2 phner 0 No No
(61%)
1. Inner
PP4884.1
PP5238.2 Tkig (Tki7) - PEASS membrane 3 " No
43/104 (41%) ' ;
membrane
Orphan VgrG4 cluster
PA1668 COG3455/pfam09850 282 aa 1. Cytoplasmic No
PP3385 TssL4 (DotuU2) (DUF2077)/TIGR03349 32,406 2. Inner 1 No No
69/207 (33%) (1IV_VI_DotU) ) membrane
PA1511
COG3501 (VgrG)/ .
PP3386 VgrGa (Varo22) | pfam0sosa (Phage_GPD)/ | >3 3 Synoplasmic 0 o No
TIGR03361 (VI_Rhs_Vgr) : - Cytop
(53%)
PA1854 315 a.a. 1. Unknown No
PP3387 Tap4 | 35134 (280 | PfaM13503 (DUF4123) 34.9/7.7 2. Cytoplasmic 0 No No
1. Unknown
890 a.a. No
PP3388 Tke9 - 99.2/6.8 2. Inner 2 No No
membrane
PP3389 Tki9 - 385a.a. 1. Inner 3 No No




43.3/10.4 membrane No
2. Inner
membrane
Orphan VgrG5 cluster
PA0093 No
PP4045 Tsp10 (Tkeb) coc(spﬂzgpﬁm?gws Bl zl'c;’tr(‘)‘gl‘;’:r‘fl‘ic 0 | Yes Yes
18/46 (39%) - : : (1-13)
PA2201
35/143 (24%)
. PP4047 pfam08928 (DUF1910) 320 a.a. 1. Cytoplasmic No
PP4046 Tki10b (Tkil0a) Imm PA2201 37.1/65 2. Cytoplasmic 0 No No
120/320
(38%)
PA2201
44/152 (29%)
. PP4046 pfam08929 (DUF1911) 318 a.a. 1. Cytoplasmic No
PPA04T Tki10a (TKi10b) Imm PA2201 37.1/53 2. Cytoplasmic 0 No No
120/320
(38%)
1. Unknown
PP4048 Tkel0 TOX'RE""S;'Oll(ZZ)ha”g etal. gggféaé 2. Inner 1 Hg No
T Membrane
PA1511
COG3501 (VgrG)/ .
PP4049 VgrGs (ggggg) pfam05954 (Phage_GPD)/ | a2 y gﬁgp:::m:g 0 N No
51%) TIGR03361 (VI_Rhs_Vgr) : - Cytop

a.a.. amino acids
Newly annotated proteins are in bold
Partial proteins or those with premature stop codon are underline

a: Structural-based homology prediction using the Protein Homology/analogy
Recognition Engine (Phyre) server (Kelley, et al., 2009). C stands for Confidence.
b: The molecular weight and isoelectric point (pl) are based on prediction by the
software EXPASYy (http://www.expasy.ch/tools/pi_tool.html).

c: The cellular localization is based on prediction by PSORTb
(http://www.psort.org/psortb/index.html).

d: The cellular localization is based on prediction by SOSUIGramN
(http://bp.nuap.nagoya-u.ac.jp/sosui/sosuigramn/sosuigramn_submit.html).

e: The prediction of transmembrane domains was determined by TMHMN
(http://www.cbs.dtu.dk/servicess TMHMMY/)

f: The prediction of signal peptides was by use of SignalP
(http://www.cbs.dtu.dk/services/SignalP/).

g: The prediction of signal peptides was determined by SOSUIsignal
(http://bp.nuap.nagoya-u.ac.jp/sosui/sosuisignal/sosuisignal_submit.html).

h: The prediction was determined by SecretomeP
(http://www.cbs.dtu.dk/services/SecretomeP/).
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