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Environmental pseudomonads colonize various niches including insect and plant environments. When invading these
environments, bacteria are confronted with the resident microbiota. To oppose with closely related strains, they rely on narrow-
spectrum weaponry such as tailocins, i.e., phage tail-like particles. Little is known about the receptors for these tailocins especially
among phylogenetically closely related species. Here, we studied the interaction between an R-tailocin from Pseudomonas
protegens CHAO and a targeted kin, Pseudomonas protegens Pf-5. Using genome-wide transposon insertion sequencing, we
identified that lipopolysaccharides are involved in the sensitivity of Pf-5 towards the tailocin of CHAO. By generating Pf-5
lipopolysaccharide mutants and exposing them to extracted tailocin, we specified the two O-antigenic polysaccharides (O-PS)
targeted by the tailocin. We affirmed the role of these O-PS through competition assays in vitro as well as in insects. Further, we
demonstrate that O-PS are double-edge swords that are responsible for the sensitivity of P. protegens towards tailocins and phages
produced by their kin, but shield bacteria from the immune system of the insect. Our results shed light on the trade-off that
bacteria are confronted with, where specific O-PS decorations can both be of benefit or disadvantage depending on the host

environment and its bacterial inhabitants.
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INTRODUCTION

Pseudomonas protegens bacteria are found in very diverse
environmental niches and notably are known for their ability to
colonize two different eukaryotic hosts, plants and insects. Indeed,
several strains are well-known root colonizers with plant-beneficial
activities, in addition to being invaders of certain plant pest
insects, exerting entomopathogenic activities or exploiting their
insect host as vector for dispersal [1-5]. To colonize these
contrasting hosts, P. protegens shows an outstanding capacity to
establish itself efficiently within the resident host microbiota. For
insect invasion, these bacteria deploy a vast arsenal of weapons
allowing them to face the gut microbiota [5, 6]. For instance, the
expression of genes involved in the production of broad-spectrum
antimicrobial compounds increased following the ingestion of
Pseudomonas protegens type strain [7, 8] and widely used model
environmental pseudomonad CHAO (hereafter CHAO) by the pest
insect Plutella xylostella [6, 9]. Following the ingestion by another
pest insect, Pieris brassicae, CHAO used its type VI secretion system
to ward off Enterobacter sp. dwelling on the gut epithelial barrier
to cross through to and colonize the hemolymph [10]. Once inside
the blood system of the insect, these Pseudomonas can escape the
insect immune defense by displaying a specific lipopolysaccharide
(LPS) at their cell surface [11]. As they are hidden from the

immune system, they can multiply and start producing the
entomotoxin Fit leading to a systemic infection causing the death
of the insect [6, 12-15].

However, CHAO may not only be confronted with phylogeneti-
cally distant bacteria but is likely to encounter other closely
related Pseudomonas that would exploit the insect niche. Close
relatives are generally resistant to the broad-spectrum weaponry
since they share highly similar, if not almost identical, genetic
backgrounds [16-18]. Nonetheless, Pseudomonas strains also
deploy weapons that are very specific, even down to the strain
level, notably tailocins, i.e. highly specialized phage tail-like
particles [18-26]. Tailocins are antimicrobial structures that are
thought to be evolved from bacteriophages belonging to the
Caudoviridales order [21, 23, 27-29], with two main types,
R-tailocins (rigid and contractile) and F-tailocins (flexible and
non-contractile) [27].

Following release by explosive cell lysis [18], tailocins will reach
and bind to their target bacteria by attaching to specific cell-
surface receptors similarly to bacteriophages [21-23, 30, 31].
Receptor-binding proteins such as tail fibers, tail spikes or the tail
tip are used by the tailocin structure to recognize the target
receptor [25, 32]. For R-tailocins, the contact between the
receptor-binding protein and their specific receptor will induce
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the contraction of the tail sheath to push the internal rigid tail
tube-spike complex toward the membrane of the target,
disrupting it and leading to the death of the targeted bacterial
cell [23, 31-34].

Previously, we showed that the CHAO genome encompasses
prophage-like clusters encoding two R-tailocins (tailocin #1 and
tailocin #2) as well as a myovirus and a siphovirus [18]. The tailocin #2
is present in most Pseudomonas strains investigated so far, whereas
the tailocin #1 is harbored by a few strains and displays a highly
specialized spectrum against specific strains belonging to the
Pseudomonas protegens sensu strico species including P. protegens
Pf-5 (hereafter Pf-5, [18, 28]). Although the killing activity of tailocin #1
of CHAO was demonstrated, its receptors on Pf-5 are unknown [18].

A number of studies demonstrate that LPS are involved in the
sensitivity of a target bacterium towards R-tailocins [23, 25, 35].
LPS are formed out of three major parts: the lipid A, a
hydrophobic structure that anchors the LPS into the outer
membrane, the core oligosaccharide, a highly phosphorylated
negatively charged structure that provides membrane stability,
and finally an O-antigenic polysaccharide (O-PS, also termed O-
antigen), which is the exposed part of the LPS [36]. Generally,
the lipid A and core oligosaccharide form the conserved part of
the structure, while the O-PS is highly variable and differs
between strains [36]. Moreover, some strains expose multiple
different types of O-PS on their cell surface [11, 36, 37]. The O-PS
is synthesized and can be transported separately from the lipid
A core oligosaccharide [36]. As they can be transported
separately, some LPS, called uncapped, lack the O-PS
[11, 36, 37]. LPS formed out of all three parts are called capped
[11, 36, 37]. Although the LPS of CHAO are known to be
composed of a short (OSA, O-specific antigen) and a long (OBC3,
O-PS biosynthesis cluster 3) O-PS structure, the LPS profile of Pf-
5 is poorly documented [11].

The interaction between CHAO and Pf-5 is of interest as these
strains have very high genomic similarity. We suggest that the arms
race to colonize the same niches between these two kin bacteria
does not entirely rely on weapons to attack their adversary but also
defense systems against the assault of their opponent. In this study,
through a genome-wide transposon insertion sequencing (Tn-seq)
approach, we scanned for candidate genes involved in the resistance
and sensitivity of Pf-5 against a highly specialized phage tail-like
weapon of CHAQ, ie, tailocin #1. Subsequently, we used a reverse
genetic approach to evaluate the importance of these genes during
dual competition in vitro and during host colonization (in insecta and
in planta). Through these experimental approaches, we have
identified that LPS of Pf-5 are key components in its immunity
against the R-tailocins of CHAO but are also imperative to evade the
immune system of the insect. These findings support the hypothesis
that cell surface decorations, more specifically LPS, are double-edge
swords that can both be of disadvantage or benefit for the bacterium
when it faces the viral weaponry of adversaries or the immune
defense of the eukaryotic host.

MATERIAL AND METHODS

Bacterial strains, plasmids, media, and culture conditions
Strains and plasmids used in this study are listed in Supplementary
Tables 1, 2 and 3. Pseudomonas strains were routinely cultured on nutrient
agar (NA) and in nutrient yeast broth (NYB) at 25 °C. Escherichia coli was
grown in lysogeny broth (LB) at 37°C. When required media were
supplemented with selective antibiotics at the following concentrations:
ampicillin, 100 pg/mL; chloramphenicol, 50 pug/mL; gentamicin, 10 pg/mL;
kanamycin, 25 pg/mL.

Extraction of phage(-related) particles

Pseudomonas strains (Supplementary Table 1) were restarted into fresh NYB
from an overnight culture. To induce the production of tailocins and phage
particles, 3 pg/mL of mitomycin C was added when the cultures reached
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exponential growth phase (optical density [OD] at 600 nm of 0.3-0.4),
followed by an incubation at 25 °C for a minimum of 3 h. Induced cultures
were then centrifuged at 6000 rpm for 15 min. The phage(-related) particles
present in the supernatant (i.e, tailocins and/or phages) were caught onto
Amicon Ultra-15 centrifugal filters with a molecular weight cut-off of 50 kDa
(Millipore). Particles were resuspended from the filters by using 1 mL of Tn50
buffer. Extracts of individual tailocins were obtained from mutants of CHAO
that are defective for the other phage(-related) particles (Supplementary
Table 2) as detailed in [18].

Transposon mutant library construction

An overnight culture of P. protegens Pf-5 was grown at 35 °C, centrifuged
and washed twice with a MOPS glycerol solution to obtain a suspension of
competent cells. These cells were electroporated with the plasmid pRL27
containing the mini-Tn5 transposon [38] and immediately rescued in 1 mL
of Super Optimal broth with Catabolite repression medium (SOC) for 2.5 h
at 35 °C. The cell suspensions then were serially diluted and plated onto NA
plates with 25 pg/mL of kanamycin. Following incubation for 24 h at 25 °C,
the totality of the Km-resistant colonies from a selection of 10 NA plates
per strain, yielding a total of approximatively 11 million colonies, were
harvested into sterile 0.8% NaCl-solution, homogenized and centrifuged to
concentrate the full Tn5-library into a final volume of 5 mL. Aliquots of 1
mL were stored with glycerol at —80 °C for subsequent use.

Exposure of the P. protegens Tn-mutant library to tailocins
and Tn-seq analysis

Aliquots of 150 L of the Tn-mutant library were added to 8 mL of NYB and
incubated for 8 h at 25 °C. The OD at 600 nm of these cultures was adjusted
to 0.01 (corresponding to approximately 2 x 10° cells/mL) in new tubes
containing fresh NYB. The Tn-mutant library was exposed to 400 pL of a
purified suspension of the tailocin #1 of CHAO, containing approximately
200000 tailocin particles/mL (based on a semi-quantification approach
[18]). Three independent replicates were performed including each time a
control condition without the tailocins. After 10 h of incubation at 25 °C,
the cells were centrifuged and washed twice with sterile H,O to remove
any traces of extracellular DNA from lysed cells in the supernatant.
Genomic DNA was then extracted from the cell pellets using the
MagAttract HMW DNA kit (Qiagen). The Tn-seq DNA library preparation,
lllumina sequencing, sequence processing and statistical analysis was
performed as detailed in the Supplementary Information.

Phylogenetic analysis and comparison of genomes

The P. protegens (Pp)/P. chlororaphis (Pc) phylogenetic tree was based on
the concatenation of the housekeeping genes rpoD, rpoB and gyrB.
Nucleotide sequences were retrieved from the genome sequences
(Supplementary Table 1) using BLASTn (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). The sequences were aligned using MUSCLE [39], concatenated
and used to build a Maximum Likelihood tree with PhyML [40]. The
genome comparisons of CHAO and Pf-5 were performed on the MaGe
platform (https://mage.genoscope.cns.fr/).

Lipopolysaccharide and O-antigenic polysaccharide cluster
identification

The gene clusters encoding core-LPS and O-PS formation in Pf-5 were
identified by performing BLASTn and BLASTp analyses (targeting, e.g.
nucleotide sugar biosynthesis proteins, glycosyltransferases, LPS transpor-
ters) based on the well-characterized core-LPS and O-PS clusters in the
genome of CHAO [11] using the NCBI platform (https://blast.ncbi.nlm.nih.
gov) with a minimum of 70% nucleotide sequence identity over 70% of the
coding sequence.

Mutant construction

To test the role of candidate genes in tailocin resistance, they were deleted in
Pf-5 according to the results obtained in the Tn-seq experiment. Deletion
mutants (Supplementary Table 2) were constructed using the suicide vector
pPEMG and the I-Scel system [41] with a protocol adapted for P. protegens
[10, 18], with plasmids and primers listed in the Supplementary Tables 3 and 4.

Lipopolysaccharide extraction and characterization
LPS were extracted from Pf-5 and its LPS mutants following previously
established protocols [11, 42]. The samples were migrated with a sodium
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Fig. 1 The O-polysaccharide (O-PS) gene clusters that differ between the highly similar Pseudomonas protegens strains CHAO and Pf-5
account for the sensitivity towards the tailocin #1 of CHAO. a Venn diagram showing the genes in common (core genome; in light blue) and
the genes unique to each strain (CHAO in blue and Pf-5 in dark blue). b Genome alignment of CHAO (blue, top) and Pf-5 (dark blue, bottom)
with Average Nucleotide Identity (ANI) analysis results. OBC O-PS biosynthesis cluster, OSA O-specific antigen. ¢ LPS composition of both
strains. Grey circles represent absence, while red circles represent presence. Dark grey connectors show conservation between both strains d
tailocins and phages found within the genomes of both strains. Grey circles represent absence, while red circles represent presence. e Tailocin
#1 and tailocin #2 sensitivity profile of Pf-5 and CHAO. f Transposon sequencing results for the sensitivity of Pf-5 towards tailocin #1. Vertical
dotted lines show the log Fold-Change (FC) cut-off and the horizontal dotted lines correspond to a significant p value.

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) directly
after the proteinase K treatment using either an 8% or 12% acrylamide gel
and visualized by silver staining. The PageRuler or the PageRuler Plus
Prestained Protein Ladders (Thermo Scientific) were used as a molecular
mass standards.

Assays for sensitivity of P. protegens to phage(-related)
particles

The sensitivity of CHAO and Pf-5 and their mutants towards CHAO tailocins
and phage particles extracted from different Pp/Pc subgroup strains was
assessed by spotting the phage(-related) particle extracts (containing
tailocins and phages) on lawns of the different bacterial strains and
assessing the formation of lytic zones as previously described [18].

Bacterial competition assays in vitro and in vivo

To test the competitiveness of Pf-5 derivatives lacking specific receptors for
CHAO tailocin, we tested the Pf-5 wild-type and LPS mutants in pairwise
competition against wild-type CHAOQ or tailocin mutant derivatives in liquid
medium (in vitro), in insecta and in planta as detailed in Supplementary
information.

The ISME Journal

Statistics and reproducibility

All experiments were performed using at least four biological replicates
with each at least three technical replicates as detailed in the figure
legends. Data were analyzed using R studio version 4.0.3 and considered
significantly different when P<0.05. The data were verified and
transformed for normal distribution and variance homogeneity using
Shapiro-Wilk tests and Bartlett tests, respectively. ANOVA coupled with
HSD-Tukey test were performed. When the normal distribution was not
respected, non-parametric tests were performed such as Wilcoxon tests or
Kruskal-Wallis tests applying a Bonferroni correction were used to assess
significant differences between conditions.

RESULTS

The genomic differences between CHAO and its kin Pf-5
account for the differences in phage tail-like particle
sensitivity patterns

CHAO and Pf-5 are very closely related strains that are part of the
same species, the Pseudomonas protegens sensu stricto [18].
Indeed, these two strains have 5777 genes in common out of

SPRINGER NATURE
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Fig. 2 Removal of the major O-polysaccharides OBC4 and OBC5
makes P. protegens Pf-5 resistant to the tailocin #1 of P.
protegens CHAO. a LPS profile of Pf-5 wild-type, AwbpL, APFL_0524
and entire O-PS cluster deletion mutants. SDS-PAGE on LPS extracts
was performed using a 12% acrylamide gel and components were
visualized by silver staining. b Bacterial lawns of the different Pf-5
LPS mutants were exposed to extracts of the tailocin #1 of CHAO
that were serially diluted at a ratio of 1:4. As controls, Pf-5 and
derivatives were also exposed to extracts containing all the phage
(-related) particles extracted from CHAO, one with only the tailocin
#2 and one void of any particles (Supplementary Figure 3).

approximately 6500 genes (Fig. 1a, b, Dataset 1). These shared
genes display 98.9% of identity (ANIm calculation). In the
diverging genes, some were found to encode cell surface
elements, notably LPS. Even though Pf-5 and CHAO share the
conserved lipid A core oligosaccharide, there are some differences
in their OBC clusters encoding different exposed O-PS structures.
CHAO and Pf-5 share the OBC1 and OBC2, but possess O-PS
clusters that the other strain does not. CHAO harbors an
incomplete OSA cluster (compared to the prototype P. aeruginosa
OSA cluster) and an OBC3 [11], while Pf-5 carries OBC4 and OBC5,
and its OSA cluster is further reduced (Fig. 1c, Supplementary
Figure 1, [11]). Further genetic differences were found in the
clusters encoding phage(-related) particles (i.e., tailocins and
temperate phages) (Fig. 1d). Pf-5 harbors the tailocin #2 also
present in CHAO, but not the tailocin #1 present in CHAO to which
it is sensitive (Fig. 1d, e). Moreover, the Myoviridae and Siphoviridae
prophages differ between both strains. Both strains are resistant to
their own phage(-related) particles (Fig. 1e, [18]).

We used a Tn-seq approach to identify the molecular
determinants involved in the sensitivity of Pf-5 towards the
tailocin #1 of CHAO. We generated a Tn-mutant library where the
transposon was inserted in 96% of Pf-5 genes in the control
condition (Supplementary Table 5). Following exposure of the Tn-
mutant library to the tailocin #1 of CHAO, we identified several
LPS-related candidate genes for the sensitivity of Pf-5 towards the
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phage tail-like particles, notably those of the OBC4 and OBC5
clusters (Fig. 1f, Dataset 2). Several genes associated with the lipid
A-core oligosaccharide also appear to be involved in the tailocin
sensitivity of Pf-5 such as wbpL, wbpM and PFL_0523-0524 (Fig. 1f).
They are required for the correct assembly of the LPS core and,
without them, O-PS structures cannot bind to the core resulting in
uncapped profiles.

Thus, although CHAO and Pf-5 are very closely related
genetically, they have differences in the LPS profiles that could
account for different sensitivity patterns towards the tailocins
of CHAO.

The OBC4 and OBC5 clusters are involved in the sensitivity of
Pf-5 towards the tailocin #1 of CHAO in vitro

As some of the candidate genes following the Tn-seq analysis
involved in the sensitivity of Pf-5 are part of LPS gene clusters, we
used reverse genetics to investigate the LPS profile of Pf-5. In
addition to deleting the entire four O-PS clusters (OBC1, OBC2,
OBC4, OBC5), we also removed specific genes within these clusters
as well as in the OSA and lipid A-core clusters known to be
important for the correct assembly of the different LPS structures
(Supplementary Figure 1, Supplementary Table 2).

Subsequently, we extracted the LPS from these different mutants
and visualized the different patterns on polyacrylamide gels (Fig. 2a).
The wild-type Pf-5 has a LPS pattern encompassing medium and
long O-PS (Fig. 2a). As in CHAOQ, the deletion of wbpL encoding the
initial glycosyltransferase for O-PS resulted in an non-functional core,
producing a downshift of the banding pattern and the absence of
medium and long O-PS (Fig. 2a, Supplementary Figure 2b, [11]). We
also deleted the gene PFL_0524, which codes for a glycosyltransfer-
ase involved in the biosynthesis of the lipid A-core [43], producing a
similar phenotype lacking O-PS structures (Fig. 2a). The defective
cores of both these mutants make them unable to bind O-PS
structures, and thus they exhibit uncapped LPS profiles. The deletion
of either OBC1 (AobcT) or OBC2 (Aobc2) had no influence on the LPS
profile, as the banding pattern remained the same as for wild-type
Pf-5 (Fig. 2a). Conversely, OBC4 and OBC5 appear to specify the most
prevalent O-PS types present on the cell surface of Pf-5. Indeed, the
deletion of the entire OBC4 (Aobc4) caused a downshift of the
banding pattern with the loss of the heaviest band (Fig. 2a),
suggesting that his cluster encodes one long O-PS. Moreover, when
the entire OBC5 was deleted (Aobc5), the band at about 20 kDa was
no longer visible, indicating that the OBC5 produces a medium
length O-PS (Fig. 2a). Interestingly, the banding pattern of Aobc5 also
showed the loss of the band at 15 kDa corresponding to the outer
core, suggesting that the OBC5 encodes proteins involved in the core
formation. To further understand the LPS profile of Pf-5, individual
mutants were constructed within the OBC4 and OBC5 (Supplemen-
tary Figure 1, Supplementary Table 2). Interestingly, some genes
specific to each one of these clusters have an effect on the banding
pattern associated with the other O-PS gene cluster (Supplementary
Figure 2). When both OBC4 and OBC5 were deleted (Aobc4Aobc5),
the banding pattern was the same as for AwbpL (Fig. 2a). These
results highlight that the LPS profile of Pf-5 is composed mostly of
OBC4 and OBC5 O-PS (Fig. 2a).

To specifically identify which O-PS structure is the receptor for
the tailocin #1, i.e., to which Pf-5 is sensitive (Fig. 2b), we exposed
deletion mutants of these different O-PS clusters to purified
tailocin #1 of CHAO. The Pf-5 AwbpL mutant was resistant to all
phage(-related) particles of CHAO, confirming that the receptor of
the tailocin #1 is an O-PS and not a membrane protein nor a part
of the core LPS (Fig. 2b, Supplementary Figure 3a). As expected,
the deletion of either OBC1 or OBC2 did not influence the
sensitivity of Pf-5 (Fig. 2b). Remarkably, when either the OBC4 or
OBC5 O-PS were removed (Aobc4 or Aobc5), the mutants were
more sensitive to the tailocin #1 than the wild-type (Fig. 2b).
Conversely, Aobc4Aobc5, lacking both OBC4 and OBC5 O-PS, is
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Fig. 3 The removal of the OBC4 and OBC5 O-PS clusters makes Pf-5 resistant to the tailocin #1 in competitions with CHAO in batch
culture. The competitive indices (Cl) of wild-type Pf-5 and LPS mutant derivatives (Aobc4, Aobc5, AwbplL, Aobc4Aobc5) were assessed in 1:1
ratio mixtures (a) with the CHAO wild type (b) and derivatives Atail2AmyoAsiph producing exclusively the tailocin #1, CHAO T#1 (c) and
Atail1AmyoAsiph producing exclusively the tailocin #2, CHAO T#2 (d). The red line indicates a competition where both strains would not be
influenced by the presence of one another. Statistical differences were assessed by ANOVA and Kruskal-Wallis test using a Bonferroni
correction and are indicated with letters a, b and c. Eleven biological independent experiments were performed each with three technical
replicates were performed. The horizontal lines indicate the interquartile range with the center representing the median.

completely resistant to the tailocin #1 (Fig. 2b). We also tested
extracts from the wild-type CHAO (containing the two tailocins, the
siphovirus and the myovirus), CHAO T#2 (containing only the
tailocin #2) and a CHAO strain void of phages and tailocins onto
these same LPS mutants (Supplementary Figure 3). As expected,
we observed the same sensitivity patterns for the full phage
(-related) particle extracts (containing tailocins and phages) from
the wild-type CHAO as for the purified tailocin #1 alone
(Supplementary Figure 3a). Conversely, the extracts of the tailocin
#2 and the strain depleted from tailocins and phages did not
exhibit any activity (Supplementary Figure 3b, 3c).

Taken together these results show that Pf-5 harbors four
different O-PS types, of which the OBC4 and OBC5 forms are the
most widespread on the cell surface of Pf-5 under the tested
conditions. The tailocin #1 of CHAO recognizes both OBC4 and
OBC5 O-PS as when they are removed (Aobc4Aobc5), Pf-5
becomes completely resistant.

The deletion of the major O-PS structures overturns the
winning trend of Pf-5 in vitro

Once we identified that the OBC4 and OBC5 O-PS structures have
an effect on the resistance of Pf-5 against the tailocin #1 in spot
assays, we wanted to see if their deletion would also have an
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influence on the competitiveness of Pf-5 in direct interbacterial
competition.

We confronted Pf-5 wild-type and LPS mutant derivatives,
Awbpl, Aobc4, Nobc5 and Aobc4Aobc5 with CHAO derivatives,
specifically a wild-type strain, one producing only the tailocin #1
(Atail2AmyoAsiph, hereafter “CHAO T#1") and one producing only
the tailocin #2 (Atail1AmyoAsiph, hereafter “CHAO T#2") in 1:1 ratio
competitions in liquid culture (Fig. 3a). The different Cl were
calculated following CFU counting after 24 h of pairwise competi-
tion [10]. Prior to testing the competitiveness of the strains, no
growth defects were detected for the different Pf-5 mutants
(Supplementary Figure 4), nor for the CHAO mutant strains [18].

When both wild-type strains were confronted, the results show
a 1:1 final ratio meaning that both strains do not outcompete each
other (Fig. 3b). Conversely, the two Pf-5 mutants exhibiting
uncapped LPS profiles, i.e., AwbpL and Aobc4Aobcs, significantly
outcompeted CHAO, while Aobc4 and Aobc5 single cluster
mutants had a decreased fitness compared to the wild-type Pf-
5, although this difference was not significant (Fig. 3b). Against the
CHAO strain only producing the tailocin #1 (Fig. 3c), Pf-5 had a
significant decrease in fitness compared to when it was in
competition with the wild-type CHAO (Fig. 3b). Furthermore, as in
the competition with the CHAO wild-type, AwbpL and the O-PS
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Fig.4 OBC4 and OBC5 contribute to tailocin resistance of P. protegens Pf-5 during intraspecific competition in the hemolymph of insects.
The relative growth of Pf-5 and CHAO and their mutant derivatives was assessed in Galleria mellonella fourth instar larvae (a) following injection
of the strains alone (b). The competitive index (Cl) of Pf-5 (c) and LPS mutant derivatives, Aobc4 (d), Aobc5 (e), were assessed in 1:1 ratio
mixtures with CHAO (blue) and derivatives (Atail2AmyoAsiph producing exclusively the tailocin #1, CHAO T#1, red; Atail1AmyoAsiph
producing exclusively the tailocin #2, CHAO T#2, green) in the larvae. The red line indicates a competition where both strains would not be
influenced by the presence of one another. Statistical differences were assessed by ANOVA and Kruskal-Wallis with a Bonferroni correction and
are indicated with letters a, b, c and d. Six biological replicates with each six technical replicates were performed, thus, 36 larvae were injected

in total. The horizontal lines indicate the interquartile range with the center representing the median.

double mutant Aobc4Aobc5 significantly outcompeted CHAOQ T#1
(Fig. 3¢). Also, there was significantly reduced fitness for the single
cluster mutant Aobc4 compared to wild-type Pf-5 (Fig. 3c). Finally,
there were no differences in the competitions against CHAQ T#2
congruent with the fact that tailocin #2 does not target Pf-5
(Fig. 3d).

These results demonstrate the importance of OBC4 and OBC5
O-PS as receptors for the tailocin #1 of CHAO during in vitro
competitions as when they are both removed, Pf-5 becomes
resistant to this tailocin.

The dual role of the OBC5 O-PS in hemolymph invasion and
tailocin resistance

As Pseudomonas strains have been found to not only be able to
colonize plants but also insects [13], we assessed the impact of
LPS mutation on the fitness of Pf-5 and its ability to compete
against a kin strain producing deleterious viral weaponry in
insecta. Therefore, we injected fourth instar Galleria mellonella
larvae, with wild-type and mutant strains alone as well as with
different pairwise competition mixes in 1:1 ratio between Pf-5 or
LPS mutant derivatives (i.e., wild-type, AwbpL, Aobc4, Aobc5 and
Aobc4Mobc5) and CHAO or tailocin mutant derivatives (i.e., wild-
type, CHAO T#1 and CHAO T#2) (Fig. 4a).

SPRINGER NATURE

While CHAO and derivatives did not show any significant
differences in their ability to colonize the hemolymph of the
insect, Pf-5 mutants exhibiting uncapped LPS profiles (AwbplL,
Aobc4Aobc5) showed a drastic loss of fitness when in the insect
hemolymph (Fig. 4b). This suggests that the immune system
recognizes Pf-5 when it harbors an uncapped LPS profile and
dramatically reduces its hemolymph colonization ability, as
demonstrated previously for CHAO where uncapped mutants
became sensitive to antimicrobial peptides (AMPs), notably
cecropins, that are central to the insect immune defense [11].
Capped wild-type Pf-5 is highly resistant to the AMPs like wild-
type CHAO [11]. Furthermore, the Pf-5 Aobc5 mutant also
displayed a reduction in fitness when injected alone compared
to the wild-type (Fig. 4b), implying that OBC5 O-PS is important to
prevent the recognition of Pf-5 by the immune system of the
insect. Once in competition with CHAO and relatives, the growth
rates of all Pf-5 strains were significantly reduced (Supplementary
figure 5). This could reflect the sharing of niche resources between
both strains. Furthermore, the fitness of Pf-5 wild-type and
derivatives were significantly reduced when faced with the
CHAO strain that produces only the tailocin #1 compared to the
wild-type or the CHAO that produces only the tailocin #2 (Fig. 4c-
e). The impact of the tailocin #1 was even more pronounced when
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Fig. 5 Sensitivity and resistance patterns of different LPS mutant derivatives of CHAO and Pf-5 towards tailocins and phages extracted
from phylogenetically closely related strains belonging to the Pseudomonas protegens and Pseudomonas chlororaphis subgroups.
Bacterial lawns from CHAO, Pf-5 and their LPS mutant derivatives were challenged with phage(-related) particles (i.e., tailocins and/or
temperate phages) extracted from P. protegens and P. chlororaphis subgroups strains. Sensitivity is demonstrated by the circles colored from
grey (resistant) to red (sensitive). The level of sensitivity (0-6) was determined by serially diluting the phage(-related) particle extract at a ratio
of 1:4 at each dilution step. A level of sensitivity of six indicates that the strain was sensitive to the extract diluted to 1/4096.

the OBC5 mutant was confronted with CHAO T#1 as, for the only
time in all these in insecta competitions the general trend was
reversed and a CHAO derivative was able to outcompete a Pf-5
strain (Fig. 4e). Furthermore, as both Pf-5 and CHAOQ are known
plant colonizers, we determined the effect of tailocin production
by CHAO targeting Pf-5 during root colonization (Supplementary
Figure 6). Conversely to the experiment performed in insecta,
there was no difference between either the fitness and the growth
rates in competition (Supplementary Figures 7c—f and 8) or the
growth rates for the strains alone (Supplementary Figure 7b) in
planta. Thus, in the insect environment, the tailocin #1 of CHAO
and the immune system of the insect host both contribute to a
strong decrease in fitness of the LPS mutants of Pf-5.

Lipopolysaccharides are double-edged swords in tailocin and
phage particles recognition

On a larger scale, we wanted to see if the deletions of genes
implicated in the production of LPS could influence the sensitivity of
CHAO and Pf-5 towards the phage(-related) particles (i.e., tailocins
and temperate phages) of phylogenetically closely related strains. To
do so, we exposed different LPS mutants of Pf-5 and CHAO to the
phage(-related) particles extracted from strains belonging to the P.
protegens (Pp) and P. chlororaphis (Pc) subgroups (Fig. 5).

CHAO and Pf-5 were most sensitive to the tailocins and phages
extracted from strains belonging to the same subgroup, i.e., to the
Pp subgroup, while they were generally resistant to the extracts
from Pc subgroup strains (Fig. 5, [18]). Remarkably, this trend
completely reversed when genes required for the biosynthesis of
a functional LPS core (wbpL in CHAO and wbpL and PFL_0524 in Pf-
5) or the transport of the dominant short O-PS (wzx in CHAO, [11])
were deleted (Fig. 5). The AwbplL mutants and APFL_0524
exhibiting uncapped profiles were protected from the tailocins
and phages extracted from strains belonging to their own
subgroup, i.e., Pp. However, the AwbpL mutants were sensitive
to the phage(-related) particles extracted from strains belonging
to a different subgroup, i.e., Pc, while APFL_0524 remains resistant
(Fig. 5).
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When focusing on the Pf-5 LPS mutants, we see that Aobcl,
Aobc2 and Aobc4 had largely the same sensitivity profile as the
wild-type Pf-5, thus being sensitive to the tailocins and phages
from the Pp strains (Fig. 5). By contrast, Aobc5 was also sensitive to
the tailocins and phages from the Pc strains. This suggests the
potential involvement either direct or indirect of the OBC5 in the
resistance against these phage(-related) particles. The uncapped
double mutant Aobc4Aobc5 like AwbpL was no longer sensitive to
the extract of Pp strains while remaining sensitive to the tailocins
and phages of the Pc strains (Fig. 5). The APFL_0524 mutant was
resistant to almost all extracts, demonstrating the crucial role of an
intact LPS core in the recognition of tailocins and phages (Fig. 5).
Therefore, LPS structures appear to play a role for both the
protection against phage(-related) particles produced by distant
Pseudomonas (i.e, Pc) while being receptors for the phage
(-related) particles released by closely related strains (i.e., Pp).

DISCUSSION

When confronted with the resident microbiota, environmental
Pseudomonas strains will rely on a vast arsenal of weapons that
vary in the breadth of their spectra, amongst them narrow-
spectrum phage-related weaponry. Here, we performed a detailed
study on the receptors for specific kin-targeting R-tailocins in
phylogenetically very closely related strains and on how receptor-
tailocin interactions affect the fitness of these strains in the host
environment. We focused on two widely used model environ-
mental pseudomonads, CHAO and Pf-5, that share 98.9% of their
genomes (coverage 92.9%), but still differ in their production of
phage(-related) particles (tailocins and phages) and their sensitiv-
ity profile towards the phage(-related) particles of each other and
other kin strains (Fig. 1, [18]). We identified through a Tn-seq
approach that among the genes that differ between both strains,
genes and clusters involved in the LPS profile of Pf-5 account for
the sensitivity of this strain towards one of the R-tailocins (tailocin
#1) of its kin, CHAO (Fig. 1). This result is in line with the
identification of LPS as receptors for tailocins in other
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Pseudomonas species [25, 35, 44, 45] or even a different genus
[46]. Indeed, as the outer membrane of Gram-negative bacteria is
essentially composed of LPS [36], it is not surprising that these
cell-surface decorations act as receptors for phage tail-like
particles in pseudomonads, like they do for bacteriophages [47].

To have a better understanding of the targets for the tailocin #1
of CHAO, we investigated the LPS profile of Pf-5. Through genetic
analysis, we identified four different O-PS clusters, OBC1, OBC2,
OBC4 and OBCS5, in addition to the clusters and genes involved in
the formation of the core oligosaccharide-lipid A structure (Fig. 1).
Deletion mutants of OBC1 and OBC2 did not have a different LPS
or sensitivity profile compared to the wild-type Pf-5 (Fig. 2a), a
phenotype that we previously observed also in CHAO for these
two O-PS types [11]. It is possible that these clusters may not
encode specific O-PS structures but have a role in modifying these
structures depending on the environment and the different stress
factors that the bacterium is exposed to [6, 11]. Conversely,
deletion mutants of the OBC4 and OBC5 had downshifts in their
banding patterns compared to the wild-type Pf-5 (Fig. 2a). We
conclude that the OBC4 encodes a long O-PS while the OBC5
encodes a mid-length O-PS. Interestingly, the Aobc5 mutant also
had lost the band above the core-oligosaccharide-lipid A. This
phenotype resembles that of the AwbpL and APFL_0524 mutants,
leading us to hypothesize that genes within the OBC5 have an
effect on the core, complementing those present in the conserved
core-oligosaccharide-lipid A gene clusters.

Furthermore, when individual genes were mutated within the
OBC4 or OBC5 cluster, this had an effect on the other O-PS
structure (Supplementary Figure 2). This suggests that both OBC4
and OBC5 O-PS share proteins for their synthesis and/or export,
indicating a possible crosstalk between both gene clusters that
could permit a higher plasticity in the LPS profile. Indeed, the layer
formed by LPS structures around Gram-negative bacteria is
important for protection for example against antibiotics or AMPs
[11]. However, bacteria need this LPS barrier to be malleable to
interact with their environment more efficiently. Therefore,
bacteria have evolved mechanisms and enzymes to customize
their LPS profiles to adapt to the colonized environment [48].
Furthermore, within a population, it is common to find bacteria
with multiple different phenotypic LPS profiles [49]. Therefore, it is
possible that Pf-5 within different environments could exhibit
different LPS profiles. Accordingly, phages and tailocins that
specifically target Pf-5 could have adapted to target both OBC4
and OBC5 O-PS structures, explaining why Aobc4 and Aobc5 are
both sensitive to the tailocin #1 of CHAO.

In addition to being involved in the interaction with phages, LPS
are also important for the interaction with a potential bacterial
host. Bacterial human pathogens such as Pseudomonas aerugi-
nosa, Helicobacter pylori or Salmonella enterica have been found to
modify their LPS structures to increase virulence to better colonize
their host, modulate the immune system or even avoid recogni-
tion by the immune system of their host [48, 50]. In insects,
bacteria use similar mechanisms to colonize their host [11].
Furthermore, it was found that Pseudomonas mutants exhibiting
uncapped LPS profiles had a decreased insecticidal activity and
insect invasion capacity compared to the wild-types owing to their
drastically higher sensitivity to insect AMPs, demonstrating the
importance of LPS structures in the virulence of these strains [11].
Here, we found that strains that lack O-PS structures have a
decreased colonization ability of the insect hemolymph likely
because they are more easily detected by the immune system
(Fig. 4). Furthermore, we found that there is a significant decrease
of the growth rates of the Aobc4 and Aobc5 mutants in all
competitions in insecta compared to when they colonized the
insect alone (Supplementary Figure 5). The fitness was even more
reduced when the mutants were in competition with CHAO T#1
that produces only the tailocin #1. For Aobc5 this trend was drastic
enough that it was no longer able to win against CHAO T#1. These
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observations can be explained by the fact that the tailocins of
CHAO (specifically the tailocin #1) and the immune system of the
insect host act in tandem both contributing to a decreased fitness
of the LPS mutants of Pf-5. Thus, the bacterium is confronted with
a trade-off, as without LPS structures it is resistant to the tailocins
of a kin competitor but unable to evade the immune system of the
insect, whereas with LPS structures the bacterium can hide from
the immune system of the insect but is sensitive to the phage tail-
like particles of its kin.

LPS structures are also important for the interaction with
phylogenetically more distantly related Pseudomonas strains.
Indeed, Pf-5 and CHAO wild-type strains were generally sensitive
to the tailocins and temperate phages extracted from Pp strains,
while they were resistant to those extracted from Pc strains (Fig. 5,
Fig. 6a, [18]). However, this trend was inverted when they
exhibited uncapped LPS profiles (AwbpL, Fig. 5, Fig. 6e, and
Aobc4obcs, Fig. 5, Fig. 6d). When we specifically focused on the
Pf-5 mutants, Aobc4 had the same sensitivity profile as the wild-
type (Fig. 5, Fig. 6b). Conversely, for Aobc5 we found that it is
sensitive to almost all phage(-related) particles (Fig. 5, Fig. 6c).
Finally, APFL_0524 was resistant to almost all phage(-related)
particles (Fig. 5, Fig. 6f). Thus, we suggest that Pp tailocins and
phages specifically interact with the OBC4 and/or OBC5 O-PS
structures (Fig. 6). Pc tailocins and phages would interact with the
core as when it was exposed (Awbpl, Aobc4Aobc5), Pf-5 was
sensitive while when there was a reduced core (APFL_0524), Pf-5
became resistant (Fig. 6). We speculate that the OBC5 O-PS type is
more abundant than the OBC4 type as Aobc4 was more resistant
than Aobc5. Thus, OBC5 O-PS would hide and protect the core
structure lacking OBC4 from the Pc tailocins and phages.
Therefore, LPS are double-edge swords that either permit the
protection from the phage(-related) particles from distantly
related strains or are recognized by the phage(-related) particles
from closely related strains. However, we previously found
considerable diversity in clusters encoding tailocins and tempe-
rate phages among the tested strains [18], which may explain the
differential sensitivities of CHAO, Pf-5 wild types and mutants with
respect to their LPS equipment.

Our findings support the idea that LPS may function as both
receptors and defense structures against tailocins and phages
released by phylogenetically closely related bacterial strains.
Indeed, we showed that two genetically highly similar strains
have different sensitivity patterns towards the same phage
(-related) particle. Furthermore, we showed that a single phage
tail-like particle can have multiple receptors. This could be an
evolutionary response where bacteria can interchange their cell
surface structures according to the environment. Finally, we
showed that Pf-5 faces a trade-off between being resistant to the
tailocins of a kin and evading the immune system of the insect
(Fig. 6g). These findings show the intricate relationship between
different bacterial strains, their potential hosts and potential
competitors.
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