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Abstract

Pseudomonas protegens are multi-talented plant-colonizing bacteria that suppress plant pathogens and stimulate plant

defenses. In addition, they are capable of invading and killing agriculturally important plant pest insects that makes them

promising candidates for biocontrol applications. Here we assessed the role of type VI secretion system (T6SS) components

of type strain CHA0 during interaction with larvae of the cabbage pest Pieris brassicae. We show that the T6SS core

apparatus and two VgrG modules, encompassing the respective T6SS spikes (VgrG1a and VgrG1b) and associated effectors

(RhsA and Ghh1), contribute significantly to insect pathogenicity of P. protegens in oral infection assays but not when

bacteria are injected directly into the hemolymph. Monitoring of the colonization levels of P. protegens in the gut,

hemolymph, and excrements of the insect larvae revealed that the invader relies on T6SS and VgrG1a module function to

promote hemocoel invasion. A 16S metagenomic analysis demonstrated that T6SS-supported invasion by P. protegens

induces significant changes in the insect gut microbiome affecting notably Enterobacteriaceae, a dominant group of the

commensal gut bacteria. Our study supports the concept that pathogens deploy T6SS-based strategies to disrupt the

commensal microbiota in order to promote host colonization and pathogenesis.

Introduction

Bacteria of the Pseudomonas fluorescens species complex

[1] are commonly associated with plant and soil environ-

ments and many exert plant-beneficial functions, including

the suppression of plant diseases and stimulation of plant

defenses [2, 3]. Moreover, a subgroup encompassing the

species Pseudomonas protegens and Pseudomonas chlor-

oraphis is capable of engaging in pathogenic interactions

with plant pest insects [4, 5]. The insect-pathogenic and

plant-beneficial activities and the capacity to colonize the

two contrasting hosts makes these bacteria promising can-

didates for biocontrol applications in agriculture.

P. protegens type strain CHA0 investigated here is

among the best-characterized environmental bacteria with

plant-protecting activities [4–7]. CHA0 exhibits potent oral

insecticidal activity toward herbivorous larvae of several

major Lepidopteran pest insects of agricultural crops [4, 5,

8, 9]. A number of virulence factors contributing to insect

pathogenicity have been identified in P. protegens CHA0

and the closely related strain Pf-5 [10]. They include several

toxins (Fit toxin, hydrogen cyanide, cyclic lipopeptides,

rhizoxins) and secreted lytic enzymes (chitinase, phospho-

lipase) [5, 8, 11–14]. The infection process starts with the

ingestion of P. protegens by the larvae feeding on con-

taminated plant tissues, leading to the establishment of the

invader in the intestinal tract [4]. The bacteria then cross the

gut epithelial barrier to invade the hemocoel by a yet

unknown mechanism. This passage can take place as early

as 24 h after oral infection [4, 5, 8]. Owing to a particular O-

antigen decoration of the cell surface, P. protegens is cap-

able of resisting antimicrobial peptides (cecropins), i.e.,
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central defense molecules of the insect [15]. In the hemo-

lymph, P. protegens proliferates and produces specific

virulence factors, notably the insecticidal toxin Fit, resulting

in septicemia and ultimately death of the insect [8, 13, 16].

During the establishment in the insect gut and the pre-

paration of the passage through the gut epithelial barrier,

invading P. protegens cells face competition from the

resident gut microbiota. Nothing is currently known about

the factors that help the bacteria to be competitive during

this crucial infection step. We speculated that type VI

secretion system (T6SS)-mediated antagonism toward

commensal gut bacteria might be involved. The T6SS is as

a sophisticated nano-weapon used by many Gram-negative

bacteria to inject toxic effector proteins into prokaryotic or

eukaryotic cells, thereby promoting interbacterial antagon-

ism and virulence in various host environments such as the

gut [17–21]. T6SS-mediated strategies are known to help

pathogenic bacteria achieve optimal host colonization by

displacing host commensal bacteria or eliminating bacterial

competitors [19]. This is exemplified by the enteropatho-

gens Vibrio cholerae and Salmonella Typhimurium, which

were shown to deploy T6SS-based antibacterial activities

for the colonization of animal models [22, 23]. Likewise,

T6SS-mediated interbacterial competition promotes host

plant colonization by phytopathogenic bacteria [24, 25].

The T6SS apparatus shows striking similarity with the

injection machinery of bacteriophages [26, 27] and consists

of a membrane-anchoring complex that stands on a

baseplate-like structure to which is docked a tube that is

composed of Hcp proteins [17, 18, 20, 21]. The Hcp tube is

fitted in a contractile sheath-like structure and capped with a

spike formed by VgrG proteins [17, 18]. PAAR domain

proteins sharpen the VgrG spike and can function as

adapters for effector delivery [18, 28–30]. Antibacterial

effectors typically have severe lytic and toxic activity tar-

geting essential bacterial structures, such as cell walls, cell

membranes, and nucleic acids [31–33]. Some effectors

impact eukaryotic cells by manipulating the cytoskeleton or

exerting cytotoxic effects [19]. Cognate immunity proteins

protect the producer bacteria from self-destruction [28, 32].

The T6SS can be fitted with different VgrG–PAAR–effector

assemblies allowing a modular usage of the injection device

to deliver diverse toxic effectors [28–30, 34].

Here we report on the characterization of the T6SS core

apparatus and two VgrG modules with associated effectors

of P. protegens CHA0 for their role in insect invasion and

pathogenesis. Using larvae of the cabbage butterfly Pieris

brassicae as plant-feeding insect model, we establish that

the T6SS and both VgrG modules contribute to insect

killing following oral infection. We show that P. protegens

uses the T6SS and one of the VgrG modules to promote

insect gut colonization and competition with commensal gut

bacteria. A 16S metagenomic analysis demonstrates that

TSS6-supported invasion by P. protegens induces sig-

nificant changes in the insect gut microbiome affecting

notably Enterobacteriaceae, a dominant group of the

commensal gut bacteria.

Material and methods

Bacterial strains, culture conditions, and in vitro
competition assays

Bacterial strains and plasmids used in this study are listed in

Tables S1-S2. Bacterial culture conditions, isolation, and

identification of commensal insect gut bacteria and inter-

bacterial competition assays are detailed in Supplementary

Information.

T6SS core apparatus and VgrG module loci in the P.
protegens CHA0 genome

Gene clusters encoding the T6SS core apparatus and the

VgrG1a and VgrG1b modules were localized in the chro-

mosome of P. protegens CHA0 by performing BLAST

searches on the NCBI website (https://blast.ncbi.nlm.nih.

gov/BlastAlign.cgi) and in the Pseudomonas Genome

Database [35] focusing on orthologous genes and shared

synteny in Pseudomonas aeruginosa PAO1. For the iden-

tification of the T6SS and the VgrG proteins, we used blastp

with a minimum of 70% of amino acid sequence identity

over at least 70% of the total sequence length. We admitted

less sequence conservation for the detection of the effectors

associated with the VgrG modules. The functions of the

identified proteins were predicted using the NCBI Con-

served Domain Database Search [36] and InterPro [37] with

default parameters and published information about the

related proteins in P. aeruginosa [34, 38–40].

Creation of deletion mutants of P. protegens CHA0

Mutants of strain CHA0 with deletions of gene clusters

encoding (i) the T6SS core apparatus (PFLCHA0_RS30085

through PFLCHA0_RS30180), (ii) the VgrG1a module

encompassing predicted spike VgrG1a, effector RhsA and

immunity protein RhsI (PFLCHA0_RS30185 through

PFLCHA0_RS30220), and (iii) the VgrG1b module

encompassing predicted spike VgrG1b, effector Ghh1, and

immunity protein GhhI (PFLCHA0_RS15145 through

PFLCHA0_RS15190) were constructed. In addition,

mutants with individual deletions of the effector genes rhsA

(PFLCHA0_RS30195) and ghh1 (PFLCHA0_RS31250)

and VgrG spike genes vgrG1a (PFLCHA0_RS30185) and

vgrG1b (PFLCHA0_RS15170) were generated. Mutants

(Table S1) were created using the suicide vector pEMG and
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the I-SceI system [41] adapted to P. protegens [16], with

plasmids and primers listed in Tables S2-S3.

P. brassicae pathogenicity assays

The insect pathogenicity of P. protegens strains was

assessed in oral infection and injection assays with larvae

of P. brassicae. After hatching, larvae were kept on

pesticide-free cabbage plants in a Percival PGC-7L2 plant

growth chamber at 25 °C and 60% relative humidity, with

16 h of light and 8 h of darkness. For the oral infection

assay, 18 second instar larvae (body length 1.0–1.5 cm)

were selected for each testing condition. Larvae were

starved the night before infection and placed individually

into six-well culture plates. Each larva was fed with a 0.6-

g pellet of artificial diet containing horseradish powder as

feeding attractant (adapted from ref. [42]). Diet pellets

were inoculated with 5 μl of a suspension containing

5.0 × 106 washed bacterial cells in sterile 0.9% NaCl

solution. Artificial diet with the same volume of NaCl

solution was used as negative control. Larvae that did not

consume the entire inoculated diet pellet were excluded

from the experiment. After 24 h, larvae from each culture

plate were transferred to a Petri dish, fed with fresh sterile

artificial diet, and monitored for survival every 24 h for

7 days.

For the injection assay, bacterial suspensions (2.5 µl

containing 102 washed cells) were injected via the second

proleg directly into the hemolymph of fourth instar P.

brassicae larvae (body length 2.5–3.0 cm). In each experi-

ment, 18 larvae per treatment were injected and incubated in

groups of three in Petri dishes in the plant growth chamber.

Larval survival was checked hourly starting at 19 h

postinjection.

P. brassicae colonization assays

For use in the colonization assay with P. brassicae larvae,

bacterial strains were marked with a constitutively expres-

sed green fluorescent protein (GFP)-tag using pBK-

miniTn7-gfp1 [8]. Oral infection was done as described

above, except that third instar larvae (body length 2.0–2.5

cm) and a larger bacterial inoculum (i.e., 10 μl with 1.0 ×

107 cells per larva) were used. At 24 h following oral

infection, each larva was placed on ice, bled by cutting a

proleg to collect the hemolymph, and then dissected to

extract the entire gut. In addition, excrements were instantly

collected from corresponding culture plate wells. Hemo-

lymph, gut, and excrement samples were placed in tubes

containing 900 μl of sterile 0.9% NaCl solution and

homogenized. Aliquots of 10 μl of serially diluted samples

were spotted on NA containing 10 µg ml−1 of gentamycin.

Colony-forming unit counts were determined with a Fusion

FX Spectra imaging platform (Vilber-Lourmat®) by

checking colonies for fluorescence under blue light (~470

nm) indicative of growth of GFP-tagged strains.

16S rRNA gene sequencing for metagenomic
analysis

Third-instar Pieris larvae were orally infected with P. pro-

tegens strains as described above for the colonization

assays. For each condition, 40 larvae were infected. At 24 h

following oral infection, each larva was surface-disinfested

in ethanol and dissected to extract the gut. For each con-

dition, 10 samples each containing pooled guts from four

larvae were prepared. Samples were processed by Geno-

Screen (Lille, France) for DNA extraction, 16S rRNA gene

sequencing, and metagenome analysis using the Metabiote®

pipeline (see Supplementary Information). Following

establishment of the abundance matrix, non-infected insect

gut samples in which no Pseudomonas operational taxo-

nomic units (OTUs) were detected were removed from the

analysis (Table S4). Sequences affiliated to mitochondria

and chloroplasts (indicative of insect tissues and ingested

plant material) were removed from the sample prior to

analysis. The abundance matrix was loaded into the

Calypso software version 8.18 [43] using total sum scaling

and cumulative sum scaling normalization [44]. Statistical

analysis for 16S metagenomic data (principal coordinates

analyses (PCAs), calculation of diversity indices, and

comparison of taxa abundances between treatments) were

done using the Calypso software.

Statistical analysis of data

Data were statistically analyzed using R studio version

3.3.2 (http://www.rstudio.com/) and considered sig-

nificantly different when P < 0.05. For oral pathogenicity

assays with P. brassicae, only sample sets with <2 dead

larvae out of 18 in the non-infected control were con-

sidered for statistical analysis. Data were analyzed using

the mixed-effect Cox model. To identify significant dif-

ferences between treatments, analysis of variance

(ANOVA) coupled with Tukey’s honestly significant

difference (HSD) test including Bonferroni correction was

employed. For insect colonization and interbacterial

competition assays, data were log10-transformed. Stu-

dent’s t test was performed to detect significant differ-

ences between colonization levels of the CHA0 wild type

and ∆T6SS mutant. ANOVA followed by Fisher’s least

significant difference test was done to detect significant

differences between colonization levels of the CHA0 wild

type and ∆VgrG1a-mod and ∆VgrG1b-mod mutants. Data

of interbacterial competition assays were analyzed using

ANOVA followed by Tukey’s HSD test.
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Results and discussion

Characterization of gene clusters encoding the T6SS
and VgrG modules in P. protegens CHA0

To identify T6SS components in P. protegens CHA0,

we searched for protein homology with the well-

annotated T6SS components of P. aeruginosa PAO1.

The cluster encoding the unique T6SS core apparatus of

CHA0 ranges from taqQ (PFLCHA0_RS30085) to clpV

(PFLCHA0_RS30180) and shows extensive similarity

to the H1-T6SS cluster of P. aeruginosa PAO1 [39, 45,

46] in terms of sequence identities and synteny (Fig. 1;

Table S5). A near identical T6SS gene cluster exists also

in the related strain P. protegens Pf-5 [47, 48]. Within

the H1-T6SS locus of CHA0, the tag encoded proteins

(PFLCHA0_RS30085 through PFLCHA0_RS30115)

share at least 55% identity with the PAO1 PpkA-PppA

and Tag proteins (Fig. 1; Table S5) that are involved in

T6SS signaling and regulation [18, 20, 49]. The 13

conserved tss genes upstream of the tag genes are

required for the assembly of the T6SS core components,

including baseplate, membrane complex, sheath, and

tube [17, 21, 29, 50, 51].

T6SS-associated membrane-puncturing devices are

mainly composed by VgrG proteins forming a spike that is

sharpened by associated PAAR proteins [29, 30]. We

identified two proteins in CHA0 that share >70% identity

with the spike proteins VgrG1a (PA0091) and VgrG1b

(PA0095) of P. aeruginosa PAO1 [34, 38] and to which we

attributed the same names (Fig. 1; Table S5). Both predicted

CHA0 spike proteins harbor a conserved VI_Rhs_Vgr

domain (TIGR03361), which identifies them as typical

members of the T6SS Vgr protein family [46]. The CHA0

vgrG1a gene (PFLCHA0_RS30185) is located adjacent to

the T6SS core apparatus genes, whereas CHA0 vgrG1b

(PFLCHA0_RS15170) is located distant from the T6SS

locus (Fig. 1), however, in notable vicinity of the locus

encoding the insecticidal toxin Fit [52].

The vgrG genes are often located in clusters with genes

encoding toxic T6SS effectors along with adaptor and

cognate immunity proteins [29]. We found that vgrG1a and

vgrG1b of CHA0 are part of such clusters that we termed

here VgrG modules. The predicted VgrG1a module ranges

from locus tags PFLCHA0_RS30185 to

PFLCHA0_RS30220 (Fig. 1; Table S5). Within this mod-

ule, PFLCHA0_RS30195, encodes a putative effector of the

rearrangement hotspot (Rhs) protein family [53], which

shares 29% identity over 74% of the entire protein length

with the Rhs protein Tse5/RhsP1 (PA2684) of P. aerugi-

nosa [33, 34]. A near-identical Rhs effector (99% identity

with PFLCHA0_RS30195) belonging to the DNase enzyme

family and termed RhsA (PFL_6096) was recently func-

tionally characterized in P. protegens Pf-5 along with its

cognate immunity protein RhsI (PFL_6097; 99% identity

with PFLCHA0_RS30200) [54]. We adopted the same

terminology for CHA0. The central part of RhsA of CHA0

harbors numerous Rhs repeats, which are thought to

encapsulate the C-terminal toxic domain of T6SS-delivered

Rhs-type effectors [28]. Like other Rhs T6SS effectors,

RhsA of CHA0 possesses a typical N-terminal PAAR

domain, described to bind and sharpen the VgrG spike to

facilitate effector translocation into the targeted cell [18, 30,

53]. Moreover, two loci flanking the rhsA–rhsI effector–

immunity gene pair of CHA0 (PFLCHA0_RS30190,

PFLCHA0_RS30210) encode proteins of the

DUF1795 superfamily, recently identified as adaptor pro-

teins required for the secretion of PAAR domain T6SS

effectors [18, 30, 54].

The predicted VgrG1b module of CHA0 comprises

PFLCHA0_RS15145 through PFLCHA0_RS15170. Pre-

dicted proteins share 35–74% identity with those encoded

by the P. aeruginosa PAO1 vgrG1b locus (PA0095 through

PA0101) [34] located near the H1-T6SS locus (Fig. 1;

Table S5). Within the CHA0 VgrG1b module,

PFLCHA0_RS31250 is predicted to encode a T6SS effector

that we named Ghh1. It harbors an N-terminal PAAR-like

domain and a C-terminal TOX-GHH2 domain with

Fig. 1 T6SS and VgrG1a and VgrG1b module gene clusters of

Pseudomonas protegens CHA0 and orthologous genomic regions in

Pseudomonas aeruginosa PAO1. Sequence identities and predicted

functions are detailed in Supplementary Table S5. PAO1 genes that are

absent in the CHA0 genome are shown as empty arrows. Numbers

indicate the locus tags for P. protegens CHA0 (prefix

PFLCHA0_RS…) and P. aeruginosa PAO1 (prefix PA…)

T6SS contributes to gut microbiome invasion and killing of an herbivorous pest insect by. . . 1321



predicted nuclease activity like the orthologous PA0099-

encoded effector Tse7 (48% identity) in P. aeruginosa

[34, 40]. By analogy, we predict that the gene that follows

ghh1 in CHA0 (PFLCHA0_RS15150) encodes the cognate

immunity protein and termed it ghhI. PFLCHA0_RS15160,

upstream of ghh1, encodes a protein of the DUF2169

superfamily, members of which have recently been

suggested to serve as adaptors or chaperones aiding

binding of PAAR domain T6SS effectors to the VgrG spike

[55, 56].

To summarize, our analysis of the genome of P. prote-

gens CHA0 identified gene clusters coding for a single

T6SS core apparatus and two distinct VgrG modules that

we termed VgrG1a module (with spike VgrG1a and effector

RhsA) and VgrG1b module (with spike VgrG1b and

effector Ghh1). To assess the involvement of these com-

ponents in insect pathogenicity, insect colonization, and

competition with the gut microbiome, we compared the

activity of wild-type CHA0 with mutants in which we

deleted the entire T6SS or VgrG module gene clusters

(ΔT6SS, ΔVgrG1a-mod or ΔVgrG1b-mod, respectively) or

individual genes encoding the respective VgrG spikes or

effectors (ΔvgrG1a, ΔvgrG1b, ΔrhsA, or Δghh1, respec-

tively) (Table S1).

The T6SS contributes to insect pathogenicity of P.
protegens following oral infection

To assess the relative contribution of the T6SS and the two

VgrG modules to the insect pathogenicity of P. protegens,

we orally infected larvae of the plant pest insect P. bras-

sicae with the CHA0 wild type and the various T6SS-

related mutants and monitored larval survival for 1 week.

After this period, <12% of the larvae infected by the CHA0

wild type had survived, whereas almost 90% of the larvae

of the control treatment without bacteria administration

were alive and healthy (Fig. 2a). Larval mortality was sig-

nificantly lower when they were fed the ΔT6SS, ΔVgrG1a-

mod, or ΔVgrG1b-mod mutants. More than 25% of these

larvae survived, highlighting that the T6SS and the two

VgrG modules are involved in the infection process. This

was further supported by our finding that CHA0 mutants

with individual deletions of the respective Vgr spike

(ΔvgrG1a, ΔvgrG1b) or effector genes (ΔrhsA, Δghh1)

were equally impaired in oral pathogenicity toward the

Pieris larvae (Fig. S1).

Our previous studies established hemocoel invasion as a

crucial step in insect pathogenesis of P. protegens CHA0

[4, 13]. The bacterium uses a tight control system to spe-

cifically activate the production of the insecticidal toxin Fit

in this compartment leading to an acute disease phase and

the death of the insect [8, 16]. Other toxic metabolites,

notably hydrogen cyanide and the cyclic lipopeptide orfa-

mide, contribute to insect killing during this infection step

[11]. To address whether the T6SS and the two VgrG

modules play a role in the insect hemolymph, we mimicked

a systemic infection by directly injecting cells of the CHA0

wild type or the ΔT6SS, ΔVgrG1a-mod, or ΔVgrG1b-mod

mutants into the hemolymph of Pieris larvae. At 24 h

postinjection, the percentage of surviving larvae sharply

Fig. 2 The T6SS and the VgrG modules contribute to insect patho-

genicity of Pseudomonas protegens CHA0 upon oral infection but not

upon injection. a Oral activity was tested by feeding larvae of Pieris

brassicae artificial diet inoculated with 5 × 106 cells of wild-type

CHA0 or its ΔT6SS, ΔVgrG1a-mod or ΔVgrG1b-mod mutants and

monitoring their survival daily during 1 week. b Systemic activity was

tested by injecting 102 cells of the bacterial strains directly into the

hemolymph of the larvae and checking their survival hourly, starting at

19 h postinjection. The feeding and injection experiments were repe-

ated six and five times, respectively, with 18 larvae per treatment in

each individual experiment. Sterile NaCl solution at 0.9% served as

negative control. Data were analyzed using the mixed-effect Cox

model incorporating the experiment repetition factor and one-way

analysis of variance followed by Tukey’s test with Bonferroni cor-

rection. For each panel, treatments with different letters (a–c) sig-

nificantly differed from each other (P < 0.05)

1322 J. Vacheron et al.



declined for all bacterial strains tested, dropping to levels of

<20% at 30 h postinjection (Fig. 2b). No differences were

observed between the insecticidal effects of the wild-type

and mutant strains (Fig. 2b), indicating that the T6SS and

the VgrG modules are not involved in the hemocoel phase

of pathogenesis.

These findings support a significant role of the T6SS

and the two VgrG modules along with their respective

spike and effector proteins in insect pathogenesis of P.

protegens. To our best knowledge, we provide here the

first example for the implication of T6SS components in

the pathogenicity of an environmental bacterium in a plant

pest oral infection model. During the past years, the

involvement of T6SS components in pathogenicity, be it

direct by subverting host cellular function or indirect by

aiding competitive host colonization, has been docu-

mented for a number of human and plant pathogenic

bacteria [19, 24, 32, 57]. In several cases, mutants

defective for T6SS components were reported to be

impaired in persistence and interbacterial competitiveness

during host interaction [19]. These reports prompted us to

speculate that the T6SS and the VgrG modules might be

required for the successful establishment of P. protegens

in the intestinal tract of the insect and thus in competitive

interactions with the commensal microbiota populating

this environment.

The T6SS of P. protegens contributes to insect
invasion

We examined whether the reduced insect pathogenicity of

the T6SS and VgrG module-deficient mutants of P. prote-

gens CHA0 is linked to a reduced capability of insect

invasion following oral infection. To address this, we per-

formed in vivo colonization assays with GFP-tagged var-

iants of the bacteria and monitored their establishment in the

gut, the hemolymph, and the excrements of P. brassicae

larvae 24 h after oral infection. We deliberately chose this

sampling time point because after this incubation period the

first larvae started to die (Fig. 2a), implying that pseudo-

monads by then began to breach the gut epithelial barrier to

gain the hemolymph, i.e., a crucial step of insect invasion at

the onset of systemic infection. Compared with the wild

type, the ΔT6SS mutant was only slightly, but significantly,

impaired in its capacity to establish in the insect gut

(Fig. 3a) but was strongly hampered in its capacity to

establish in the hemolymph (Fig. 3b). Interestingly, only

one of the two VgrG modules appeared to be implicated in

insect invasion. Indeed, the ∆VgrG1a-mod mutant was

largely unable to cross the gut epithelial barrier of the Pieris

larvae to reach the hemolymph, whereas the ∆VgrG1b-mod

mutant established in this compartment at wild-type levels

(Fig. 3b). At this time point, both VgrG module mutants

were not significantly affected in their gut colonization

abilities (Fig. 3a). The analysis of the larval excrements

indicated that, although ingested bacteria established in the

insect gut, a significant fraction was cleared from the larvae

at roughly the same cell numbers for all the strains tested

(Fig. 3c).

Together these results indicate that the P. protegens

T6SS has a significant role in gut colonization and pre-

paration of the subsequent passage of the invader into the

insect blood system. This is in line with recent reports about

the contribution of T6SSs to gut invasion by enteropatho-

genic Salmonella, Shigella, and Vibrio [22, 23, 58, 59] and

to host colonization by various other animal and plant

pathogens [19, 24]. Hemolymph invasion by P. protegens

CHA0 required a functional VgrG1a module. Interestingly,

the VgrG1b module had no apparent role in insect coloni-

zation although it contributed significantly to insect patho-

genicity. This suggests that P. protegens employs the two

VgrG modules for different activities during pathogenesis

of which that of the VgrG1a module is in competitive host

colonization (see also following chapter), whereas the exact

function of the VgrG1b module needs to be addressed in

further studies. Bacteria equipped with T6SSs commonly

harbor several VgrG modules along with specific effectors

providing them with diverse functionalities during interac-

tion with the host or other bacteria as exemplified by studies

on P. aeruginosa [34, 60] and enteropathogenic Escherichia

coli [61].

T6SS-mediated modification of the insect gut
microbiome composition by P. protegens

Since the T6SS is known to function as major antibacterial

weapon in pathogenic and commensal pseudomonads

[24, 32, 34, 54, 60], we speculated that a potential role of the

T6SS components in insect pathogenesis of P. protegens

could be to eliminate commensal bacteria within the insect

gut thereby facilitating the establishment of the invader in

this niche and preparing the access to the gut epithelial

barrier for passage into the hemocoel. To test this hypoth-

esis, we performed a 16S RNA gene metagenomic analysis

of the gut bacterial microbiota of P. brassicae at the larval

stage, both in the presence and absence of P. protegens

infection. Gut samples were analyzed after 24 h, i.e., at the

same time insect colonization was monitored.

We sequenced 50 samples corresponding to five condi-

tions (non-infected control; infection with wild-type CHA0

or ΔT6SS, ΔVgrG1a-mod, or ΔVgrG1b-mod mutants),

with 10 samples per condition and four Pieris guts pooled

per sample, and generated a total of 763,328 high-quality

reads. On average, 12,722 high-quality filtered reads per

sample were obtained. Sequences clustered into 160 dif-

ferent OTUs at a sequence identity cut-off of 97%.
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Rarefaction curves affirmed that the bacterial diversity in

each sample was fully described (Fig. S2). The gut bacterial

microbiome of healthy insects fed with non-inoculated diet

was composed mainly of two bacterial phyla, i.e., Firmi-

cutes (61.7%) and Proteobacteria (38.1%), while other

phyla accounted for <0.2% of the total abundance (Fig. S3).

The two bacterial families Enterococcaceae (58.7%) and

Enterobacteriaceae (40.4%) were dominant in the gut of the

P. brassicae larvae (Fig. 4a). Other bacterial families con-

stituted <1% of the total bacterial abundance. More than

99.9% of the sequences affiliated to the Enterococcaceae

family corresponded to a single OTU (denovo2983) asso-

ciated with the genus Enterococcus (Table S6). In the

Enterobacteriaceae, >96.1% of the sequences were asso-

ciated with a single OTU (denovo3889) identified as genus

Enterobacter. Our analysis provides the first data about the

composition of the gut bacterial community of this impor-

tant Lepidopteran plant pest. Previous studies specified

Enterobacter sp. as dominant members of the larval gut

microbiota of the related insect Pieris rapae [62, 63].

Enterobacter and Enterococcus are commonly found in the

gut of Lepidopteran species [64, 65] and can provide ben-

eficial services to their host. For example, they provide

enzymatic functions that permit the detoxification of

ingested phenolic plant defense compounds [66] or may act

as bodyguards against bacterial pathogens invading the

Fig. 3 Contribution of the T6SS and the VgrG modules of Pseudo-

monas protegens CHA0 to the colonization of the gut (a), the hemo-

lymph (b), and the excrements (c) of larvae of Pieris brassicae

following oral infection. Larvae were fed with a small piece of arti-

ficial diet containing 107 cells of green fluorescent protein-tagged

variants of wild-type CHA0 or its ΔT6SS, ΔVgrG1a-mod, or

ΔVgrG1b-mod mutants. The T6SS mutant (upper figure panels below

insect scheme) and the VgrG module mutants (lower figure panels)

were tested in separate experiments. Data show colony-forming unit

counts of bacterial inoculants per mg of gut, hemolymph, or excre-

ments of individual larvae determined at 24 h post oral infection. Each

dot corresponds to one insect. Each box plot graph represents the

median of the colonization levels calculated from three independent

experiments that were carried out with nine larvae per treatment in

each experiment. For the statistical analysis, a Student’s t test was

performed to detect significant differences between the colonization

levels of the wild-type CHA0 and the ∆T6SS mutant. Analysis of

variance followed by Fisher’s least significant difference test was

done to detect significant differences between the colonization

levels of CHA0 and the VgrG1a and VgrG1b module mutants.

***P value < 0.001 and *P value < 0.05
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insect gut, e.g., by forming a protective biofilm on gut

epithelial cells, by producing antimicrobials such as bac-

teriocins, or by inducing insect defenses [67, 68].

We analyzed to what extent invasion by P. protegens

CHA0 or its T6SS-related mutants shapes the bacterial

community in the P. brassicae gut. We retrieved a single

abundant Pseudomonas OTU (denovo2125) from the gut

samples of P. protegens-treated larvae, which corresponded

to the inocula fed to the insects as verified by Blast analysis

(100% identity) (Fig. 4a). The bacterial alpha diversity was

not strongly affected by the presence of CHA0 or the T6SS-

related mutants according to the Simpson and Chao indices

(Fig. S4). The observed significant increase of the diversity

at family and genus levels according to the Shannon–

Weaver index (Fig. S4a) could be due to the reduction of

the most abundant species following P. protegens invasion

facilitating the detection of other taxa. Moreover, PCA

indicated that the beta-diversity remained stable at the

phylum and class levels for all the tested conditions

(Figs. S5a-5b). However, at the family and genus levels, the

control condition was distant from the other conditions,

which reflects the effect of Pseudomonas invasion

(Figs. S5c-5d). The dominance of two bacterial families

(Enterococcaceae, Enterobacteriaceae) in the P. brassicae

gut made it difficult to observe significant shifts in the

remaining fraction of gut bacteria, which accounted for

<1% of the total bacterial abundance in each condition.

Hence, we focused our analysis on the impact of Pseudo-

monas invasion on the relative abundance of Enter-

ococcaceae and Enterobacteriaceae. Infection by

P. protegens CHA0 caused a non-significant, mild decrease

(P < 0.09) in the abundance of Enterococcaceae, which did

not depend on the bacterial T6SS or VgrG modules

(Fig. 4b). This finding is not unexpected, since the T6SS is

thought to be ineffective against Gram-positive bacteria [32,

69–71]. By contrast, gut invasion by CHA0 resulted in a

significant decline of the Enterobacteriaceae population in

the insect intestines, which required the presence of a

Fig. 4 The T6SS contributes to changes induced in the gut microbiome

composition of larvae of Pieris brassicae upon invasion by Pseudo-

monas protegens, impacting in particular on members of the Enter-

obacteriaceae family. a Gut bacterial composition following oral

infection with wild-type CHA0 or its ΔT6SS, ΔVgrG1a-mod, or

ΔVgrG1b-mod mutants. Larvae were fed with a small piece of arti-

ficial diet containing 107 inoculant cells and were dissected 24 h later

to retrieve their guts. Control larvae were fed sterile diet. For each

treatment, ten samples were prepared each containing the pooled guts

from four larvae. DNA preparation and 16S rRNA gene-based meta-

genome sequencing were performed by GenoScreen (Lille, France).

The gut bacterial composition was determined using non-transformed

abundance data and the eight most abundant families are presented.

Box plots illustrate the effects of wild-type CHA0 and the T6SS and

VgrG module mutants on the median relative abundance of the

Enterococcaceae (b) and Enterobacteriaceae (c) families in the

insect guts. The data from the abundance matrix were transformed

using total sum scaling and cumulative sum scaling normalization

[44] and statistically analyzed using the CALYPSO pipeline [43].

**P value < 0.01, *P value < 0.05 (*) and end dot represents P value

between 0.05 and 0.09
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functional T6SS (Fig. 4c). The two VgrG modules might

have contributed to the observed effect to some extent

(Fig. 4c); however, the high variability among the samples

did not allow us to statistically fully affirm this observation.

To confirm the findings of the 16S metagenomic analy-

sis, we isolated bacteria from the gut of P. brassicae larvae

in order to test them in in vitro competition assays against P.

protegens CHA0 and the T6SS and VgrG module mutants.

We repeatedly obtained colonies with two distinct

morphologies, which we purified and identified by 16S

rRNA gene sequencing exclusively as Enterococcus sp. and

Enterobacter sp., respectively. In confrontation assays

against Enterobacter, the competitive index for the wild-

type CHA0 was significantly higher than that for the ∆T6SS

mutant (Fig. 5a). A similar effect was observed in the

competition of Enterobacter with the ∆VgrG1a-mod mutant

but not with the ∆VgrG1b-mod mutant. This indicates that

P. protegens uses its T6SS and the VgrG1a module to

outcompete Enterobacter. Contrarily, the T6SS and the

VgrG modules did not contribute to the competitive

advantage of P. protegens CHA0 in confrontation with

Enterococcus (Fig. 5b). These findings are consistent with

the T6SS-mediated reduction of Enterobacteriaceae by P.

protegens in the gut microbiome of Pieris observed in the

16S metagenomic analysis (Fig. 4c).

Collectively, these results demonstrate that during inva-

sion of P. brassicae larvae P. protegens uses the T6SS to

modify the composition of the gut microbiome of the insect,

thereby targeting and eliminating in particular bacteria of

the genus Enterobacter that constitute one of the two

dominant groups of commensals present in the intestinal

tract of the plant pest. For Enterobacter killing, P. prote-

gens appears to deploy the T6SS primarily with the asso-

ciated VgrG1a module, which is equipped with the DNase

effector RhsA. Commensal gut bacteria may form a pro-

tective layer at the gut surface, preventing systemic infec-

tions by entomopathogens [65, 68]. It is plausible that

T6SS-mediated killing of commensal Enterobacter by P.

protegens might locally disrupt this protective layer

allowing the invader to reach the hemolymph and kill the

insect (Fig. 6).

Conclusion

The findings of this study support the concept that

pathogens deploy T6SS-based strategies to disrupt or

otherwise manipulate the commensal microbiota of their

host in order to facilitate host colonization as recently

demonstrated for the human enteropathogens Salmonella

Typhimurium [23] and V. cholerae [72–74]. We provide

here the first example of the use of this strategy by an

environmental plant-colonizing bacterium to successfully

invade a plant pest insect and hence to gain access to an

alternative host. We show evidence that the T6SS-

mediated changes to the gut microbiome of the pest

insect induced by P. protegens are linked to the functional

requirement of the T6SS (i) to outcompete specific

members of the commensal gut microbiota, (ii) to colo-

nize the insect, and ultimately (iii) to promote the

Fig. 5 The T6SS and the VgrG1a module contribute to interbacterial

competition of Pseudomonas protegens CHA0 with Enterobacter sp.

(a) but not with Enterococcus sp. (b) isolated from the gut of Pieris

brassicae larvae. Competition of P. protegens wild-type CHA0, the

ΔT6SS mutant, or the ΔVgrG1a-mod or ΔVgrG1b-mod mutants

against Enterobacter sp. and Enterococcus sp. was assessed in filter

spot assays. Colony-forming unit (CFU) quantifications were per-

formed at t= 0 h and t= 24 h based on the antibiotic resistance pro-

files of the strains as detailed in Supplementary information. The

competitive index (CI) of the competitor was calculated as follows: CI

= [CFUcompetitor_24 h/CFUgut isolate_24 h]/[CFUcompetitor_0 h/CFUgut isolate_0

h]. Box plots represent data from three independent experiments, each

with three replicate strain confrontations. Each dot corresponds to one

confrontation. Data were analyzed using analysis of variance followed

by honestly significant difference of Tukey. Statistical differences

between the competitive indices of CHA0 mutants in confrontations

with Enterobacter are indicated with letters a and b (P < 0.05). No

statistical differences were found in the competitions with

Enterococcus
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pathogenic relationship with the insect host. This is in line

with recent work of Fast et al. [72] who demonstrated that

T6SS activity against commensal gut bacteria supports the

pathogenesis of V. cholerae. The present work sig-

nificantly expands our knowledge about the virulence

strategies and weaponry that contribute to the capacity of

a group of plant-associated pseudomonads to orally infect

and kill plant pest insects. Genomic and mutational ana-

lyses carried out since the first discovery of the potent

insecticidal activity in these pseudomonads [13] so far

have identified secreted toxins (Fit toxin, rhizoxins, cyclic

lipopeptides, hydrogen cyanide) and lytic enzymes (chit-

inase, phospholipase) as bacterial determinants promoting

insect pathogenesis, i.e., all virulence factors likely deployed

by the bacteria to cause direct damage to the insect host at

some point during invasion [5, 8, 9, 11, 12, 16]. In turn, the

bacteria appear to rely on specific cell surface decorations to

escape the insect immune defense [10, 15]. Here we iden-

tified T6SS-mediated manipulation of the gut microbiota

as further strategy to promote insect pathogenesis in the

repertoire of insecticidal pseudomonads. In our study,

P. protegens uses the T6SS to target a dominant group of

commensals, i.e., Enterobacter sp., in the gut of the inves-

tigated plant pest. By eliminating part of the population of

these commensals, P. protegens possibly improves the

access to the gut epithelial barrier for the subsequent passage

into the hemolymph. Collectively, all these findings advance

our understanding of the infection process and allow us to

further detail the interaction model between Pseudomonas

and the insect as illustrated in Fig. 6. Since P. protegens

is also known as an efficient root colonizer and biocontrol

agent of crop diseases [4, 6], it will be of interest to study to

which extent this bacterium deploys its T6SS weaponry to

competitively colonize plants, i.e., its original host.

Acknowledgements We gratefully acknowledge the group of Philippe

Reymond at the Department of Plant Molecular Biology of the Uni-

versity of Lausanne for help with rearing Pieris brassicae and with the

development of the artificial diet-based feeding assay. We thank the

Biocommunications group (Consuelo De Moraes), Department of

Environmental System Science, ETH Zurich for providing eggs of

Pieris brassicae.

Sources of support (grants/equipment) This study was supported by

grant 31003A-159520 from the Swiss National Foundation for Sci-

entific Research.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of

interest.

Publisher’s note: Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Fig. 6 Interaction model between Pseudomonas protegens and the

plant pest insect Pieris brassicae. Step 1: Oral infection; P. protegens

cells (red) are ingested by the larvae. Step 2: P. protegens cells follow

the path of food through the gut and establish in this insect compart-

ment. In the gut, the microflora is mainly composed of Enterococcus

sp. (green cells) and Enterobacter sp. (blue cells). Step 3: P. protegens

cells cross the gut epithelial barrier by a yet unknown mechanism to

reach the hemocoel. For this step, the bacteria need to find their way

through the indigenous microflora that can aggregate onto the epi-

thelial cells to form an additional protective layer [65, 68]. P. prote-

gens uses its T6SS and the associated VgrG1a module, encompassing

the VgrG1a spike along with the RhsA effector, to kill Enterobacter

locally in the vicinity of the gut epithelial cells. Step 4: Once in the

hemocoel, P. protegens starts to proliferate. Step 5: The bacteria

produce virulence factors, among which is the entomotoxin Fit [13]

that is specifically produced in the hemolymph of the insect [8, 16].

During invasion, a particular lipopolysaccharide decoration protects P.

protegens against antimicrobial peptides (cecropins) produced by the

host [15] and additional virulence factors such as hydrogen cyanide,

cyclic lipopeptides, chitinase, and phospholipase aid to promote

pathogenesis [5, 10, 11]. As soon as the bacteria invade the hemocoel

compartment, the insect enters in an acute disease phase leading to its

death within about 1 day. IM inner membrane, P periplasm, OM outer

membrane
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