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Abstract

Both above- and below-ground parts of plants are constantly challenged with microbes

and interact closely with them. Many plant-growth-promoting rhizobacteria, mostly

interacting with the plant's root system, enhance the immunity of plants in a process

described as induced systemic resistance (ISR). Here, we characterized local induced

resistance (IR) triggered by the model PGPR Pseudomonas simiaeWCS417r (WCS417) in

Arabidopsis thaliana. Hydroponic application ofWCS417 to Arabidopsis roots resulted in

propagation of WCS417 in/on leaves and the establishment of local

IR. WCS417-triggered local IR was dependent on salicylic acid (SA) biosynthesis and sig-

nalling and on functional biosynthesis of pipecolic acid and monoterpenes, which are

classically associated with systemic acquired resistance (SAR). WCS417-triggered local

IRwas further associatedwith a priming of gene expression changes related to SA signal-

ling and SAR. A metabarcoding approach applied to the leaf microbiome revealed a sig-

nificant local IR-associated enrichment of Flavobacterium sp.. Co-inoculation

experiments using WCS417 and At-LSPHERE Flavobacterium sp. Leaf82 suggest that

the proliferation of these bacteria is influenced by both microbial and immunity-related,

plant-derived factors. Furthermore, application of Flavobacterium Leaf82 to Arabidopsis

leaves induced SAR in an NPR1-dependent manner, suggesting that recruitment of this

bacterium to the phyllosphere resulted in propagation of IR. Together, the data highlight

the importance of plant-microbe-microbe interactions in the phyllosphere and reveal

Flavobacterium sp. Leaf82 as a new beneficial promoter of plant health.

1 | INTRODUCTION

The functional traits introduced by the plant-associated micro-

biome are essential for plant growth and fitness and include nutri-

ent acquisition as well as improved responses of the plant towards

abiotic and biotic stressors (Schlaeppi & Bulgarelli, 2015; Müller

et al., 2016; Sohrabi et al., 2023). Some microbes can activate plant

defence mechanisms, including mechanisms known as systemic

acquired resistance (SAR) and induced systemic resistance (ISR).

While SAR is induced in systemic tissues of plants undergoing a

local pathogen infection, ISR is induced in aerial tissues of plants in

response to interactions of the roots with beneficial microbes in

the rhizosphere (Pieterse et al., 2014; Vlot et al., 2021; Zhu

et al., 2022).

Received: 28 March 2024 Revised: 27 June 2024 Accepted: 2 July 2024

DOI: 10.1111/ppl.14483

Physiologia Plantarum

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Author(s). Physiologia Plantarum published by John Wiley & Sons Ltd on behalf of Scandinavian Plant Physiology Society.

Physiologia Plantarum. 2024;176:e14483. wileyonlinelibrary.com/journal/ppl 1 of 15

https://doi.org/10.1111/ppl.14483

https://orcid.org/0000-0002-8146-6018
mailto:corina.vlot@uni-bayreuth.de
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ppl
https://doi.org/10.1111/ppl.14483
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fppl.14483&domain=pdf&date_stamp=2024-08-21


SAR relies on two distinct but interwoven signalling pathways,

one depending on salicylic acid (SA), and the other on pipecolic acid

(Pip) (Hartmann & Zeier, 2019; Nair et al., 2021; Vlot et al., 2021;

Yildiz et al., 2021; Zeier, 2021; Yildiz et al., 2023). SA levels rise both

locally and systemically after pathogen infection. This is driven by the

enzymes ISOCHORISMATE SYNTHASE 1 (ICS1, also known as SID2)

followed by the amidotransferase AvrPphB SUSCEPTIBLE3 (PBS3)

(Wildermuth et al., 2001; Rekhter et al., 2019). Elevated SA levels lead

to enhanced resistance through the action of downstream signalling

intermediates, including the proposed SA receptors NON-

EXPRESSOR OF PATHOGENESIS-RELATED PROTEINS1 (NPR1) and

its paralogs NPR3 and 4 (Fu et al., 2012; Ding et al., 2018; Liu

et al., 2020; Wang et al., 2020; Zavaliev et al., 2020; Zavaliev &

Dong, 2024). In parallel, the non-proteinogenic amino acid Pip is syn-

thesized in two steps by AGD2-like DEFENCE RESPONSE PROTEIN

1 (ALD1) and SAR-DEFICIENT 4 (SARD4) and then converted by

FLAVIN-DEPENDENT MONOOXYGENASE 1 (FMO1) to its pre-

sumed bioactive form N-hydroxy-pipecolic acid (NHP) (Návarová

et al., 2012; Ding et al., 2016; Hartmann et al., 2017; Chen

et al., 2018; Hartmann et al., 2018). FMO1 is suspected to tightly reg-

ulate NHP levels during systemic immunity events together with

UDP-GLYCOSYL TRANSFERASE 76B1 (UGT76B1), which glycosy-

lates NHP, rendering it inactive (Bauer et al., 2021; Cai et al., 2021;

Holmes et al., 2021; Mohnike et al., 2021; Eccleston et al., 2022).

The long-distance signal, which mediates the communication

between local infected and systemic tissues and ultimately trig-

gers the establishment of SAR, appears to be composed of multi-

ple signalling intermediates, including the C9 dicarboxylic acid

azelaic acid, glycerol-3-phosphate, and NHP (Jung et al., 2009;

Chanda et al., 2011; Cecchini et al., 2015; Lim et al., 2016; Chen

et al., 2018; Wang et al., 2018; Holmes et al., 2021; Vlot

et al., 2021; Yildiz et al., 2021). Additionally, volatile signals such

as the monoterpenes camphene and α- and β-pinene are essential

for SAR and propagate systemic immunity in SAR-induced as well

as neighbouring plants (Riedlmeier et al., 2017; Wenig

et al., 2019). GERANYL GERANYL DIPHOSPHATE SYNTHASE

12 (GGPPS12) is a key enzyme in the production of volatile mono-

terpenes in Arabidopsis thaliana. Mutations in this gene reduce

monoterpene emissions and the capacity of the volatile emissions

of these plants to support SAR (Riedlmeier et al., 2017; Wenig

et al., 2019).

ISR is elicited by plant growth-promoting bacteria or fungi in the

rhizosphere (PGPR/PGPF), including, for example, several Pseudomo-

nas, Bacillus, and Trichoderma strains (reviewed in (Pieterse

et al., 2014; Gill et al., 2016; Newitt et al., 2019; Vlot et al., 2021;

Khan et al., 2022)). In contrast to SAR, which provides protection

against (hemi-) biotrophic pathogens, ISR protects above-ground tis-

sues against both necrotrophic and (hemi-) biotrophic pathogens. The

best-characterized ISR to date is that induced in Arabidopsis thaliana

upon an interaction of the roots with Pseudomonas simiae WCS417r

(Pieterse et al., 1996; Pieterse et al., 2021). The traditional idea is that

ISR depends on functional jasmonic acid (JA)-dependent plant

defences (Pieterse et al., 1998; Ton et al., 2002; Pozo et al., 2008).

However, evidence is accumulating that there is no uniform ISR

response to all PGPR/Fs. Instead, there seem to be differing

responses, depending on the eliciting microbial strains, involving JA

signalling as well as SA signalling pathways (Niu et al., 2011; van de

Mortel et al., 2012; Martínez-Medina et al., 2013; Cecchini

et al., 2015; Nie et al., 2017; Wu et al., 2018; Shine et al., 2019).

These different responses are believed to enable the plant to react in

a directed manner depending on the lifestyle of the attacking patho-

gen (Nguyen et al., 2020; Nguyen et al., 2022). Therefore, we follow

De Kesel and colleagues (Kesel et al., 2021) and refer to ISR as

systemic IR.

The plant immune system influences the propagation of patho-

gens, but also that of non-pathogenic commensal or plant growth-

promoting microbes, which are associated with the plant and together

make up the plant microbiome (Hacquard et al., 2017; Teixeira

et al., 2019; Stassen et al., 2021; Sohrabi et al., 2023). Leaf-to-root

signalling in response to infection further mediates changes in root

exudates that influence the composition of the rhizosphere micro-

biota, which is believed to result in a fortification of plant immunity

against pathogens through systemic IR (Rudrappa et al., 2008;

Berendsen et al., 2018; Stringlis et al., 2018; Stassen et al., 2021;

Chen & Liu, 2024). The phyllosphere microbiome also responds to

changes in the plant immune status (Chen et al., 2020; Chaudhry

et al., 2021; Pfeilmeier et al., 2021; Sohrabi et al., 2023; Pfeilmeier

et al., 2024). Not only pathogens but also commensal bacteria from

the phyllosphere have been shown to enhance, for example, SA-

associated immunity (Vogel et al., 2016). It thus seems conceivable

that the plant immune system can modulate the phyllosphere micro-

biome, allowing the plant to ‘exploit’ beneficial properties of microbes

to promote plant fitness.

In this study, we show that IR-associated responses of the plant

microbiome are influenced by interconnected microbe-microbe and

microbe-plant interactions. Reduced species diversity in response to

P. simiae WCS417r inoculation indicates a potential impact on the sta-

bility of the leaf microbiome, while the data further highlight the

importance of tri-partite plant-microbe-microbe interactions for plant

health.

2 | MATERIALS AND METHODS

2.1 | Plant material and growth conditions

In this study, Arabidopsis ecotype Columbia-0 (Col-0) was used for

all experiments. The mutants ggpps12, ald1, npr1-1, sid2-1, and jas-

monate-insensitive 1 ( jin1) were previously described (Berger

et al., 1996; Cao et al., 1997; Wildermuth et al., 2001; Song

et al., 2004; Breitenbach et al., 2014; Riedlmeier et al., 2017;

Wenig et al., 2019). Plants were grown from synchronised seeds

using potting soil (“Floradur® B Seed”, Floragard GmbH) mixed

with silica sand (grain size 0,6–1,2 mm) at a ratio of 5:1. For IR

experiments seeds were surface-sterilized with 75% ethanol twice

for 4 min and grown on ½ Murashige and Skoog medium for
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10 days (d) prior to treatment and transfer to soil. Plants were

grown in a 10-hour (h) daylight regime and a light intensity of

100 μmol m�2 s�1 photosynthetically active photon flux density at

22�C during light periods and 18�C during dark periods. Relative

humidity was kept at >70%.

2.2 | IR elicitors, pathogens and treatments

IR was elicited using Pseudomonas simiae WCS417r (WCS417)

(Pieterse et al., 1996). Bacteria were grown on NB (Carl Roth, Karls-

ruhe, Germany) plates for 24 h and suspended in 10 Mm MgCl2 to a

final OD600 of 0.2. To induce IR, the roots of 10-day-old, sterile-

grown seedlings were placed in wells of 96-well plates containing the

bacterial suspension or a sterile 10 mM MgCl2 control solution, each

supplemented with 0.01% Tween-20 (v:v). After 1 h of incubation, the

seedlings were placed in pots with soil and grown to an age of 34 d.

On the 34th day after sowing, the third and fourth true leaves of the

plants were either harvested for RT-qPCR or amplicon sequencing

analysis or inoculated with 105 cfu mL�1 of Pseudomonas syringae

pathovar tomato (Pst), which was maintained and used for analysis of

infection severity as previously described (Wenig et al., 2019). Bacte-

rial titres were determined in three replicate samples, including 3 leaf

discs, each taken from at least 4–6 plants per biologically independent

replicate experiment. The bacteria were extracted from the leaf discs,

and colony-forming units (cfu) were counted in plate-based assays as

described (Wenig et al., 2019). Biologically independent replicate

experiments were performed in independently grown and treated

plant batches.

To evaluate the adherence of WCS417 to roots as well as its

uptake into leaves, plants were treated with WCS417 as described

above and planted into potting soil. After 5 min, 1 h and 1 d, plants

were removed from the soil and cut to separate roots and leaves.

Roots as well as leaves were shaken in 10 mM MgCl2 + 0,01% Sil-

wet (v:v) for 1 h at 600 rpm. Subsequently, serial dilutions were

made and plated as described (Wenig et al., 2019) on NYGA plates

with 50 mg L�1 rifampicin to select for WCS417, which is naturally

resistant to rifampicin (Pieterse et al., 1996). Two d later, bacterial

titres were calculated based on the number of bacterial colonies

formed.

In addition to WCS417, we also implemented Flavobacterium

sp. in our studies. We used Flavobacterium strain Leaf82 from the

At-LSPHERE synthetic community (Bai et al., 2015), which was

maintained on NB medium. Leaf inoculations were performed using

4-5-week-old plants by syringe infiltration of a bacterial suspension

(OD600 = 0.0002) in 10 mM MgCl2. In planta bacterial titres were

determined as described above by counting plate-grown bacterial

colonies derived from leaf discs taken from inoculated leaves. Each

biologically independent replicate was performed with a minimum

number of 3 internal replicates, including 3 leaf discs each, and bio-

logically independent replicates were performed using indepen-

dently grown and treated plant batches. Colonies of WCS417 and

Leaf82 were distinguished based on colour differences: WCS417

forms opaque, white colonies, and Leaf82 forms opaque orange

colonies.

SAR was induced in 4-5-week-old plants as previously described

(Wenig et al., 2019), except that Leaf82 was used for the primary

inoculation of the first two true leaves of the plants by syringe infiltra-

tion of a bacterial suspension with an OD600 of 0.02 in sterile 10 mM

MgCl2. The same concentration of Pst carrying the effector AvrRpm1

was used as the positive control, and 10 mM MgCl2 was used as the

negative control treatment (Wenig et al., 2019). Three d later,

the establishment of SAR was tested by a secondary infection of the

third and fourth true leaf of the plants with 105 cfu mL�1 of Pst, titres

of which were determined at 4dpi as described (Wenig et al., 2019).

2.3 | Bacterial confrontation assay

The bacterial confrontation assay was performed on NB-agar. A verti-

cal line of one bacterium was streaked with a heat-sterilised loop

directly onto the agar. The second bacterium was applied as a perpen-

dicular line with a heat-sterilised infection loop on top of the other.

The bacteria were grown at 25�C for two days.

2.4 | RNA extraction and RT-qPCR analysis

RNA was isolated with Tri-Reagent (Sigma-Aldrich) according to the

manufacturer's instructions. cDNA was generated with Superscript II

reverse transcriptase (Invitrogen, Carlsbad, USA). Quantitative PCR

(qPCR) was performed using the Sensimix SYBR low-rox kit (Bioline)

on a 7500 real-time PCR system (Applied Biosystems). Primers that

were used for qPCR are listed in Table S1. Transcript accumulation of

target genes was analysed using Relative Quantification with the

7500 Fast System Software 1.3.1.

2.5 | Statistical analysis of bacterial titre and RT-
qPCR data

All statistical analyses were done using R version 3.6.3.

(R Development Core Team, 2020). For the analysis of bacterial

titres, a Shapiro Wilk test for normal distribution showed that the

cfu counts resulting from the infection assays did not follow normal

distribution (α = 0.01). Therefore, a Kruskal-Wallis test was used to

test for significance at α = 0.05. Regarding the SAR experiments, a

paired samples Wilcoxon test was performed as a post-hoc test for

the different treatments (Wilcoxon, 1945). For the analysis of the

primed states of genes, the highest RQ value amongst the time

points 2, 4, and 6 hpi was taken per experiment and treatment. The

corresponding values were statistically compared to the correspond-

ing T0-values, and the control-sample value was set to 1. Since a

normal distribution was not given, we tested for significant differ-

ences between the RQ according to treatment with a Kruskal-

Wallis test.
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2.6 | DNA-Isolation, PCR and amplicon sequencing

For each individual DNA sample, one leaf per plant, either the 3rd or

4th true leaf, in total 10 plants per treatment were harvested and

pooled. This corresponded to 100–200 ng of leaf material per sample,

which was freeze-dried for 24 h at �40�C and 0.12 mbar (Alpha 2–4

LD Plus, Martin Christ Gefriertrocknungsanlagen). Replicate samples

were harvested from biologically independent experiments performed

in independently grown and treated plant batches. DNA isolation was

performed utilizing the FastPrep Soil Kit (Mpbio) according to the

manufacturer's instructions after an additional step of leaf grinding

using a tissue lyser (Retsch) and glass beads (1 mm diameter) at 25 Hz

for 2 min. Following DNA extraction, the variable regions V5-V7 of

the bacterial 16S rRNA gene were amplified by PCR (NEBnext High

Fidelity 2x Master Mix, New England Biolabs) using 10 ng of DNA per

reaction and the primers 799F and 1193R from (Chelius &

Triplett, 2001; Bulgarelli et al., 2012).

Three independent PCR reactions were performed per DNA sam-

ple using the following conditions: 98�C for 30 s, 98�C for 10 s, 58�C

for 20 s, 72�C for 20 s, 72�C for 2 min. Steps 2–4 were repeated

25 times. The resulting PCR amplicons were subjected to gel electro-

phoresis with an agarose concentration of 1.5% to separate amplicons

derived from bacteria and chloroplasts since chloroplast DNA yields

longer amplicons than bacterial DNA. The DNA amplicons derived from

the bacterial 16S rRNA gene were extracted from the gels using the

QIAquick Gel Extraction Kit (Qiagen). After determination of the DNA

concentration of each PCR reaction (Nanodrop, Implen), the 16S rRNA

gene amplicons from 3 replicates per sample were pooled at equimolar

amounts. The fragment sizes and concentrations of the pooled samples

were determined on a Fragment Analyzer 5200 using the DNF-

473-Standard Sensitivity NGS Fragment Analysis Kit (Agilent). The

indexing PCR was performed under the following conditions: 98�C for

10 s, 55�C for 30 s and 72�C for 30 s and final extension at 72�C for

5 min. Each PCR reaction contained 1x NEBNext High Fidelity Master-

mix, 10 ng of template DNA and index primer 1 (N7xx) and index

primer 2 (N5xx) of Nextera XT Index Kit v2 Set A (Illumina) according

to the manufacturer's instructions. All samples were purified using

MagSi NGSprep Plus Beads (Steinbrenner). Samples were validated and

quantified on a Fragment analyzer 5200 using the DNF-473-Standard

Sensitivity NGS Fragment Analysis Kit, diluted and pooled to a final

concentration of 4 nM for the sequencing run on an Illumina MiSeq

using the MiSeq Reagent Kit v3 (600-cycle). Demultiplexing was done

using the MiSeq Reporter Software v 2.6. (Illumina).

2.7 | Amplicon sequencing-data analysis

Pre-processing of the amplicon data was performed using the package

“dada2”, including trimming, removal of low-quality reads, merging of

reads, chimaera removal and taxonomic assignment based on the Silva

Seeds v.138 database (Yilmaz et al., 2014; Callahan et al., 2016). The

reads were truncated at the first occurrence of a quality score ≤2. Fil-

tering criteria were a length of at least 270 bp in forward reads, and

150 bp in reverse reads and the absence of ambiguous bases in the

remaining reads. In total, 718,990 reads were processed in 14 samples

and after preprocessing 508,154 reads remained, which were

assigned to taxons based on Amplicon Sequence Variants (ASVs). This

resulted in 1,434 unique ASVs. ASVs belonging to the Phylum “Cya-
nobacteria” were considered plant chloroplast-derived contaminants

and removed before proceeding with further analysis. ASVs compris-

ing less than 0.005% of all reads were also removed from the dataset.

After those steps, 866 ASVs remained.

Prior to further analysis of the data, we controlled the Pst titre

reductions triggered by each treatment as compared to the appropri-

ate controls. This was done to check whether IR was elicited; data

from samples derived from experiments in which the WCS417 treat-

ment did not significantly reduce Pst titres were excluded from further

analysis. Data from the remaining 6–7 replicates per treatment were

analysed using the R packages Vegan, Phyloseq and DESeq2

(Dixon, 2003; McMurdie & Holmes, 2013; Love et al., 2014; Schliep

et al., 2017). Visual inspection of rarefaction curves indicated a suffi-

cient sequencing depth (Supplementary Figure S1).

Alpha diversity was calculated using Shannon's- as well as Simp-

son's index (SIMPSON, 1949; Spellerberg & Fedor, 2003). Statistically

significant differences in alpha-diversity were calculated utilizing a

pairwise t-test since a previous Shapiro–Wilk test did not show any

indication of a deviation of normality. Analysis of the obtained data

indicated one outlier sample per treatment. This was confirmed by a

Grubbs' test (Grubbs, 1950), which was significant for the number of

observed ASVs for the respective samples of both treatments, near

significant (WCS417) or significant (control) regarding the Shannon's,

and significant for the sample from the control-treatment regarding

the Simpson's Index. This concerns the samples control treatment,

replicate 2 and WCS417 treatment, replicate 6. Those were removed

from the dataset preceding further analysis (p-values of Grubb's test,

see Supplementary Table S2).

To address β diversity, the R package “DESeq2” was used: the

data were transformed using the built-in function in DESeq2 by calling

“variancestabilizingTransformation” (McMurdie & Holmes, 2014), and

subsequently, a PCA was fitted using “plotPCA.” Based on the result-

ing distance matrix, a MANOVA was performed to test for significant

differences in the overall microbial community dependent on the

treatment (Love et al., 2014; Pfeilmeier et al., 2021).

Differentially abundant ASVs were also determined using DESeq2

(Love et al., 2014; Pfeilmeier et al., 2021). The analysis was limited to

ASVs present in at least three replicates; ASVs were considered as dif-

ferentially abundant with an FDR-corrected p-value <0.05.

3 | RESULTS

3.1 | Pseudomonas simiae WCS417r propagates in
the phyllosphere of Arabidopsis thaliana

P. simiae WCS417r, referred to below as WCS417, triggers systemic IR

in Arabidopsis, reducing the propagation of pathogenic P. syringae

4 of 15 SOMMER ET AL.
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pathovar tomato (Pst) in the leaves of the treated plants (Pieterse

et al., 1996). To trigger systemic IR, WCS417 is applied to the soil sur-

rounding Arabidopsis roots. Here, we investigated whether WCS417

also induces resistance when applied to plants by alternative methods.

To this end, we treated 10-day-old, sterile-grown seedlings by dipping

their roots in a WCS417 suspension. Subsequently, plants were trans-

ferred to soil. Because we detected viable WCS417 bacteria in the phyl-

losphere of the treated plants, we first investigated a possible

propagation of WCS417 in Arabidopsis roots and leaves. To this end, we

treated Arabidopsis plants with WCS417 via root-dip inoculation and

transferred the treated plants to soil one hour later. After 5 min, 1 h and

1d, the plants were removed from the soil and the WCS417 titres were

assessed in root and leaf tissues in a plate-based assay, using rifampicin

to select for WCS417 (Pieterse et al., 1996). WCS417 titres were lower

in the leaves than in the roots but were evident from the first sampling

time point (Figure 1A). The roots were colonized in high numbers

(>1x103 cfu per sample) from the first timepoint, with the highest values

detected 1 h after transfer of the treated plants to soil. Similarly,

WCS417 titres reached a maximum in the leaves at 1 h after transfer to

soil and were reduced to 1x104 cfu per sample 1d later (Figure 1A).

While uptake of Pseudomonas spp. through the xylem cannot be

excluded (Misas-Villamil et al., 2011; Kong et al., 2020; Paauw

et al., 2023), it is equally possible that bacteria spread from the roots to

the leaves via capillary water movement on the surface of the hypo-

cotyl. When treated by root-dip with iodine-stained water, Arabidopsis

seedlings take up most of the dye via capillary water movement on the

surface of the hypocotyl (Figure S2). Next, we investigated whether

WCS417 propagates in the phyllosphere of Arabidopsis. To this end, we

inoculated leaves with 105 cfu mL�1 of WCS417 by syringe infiltration

and determined the resulting bacterial titres 2 h (0 dpi) and 6 d later. As

a positive control, we included Pst, which carried the effector AvrRpm1.

Although the avirulent, pathogenic control bacteria Pst/AvrRpm1 grew

to higher titres, we detected a significant increase in WCS417 titres at

6 dpi as compared to 0 dpi, indicating active proliferation of WCS417

in Arabidopsis leaves (Figure 1B). Thus, root-dip inoculation of roots of

Arabidopsis seedlings resulted in the uptake of bacteria via capillary

movement of the inoculum on the surface of the hypocotyl and subse-

quent proliferation of WCS417 in the phyllosphere.

3.2 | WCS417 elicits local induced resistance in
the Arabidopsis phyllosphere

In the following experiment, we studied whether root-dip inoculation

of Arabidopsis with WCS417 enhanced the resistance of the leaves to

pathogenic Pst. As described above, the roots of 10-day-old, sterile-

F IGURE 1 Proliferation and mobility of P. simiae WCS417r (WCS417) on Arabidopsis thaliana plant organs. (A) Adherence and proliferation of
WCS417 in/on Arabidopsis roots and leaves 5 minutes, 1 hour (h), and 1 day (d) post-inoculation (pi) of plant roots with WCS417 by root-dip
treatment. Brown bars indicate bacterial titres in/on the roots, green bars indicate bacterial titres in/on the leaves. The height of the bars
represents the mean ± SE of two biologically independent experiments, including three replicates each. (B) Growth of bacteria in A. thaliana
leaves. Leaves of 4-5-week-old A. thaliana plants were syringe-infiltrated with Pseudomonas syringae pathovar tomato (Pst) containing the effector
AvrRpm1 (positive control, red bars) or WCS417 (green bars) as indicated above the panel. The resulting in planta titres of these bacteria were
monitored 2 h after inoculation (0 dpi) and six days later (6 dpi). Bars represent the mean of two biologically independent experiments, including
three replicates each ± SE.
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grown seedlings were treated with WCS417 or with sterile 10 mM

MgCl2 as a negative control and transferred to soil. 24 d later, leaves

of the resulting plants were inoculated with Pst, in planta titres of

which were determined at 4 dpi. Root-dip inoculation with WCS417

reduced the growth of the Pst inoculum in the leaves as compared to

that in control plants (Figure 2A). Because WCS417 did not appear

to directly inhibit Pst growth in a plate-based interaction assay

(Figure S3A), the data suggest that treatment of Arabidopsis roots and

associated propagation of WCS417 in the Arabidopsis phyllosphere

triggers local IR against Pst.

Next, we sought to confirm that WCS417-triggered local IR was

mediated by the plant immune system. In contrast to SAR, which is

classically associated with SA signalling, WCS417-triggered systemic

IR has previously been associated with JA signalling as well as an

SA-independent function of NPR1 (Pieterse et al., 1996; Pieterse

et al., 1998; Spoel et al., 2003; Pozo et al., 2008; Pieterse et al., 2021).

VEGETATIVE STORAGE PROTEIN 1 (VSP1) is a marker gene of the JA

signalling pathway (Creelman & Mullet, 1997; Guerineau et al., 2003).

Here, we tested whether local IR induction leads to changes in JA sig-

nalling by conducting an RT-qPCR analysis of VSP1 transcript

F IGURE 2 WCS417 triggers local induced resistance (IR) in Arabidopsis with priming of the JA, SA, and SAR marker genes VSP1, PR1, AZI1,
EARLI-1, FMO1, and UGT76B1. The roots of 10-day-old, sterile-grown A. thaliana seedlings were inoculated with WCS417 (green bars) or a
corresponding control solution (yellow bars). Following 3.5 weeks on soil, the leaves of the treated plants were infiltrated with Pst. (A) In planta

Pst titres at 4 dpi. Bars represent the mean of three biologically independent experiments, including three replicates each ± SE. Asterisks indicate
significant differences between the treatments indicated by the corresponding lines (Kruskal-Wallis test, ****, p < 0.0001; ns, not significantly
different). (B/C) Transcript accumulation of VSP1 and PR1 (B) and of AZI1, EARLI-1, FMO1, and UGT76B1 (C). Transcript accumulation was
evaluated by RT-qPCR in leaves of plants treated as in (A) and sampled before (T0) or after infection (Tprimed). Tprimed indicates a merged analysis
of maximum RQ-values per biologically independent experiment at 2, 4, and 6 hpi (Supplementary Figure S4). Transcript accumulation was
normalized to that of UBIQUITIN. Bars represent mean values of three biologically independent experiments ± SE. Statistically significant
differences were evaluated using a Kruskal-Wallis test, *, p < 0.05.
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accumulation. Additionally, we tested a possible influence of local IR

on SA signalling targeting the SA marker gene PATHOGENESIS

RELATED 1 (PR1) (van Loon et al., 2006) and on the SAR-associated

genes AZI1 and EARLI1 (Jung et al., 2009; Yu et al., 2013; Cecchini

et al., 2015) as well as FMO1 and UGT76B1.

For the analysis of gene expression changes induced during local

IR, leaves of WCS417- and control-treated plants were sampled before

the challenge infection; these samples were designated as T0. At this

time point, the transcript levels of all tested genes were comparable in

WCS417- and control-treated plants (Figure 2B/C). Often, full defence

responses are not directly/constitutively activated after induction of

IR. Rather, priming of defence responses leads to a stronger and faster

response after a pathogenic challenge as compared to unprimed plants,

which also culminates in enhanced resistance (Conrath et al., 2015;

Martinez-Medina et al., 2016; Mauch-Mani et al., 2017). Because

WCS417-triggered systemic IR is executed as a form of priming

(Verhagen et al., 2004; Pieterse et al., 2014), we assessed primed gene

expression changes during local IR at two, four, and six h post-

inoculation (hpi) of the treated plants with Pst. Priming was detected in

multiple biologically independent experiments but did not always peak

at the same time point after inoculation (Figure S4). For this reason, we

analysed the priming peaks per experiment in a merged analysis of

Tprimed. In this analysis, WCS417-treated plants displayed a significantly

higher transcript level than control-treated plants of all tested genes

(Figure 2B/C), confirming a priming effect of local IR on the transcript

accumulation of VSP1, PR1, AZI1, EARLI1, FMO1, and UGT76B1. Thus,

the data suggest that WCS417-triggered local IR is associated with

priming of JA, SA, and SAR-associated gene expression changes.

3.3 | WCS417-triggered local IR depends on SA-
and SAR-associated components of the plant immune
system

WCS417-triggered systemic IR has been shown to depend on func-

tional JA defences, but not on the accumulation of SA (Pieterse

et al., 1996; Pieterse et al., 1998; Pozo et al., 2008). Here, we investi-

gated WCS417-triggered local IR in Arabidopsis mutants with compro-

mised MYC2-dependent JA defences ( jin1/myc2) and also in mutants

with compromised SA accumulation (sid2-1) and signalling (npr1-1)

(Berger et al., 1996; Cao et al., 1997; Wildermuth et al., 2001; Pozo

et al., 2008). Local IR was induced as described above, and the leaves

of the plants were inoculated with Pst. Col-0 wild type supported less

Pst growth in the leaves of plants pre-treated with WCS417 as com-

pared to the controls, confirming that local IR was induced

(Figure 3A/B). As reported before (Nickstadt et al., 2004), the jin1

(myc2) mutant supported less Pst growth than Col-0 wild type plants.

The absolute titres of Pst in control-treated jin1-plants were similar to

those of wild type plants with functional WCS417-triggered local IR

(Figure 3A). Similar to systemic IR (Pozo et al., 2008),

WCS417-triggered local IR did not further lower bacterial titres in jin1

mutant plants (Figure 3A). In contrast to systemic IR, however,

WCS417-triggered local IR was ineffective and even appeared to

enhance Pst growth slightly and significantly in sid2-1 mutant plants.

WCS417-triggered local IR was further dependent on functional

NPR1 (Figure 3A). Together, the data suggest that WCS417-triggered

local IR depended on MYC2 as well as on functional pathogen-

induced SA accumulation and signalling.

Recent evidence further suggests roles of SAR-associated signalling

intermediates in systemic IR (Cecchini et al., 2015; Shine et al., 2019).

Here, we assessed the involvement of Pip-dependent pathways in local

IR by using ald1 mutant plants with defects in Pip biosynthesis (Návarová

et al., 2012). We also tested the involvement of SAR-associated volatile

monoterpenes by monitoring local IR in the respective loss-of-function

mutant ggpps12 (Riedlmeier et al., 2017; Wenig et al., 2019). In compari-

son to the respective control treatments, WCS417 did not reduce the

growth of the Pst challenge inoculum in ald1 and ggpps12 plants, indicat-

ing that Pip and monoterpenes are essential in the realisation of immunity

during WCS417-triggered local IR (Figure 3B). Taken together, the data

suggest that WCS417-triggered local IR is dependent on SA, Pip, and

monoterpenes, and might be triggered via a mechanism that is at least

partially overlapping with SAR.

F IGURE 3 Characterization of the
molecular requirements of
WCS417-triggered local IR. The roots of
10-day-old seedlings of the genotypes
indicated above the panels were
inoculated with WCS417 (green bars) or a
corresponding control solution (yellow
bars). Following 3.5 weeks on soil, the
leaves of the plants were inoculated with
Pst. The resulting in planta Pst titres at
4 dpi are shown. Bars represent the mean
of three biologically independent
experiments with three replicates each ±
SE. Asterisks indicate significant
differences between the treatments
indicated by the corresponding lines
(Kruskal-Wallis test *, p < 0.05, **,
p < 0.01, ***, p < 0.001, ****, p < 0.0001;
ns, not significantly different).

SOMMER ET AL. 7 of 15
Physiologia Plantarum

 13993054, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14483 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [02/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.4 | WCS417-triggered local IR changes the
microbial composition of the phyllosphere

Defects in plant immunity have been shown to switch the role of cer-

tain bacteria from beneficial to pathogenic (Pfeilmeier et al., 2021).

Chen et al. (2020) further illustrated a strong connection between

plant immunity, the leaf microbiome, and plant health (Chen

et al., 2020). Also, the PGPR Bacillus velezensis has been shown to

enhance immunity in Nicotiana tabacum leaves by changing the phyl-

losphere microbiome (Liu et al., 2022). These findings emphasise the

importance of the plant immune status for the leaf microbiome and

vice versa and raise the question of whether induced resistance influ-

ences the leaf microbiome.

To address this question, we performed amplicon sequencing of

the bacterial 16S rRNA gene in leaf samples from WCS417- and

control-treated plants. Bacterial communities of WCS417-treated

plants, on average, contained 165 different ASVs per sample in com-

parison to 361 different ASVs per sample in control-treated plants

(Figure 4A and Figure S1). For this reason, we analysed ASV richness

and evenness utilizing the Shannon's Index (Spellerberg &

Fedor, 2003) and species richness as well as the dominance of single

ASVs using the Simpson's Index (SIMPSON, 1949). The apparent

lower species richness in WCS417-treated plants was confirmed by

the Shannon's Index as well as the Simpson's index, which were both

significantly lower in WCS417-treated than in control-treated plants

(Figure 4A). Next, we assessed the similarity or divergence of the

microbial composition of the different samples with regard to

the abundance of the different ASVs using a principal component

analysis (PCA). The PCA showed that the microbiome of plants trea-

ted with WCS417 clustered distinctly from that of control-treated

plants (Figure 4B). Subsequently, we performed a MANOVA based on

the distance matrix of the PCA to test for significant differences

between the microbial composition following the different treat-

ments. The phyllosphere microbiome of plants treated with WCS417

was significantly different from the phyllosphere microbiome of con-

trol plants. The treatment describes 38% of the differences between

the treatments (R2 = 0.383).

After this first explorative analysis of the data, we checked for

the occurrence of WCS417 on the leaves of the plants. Therefore, we

examined the absolute numbers of ASV3, whose 16S rRNA gene

sequence corresponded to that of WCS417. In WCS417-treated

plants, the reads of ASV3 on the leaves made up �25% of the reads

per sample (Figure 4C). This confirms the findings described above

that root-dip inoculation of Arabidopsis results in the uptake and prop-

agation of WCS417 in the plants' phyllosphere. ASV3 was not

detected in the microbiome of control-treated plants, excluding cross-

contamination between treatments during the local IR treatment.

13 different ASVs were present in all samples, of those, 12 stem

from the phylum of Proteobacteria and one from the phylum of Acti-

nobacteria. Concerning significant differences in the abundance of

ASVs, WCS417-treated plants displayed a differential abundance

of 6 ASVs in comparison to control-treated plants (Table S3). Most of

the differentially accumulating ASVs were less abundant in local

IR-treated compared to control-treated plants. Also, most of the sig-

nificantly different ASVs were detected at relatively low read count

numbers of <1% of all reads. Those ASVs comprise bacteria from the

genera Rhodopseudomonas, Rhodanobacter, and Acidothermus as well

as one bacterium from the Order Solirubrobacterales (Figure 4C). In

contrast, one ASV besides the putative WCS417 (ASV3) was consid-

erably enriched in the local IR-treated plants. In four out of five sam-

ples from WCS417-treated plants, an ASV linked to Flavobacterium sp.

was detected at an average of 28% of all reads per sample, ranging

from 3.5 to 39% (Figure 4C). By comparison, the same ASV was

detected with 1 read in 1 control sample, and thus remained negligible

on control-treated plants (Figure 4C). Thus, treatment of Arabidopsis

with WCS417 was associated with significant enrichment of the phyl-

losphere microbiome with Flavobacterium sp..

3.5 | Flavobacterium sp. Leaf82 induces Systemic
Acquired Resistance (SAR) in Arabidopsis

Since WCS417 proliferated in Arabidopsis leaves, we tested if this pro-

liferation was causative for local IR. To this end, we infiltrated leaves

of 4-5-week-old Arabidopsis plants with WCS417 or with 10 mM

MgCl2 as the negative control. Two days later, we performed a chal-

lenge inoculation of the same leaves with Pst. As expected, WCS417

treatment of the leaves caused a reduction of Pst proliferation as

compared to the control (Figure 5A), confirming that leaf-associated

WCS417 was at least partially responsible for triggering local IR in

Arabidopsis. Similarly to a root-dip inoculation, leaf infiltration with

WCS417 did not enhance the resistance of npr1-1 plants to Pst

(Figure 5A).

The relative abundance of Flavobacterium sp. (ASV4) was signifi-

cantly enhanced on the leaves of WCS417-treated plants (Figure 4C).

To study a possible new plant immunity-related interaction between

the plant and the phyllosphere, we next aimed to test if this bacterium

affects defence. As a proxy for Flavobacterium sp., we utilized a bacte-

rial strain, Leaf82, from the At-LSPHERE collection (Bai et al., 2015),

which displays 100% sequence identity of its V5-V7 16S rRNA gene

region with that of ASV4. First, Leaf82 was syringe-infiltrated into

leaves of 4-5-week-old Arabidopsis plants. Two days later, the same

leaves were infiltrated with Pst. In contrast to WCS417, local Leaf82

treatment did not reduce Pst proliferation on the leaves and thus did

not induce local IR (Figure 5B).

To evaluate whether the proliferation of Leaf82 might affect

plant resistance systemically, we infiltrated the first and second true

leaves of either wild type or npr1-1 mutant Arabidopsis plants with

Leaf82 and challenged the systemic leaves with Pst. As a positive con-

trol, we used Pst/AvrRpm1 for the primary treatment; as a negative

control, the plants were infiltrated with 10 mM MgCl2. In wild type

plants, Pst proliferation was reduced in the systemic tissue of plants

undergoing a local Pst/AvrRpm1 infection as compared to the negative

control, indicating a successful SAR response (Figure 5C). Similarly, a

local Leaf82 treatment reduced the propagation of a systemic Pst

inoculum as compared to the negative control treatment, suggesting
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the induction of SAR in response to Leaf82 (Figure 5C). In npr1

mutant plants, Pst titres were similar irrespective of the treatment,

suggesting that Leaf82-induced SAR was abolished in the absence of

functional NPR1 (Figure 5C). Thus, Leaf82 triggers SAR against Pst

and this response is dependent on NPR1.

3.6 | Microbe-microbe-host interactions in the
Arabidopsis phyllosphere

Finally, we investigated whether local WCS417-induced defence

responses of Arabidopsis influenced the proliferation of Flavobacterium

F IGURE 4 Legend on next page.
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sp. during local IR. To this end, we performed the same experi-

ment as above and infiltrated leaves of 4-5-week-old Arabidopsis

plants with WCS417 or with 10 mM MgCl2 as the negative con-

trol. Two days later, we infiltrated the same leaves with Leaf82.

Although WCS417-triggered local IR was associated with

enhanced proliferation of Flavobacterium sp. on the leaves, leaf

inoculation of WCS417 did not cause enhanced growth of a sub-

sequent Leaf82 inoculum (Figure 5D). In contrast, the prolifera-

tion of Leaf82 was reduced on WCS417-treated npr1 mutants as

compared to the wild type control (Figure 5D). Similarly, WCS417

proliferated less on npr1 mutant than on wild type plants

(Figure S5). Thus, the data suggest that WCS417 activates

NPR1-dependent responses in plants that reduce the growth of

pathogenic Pst and, at the same time, enhance WCS417 prolifera-

tion. Because Leaf82 titres did not appear to be directly regulated

by local WCS417 proliferation (Figure 5D and Figure S3B) but

were reduced on npr1 mutant plants in the presence of WCS417

(Figure 5D and Figure S5), the data suggest that Flavobacterium

sp. is subject to immunity-related plant-microbe-microbe interac-

tions in the phyllosphere.

F IGURE 4 Differences in the microbiome of the phyllosphere following WCS417 IR treatment in comparison to control-treated plants.
Leaves of plants grown for 3.5 weeks on soil after root-dip inoculation with either 10 mM MgCl2 (control treatment, yellow triangles) or WCS417
(green dots) were harvested and amplicon sequencing of the 16S rRNA gene was performed. (A) Principal Component Analysis of the overall
microbial composition, PC1 and PC2 represent the respective principal components with the corresponding explained variance in percent. The
p-value was calculated using a MANOVA based on the Euclidian distance matrix of the PCA and was corrected for multiple testing using the
Benjamini-Hochberg procedure. The effect size describes the percentage of variance explained by treatment. (B) α-diversity indices of
phyllosphere microbiome following WCS417- or control-treatment: Number of observed ASVs (left) Shannon's Index (middle) and Simpson's

Index (right). The y-axis represents the respective index value, and dots indicate the values of individual samples. Samples from WCS417-treated
plants have significantly lower ASV-numbers as well as α-diversity indices than control-treated plants (pairwise pat-test, *, p < 0.05, **, p < 0.01).
(C) Relative abundance of distinct bacterial species in the A. thaliana phyllosphere. Boxplots indicate average number of sequenced reads
corresponding to the species indicated above the panels from five (WCS417) to six (control) samples in percentage of reads per sample ± min and
max values. Numbers at the bottom of the boxplots indicate number of samples with zero read counts per species / total number of samples.
Significance was calculated using a built-in Wald-test of the DESeq2-package with FDR correction following the Benjamini-Hochberg procedure
*, p < 0.05, **, p < 0.01, ****, p < 0.0001.

F IGURE 5 Local and systemic plant-
microbe-microbe interactions. Leaves of
4–5 week old Col-0 wild type and npr1-1
mutant Arabidopsis plants (genotypes
indicated above the panels) were
infiltrated with WCS417 (green bars in
A/D), At-L-Sphere Flavobacterium sp.
Leaf82 (L82; purple bars in B/C), or a
corresponding negative control solution

(yellow bars in A-C) or with Pst/AvrRpm1
as a positive control (red bars in C). Two
days later, the same leaves were
infiltrated with Pst (A/B) or Leaf82 (D) or
two systemic leaves were infiltrated with
Pst (C), titres of which were determined at
4 dpi. Bars represent average in planta Pst
(A/B/C) and Leaf82 (D) titres from 6 to
9 samples derived from two (D) to three
biologically independent experiments
(A/B/C) ± SE. Asterisks indicate
significant differences between the
treatments indicated by the
corresponding lines (A/B/D: Kruskal-
Wallis test, C: paired samples Wilcoxon
test, *, p < 0.05, **, p < 0.01, ***,
p < 0.001; ns, not significantly different).
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4 | DISCUSSION

We could prove in this work that leaf-associated P. simiae WCS417r

triggers SA-dependent local IR against Pst in Arabidopsis (Figure 3).

Additionally, WCS417-triggered local IR was not observed in plants

which lacked functional MYC2, the master regulator of JA signalling

(Kazan & Manners, 2013). Whereas the latter is reminiscent of systemic

IR in response to treatment of soil with WCS417 (Pozo et al., 2008),

priming of VSP1 appeared moderate in comparison to that of the SA

marker gene PR1 and the SAR-associated genes AZI1, EARLI1, FMO1,

and UGT76B1 (Figure 2 and Supplementary Figure S4). Also, while

WCS417-triggered systemic IR was functional in SA-deficient NahG

plants (Pieterse et al., 1996), WCS417-triggered local IR was abolished

in both sid2 and npr1 mutant plants (Figure 3). These data support pre-

vious findings that different mechanisms of IR can occur in response to

different plant-microbe interactions (reviewed in (Gill et al., 2016;

Pieterse et al., 2021; Vlot et al., 2021; Khan et al., 2023). Differences

may depend on the specific PGPR and challenge pathogen involved

(Ton et al., 2002; van de Mortel et al., 2012; Nguyen et al., 2020;

Nguyen et al., 2022). We show here that the same PGPR can prime dif-

ferent phytohormone signalling pathways depending on the site of the

plant-microbe interactions involved. WCS417-triggered local IR neither

conforms to the traditional definition of ISR, which refers to systemic IR

in response to a root interaction with beneficial microbes (Pieterse

et al., 2014), nor to that of SAR, which refers to systemic IR in response

to a leaf interaction with a pathogen (Vlot et al., 2021). Thus, our data

support suggestions made by De Kesel and colleagues (Kesel

et al., 2021) that the distinction between ISR and SAR is blurring and

that terminology such as local versus systemic IR might be more appro-

priate to conceptualize IR across different plant-microbe interaction sys-

tems. Therefore, we used the terms WCS417-triggered local and

systemic IR throughout this work to differentiate between two modes

of IR triggered by the same PGPR. Whereas WCS417-triggered sys-

temic IR is associated with JA signalling (Pieterse et al., 1998; Ton

et al., 2002; Pozo et al., 2008), local IR additionally depends on func-

tional SA biosynthesis and signalling (this work). Our finding that

WCS417 can reach the phyllosphere in root-dip assays may be of inter-

est to other studies using similar methods, including multi-well assays.

In addition to SA, WCS417-triggered local IR depends on further

signalling intermediates that are associated with classical SAR

(Figure 3). These include functional Pip biosynthesis and the accumu-

lation of volatile monoterpenes, which occur downstream of Pip dur-

ing SAR (Návarová et al., 2012; Riedlmeier et al., 2017; Wenig

et al., 2019). Systemic IR often depends on priming, which means that

the plant does not directly increase its gene expression upon contact

with PGPR. Instead, there are more subtle, often epigenetic changes,

which lead to a faster and stronger response after contact with

pathogens in comparison to naïve plants without previous contact

with PGPR (Conrath et al., 2015; Martinez-Medina et al., 2016;

Mauch-Mani et al., 2017; Kesel et al., 2021). For WCS417-triggered

systemic IR, this phenomenon has been described (van Wees

et al., 1999; Pieterse et al., 2021). Here, we extended these findings

to WCS417-triggered local IR and showed priming of AZI1, EARLI,

FMO1, PR1, VSP1, and UGT761B in response to WCS417, preparing

the plants for a more effective immune response after infection. Of

these genes, AZI1, EARLI1, and FMO1 are part of the Pip-dependent

signalling pathway that promotes SAR in parallel with SA (Jung

et al., 2009; Wang et al., 2014; Cecchini et al., 2015; Chen

et al., 2018; Hartmann et al., 2018; Wang et al., 2018; Wenig

et al., 2019). Taken together, the data suggest that WCS417 triggers

local IR in Arabidopsis leaves; WCS417-triggered local IR depends on

both JA and SA signalling in a mechanism which partially overlaps with

systemic IR in response to WCS417 and with classical SAR.

The plant immune system is believed to influence plant-associated

microbiota (Hacquard et al., 2017; Teixeira et al., 2019; Stassen

et al., 2021; Sohrabi et al., 2023). Here, WCS417-triggered local IR was

associated with a higher relative abundance of Flavobacterium sp. in the

Arabidopsis phyllosphere. Concomitantly, the phyllosphere microbiome of

WCS417-treated plants displayed a significantly reduced species richness.

Because lower richness in microbiota has been associated with a lower

stability of the microbiome and a higher risk of dominance by pathogens

(Ives & Hughes, 2002; Chen et al., 2020; Chaudhry et al., 2021), this sug-

gests a possible trade-off of IR in plants. In this respect, it seems of interest

that we detected considerably less significant shifts in the phyllosphere

microbiome composition thanChen et al. (2020), who studied the influence

of local immune responses driven by pathogen-associated molecular pat-

terns (PAMPs) on the phyllospheremicrobiome. The comparativelymoder-

ate phyllosphere microbiome changes in response to IR likely reflect the

fact that WCS417-triggered local IR is primed. Thus, there are only minor

changes in gene expression up to the point of pathogenic encounter. This

is in contrast to the experimental set-up of Chen et al., who analysed the

microbiome of a quadruple knockout, which shows defects in PAMP-

triggered immunity (PTI). The ensuing changes in gene expression com-

pared towild-type plants lead tomore significant shifts in the relative abun-

dance of Proteobacteria (up) and Actinobacteria (down) (Chen et al., 2020).

Deployment of this “incorrectly” assembled microbiome onto gnotobiotic

plants led to necrosis and stunted plant growth. These findings associate

compromised PTI responses with reduced plant fitness caused by changes

in the phyllospheremicrobiome, whereas priming appears to have a signifi-

cantly less pronounced effect.

Propagation of WCS417 in the phyllosphere appears to be

actively regulated by NPR1-mediated plant immunity. Data shown in

Figure 5, as well as Figure S5, further suggest a possible co-regulation of

WCS417 and Leaf82 in interaction with the plant immune regulator

NPR1. Notably, Leaf82 growth was not directly influenced by WCS417

in plate-based interaction assays (Figure S3B). However, Flavobacterium

johnsoniae, to which species Leaf82 belongs, has been shown to adapt

production of secondary metabolites if grown in association with a Pseu-

domonas koreensis and a Bacillus cereus strain, facilitating better chances

of surface colonisation and biofilm formation (Chevrette et al., 2022).

Thus, it is conceivable that improved colonization of Flavobacterium

sp. on WCS417-treated plants depended on the tri-partite interaction

between the plant and both microbes.

Species belonging to the genus Flavobacterium are known to be

well-adapted to the phyllosphere, living epi- as well as endophytically on

Arabidopsis plants (Bodenhausen et al., 2013). They can metabolize
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complex carbon sources, including pectin, hemicellulose, and peptidogly-

can components of gram-positive cell walls of bacteria (Peterson

et al., 2006; Kolton et al., 2013). By those attributes, Flavobacteria spp.

can outcompete other bacterial groups. Additionally, they have been

assigned enhanced biocontrol as well as plant growth-promoting

properties. Flavobacterium spp., for example, produces cyanide acting

as an antimicrobial agent as well as compounds that act as plant

growth-promoting hormones, including auxins, gibberellins and cytoki-

nins (Gunasinghe et al., 2004; Maimaiti et al., 2007; Soltani

et al., 2010; Sang & Kim, 2012). Indeed, we observed enhanced

growth of Arabidopsis plants after inoculation of the leaves with At-

LSPHERE Flavobacterium sp. Leaf82 (Figure S6). Leaf82 also triggered

NPR1-dependent SAR, thus additionally heightening plant resistance

(Figure 5). Because Leaf82 did not appear to restrict Pst growth in

plate-based interaction assays (Figure S3C), leaf82-induced SAR is

likely a plant immunity-mediated process. Vogel et al. (2021) ascribed

only moderate biocontrol properties to Leaf82 against Pst in gnotobi-

otic experiments with Arabidopsis. However, they found strong evi-

dence that the protective traits of bacteria shift strongly in

association with other bacterial strains (Vogel et al., 2021). Thus, Leaf

82 might unfold its full protective potential only in the presence of

other bacteria in the leaf microbiome.

In conclusion, WCS417-triggered local IR is associated with the

enrichment of the Arabidopsis phyllosphere with Flavobacterium

sp. Flavobacterium Leaf82 was identified to display beneficial charac-

teristics triggering NPR1-dependent systemic IR in Arabidopsis. This

paves the way for further studies into possible applications of

this bacterium in new, sustainable crop protection strategies.
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