
MARSCHNER REVIEW

Pseudomonas simiae WCS417: star track of a model
beneficial rhizobacterium

CornéM. J. Pieterse &Roeland L. Berendsen &Ronnie de Jonge & Ioannis A. Stringlis &
Anja J. H. Van Dijken & Johan A. Van Pelt & Saskia C. M. Van Wees & Ke Yu &

Christos Zamioudis & Peter A. H. M. Bakker

Received: 4 August 2020 /Accepted: 26 November 2020
# The Author(s) 2020

Abstract
Background Since the 1980s, numerous mutualistic
Pseudomonas spp. strains have been used in studies on
the biology of plant growth-promoting rhizobacteria
(PGPR) and their interactions with host plants. In
1988, a strain from the Pseudomonas fluorescens group,
WCS417, was isolated from lesions of wheat roots
growing in a take-all disease-suppressive soil. In subse-
quent trials, WCS417 limited the build-up of take-all
disease in field-grown wheat and significantly increased
wheat yield. In 1991, WCS417 was featured in one of
the first landmark studies on rhizobacteria-induced sys-
temic resistance (ISR), in which it was shown to confer
sys temic immuni ty in carna t ion (Dianthus
caryophyllus) against Fusarium wilt. The discovery that

WCS417 conferred systemic immunity in the model
plant species Arabidopsis thaliana in 1996 incited in-
tensive research on the molecular mechanisms by which
PGPR promote plant growth and induce broad-spectrum
disease resistance in plants. Since then, the strain name
appeared in over 750 studies on beneficial plant-
microbe interactions.
Scope In this review, we will highlight key discoveries
in plant-microbe interactions research that have
emerged from over 30 years of research featuring
WCS417 as a model rhizobacterial strain. WCS417
was instrumental in improving our understanding of
the microbial determinants that are involved in root
colonization and the establishment of mutually benefi-
cial interactions with the host plant. The model strain
also provided novel insight into the molecular mecha-
nisms of plant growth promotion and the onset and
expression of rhizobacteria-ISR. More recently,
WCS417 has been featured in studies on host immune
evasion during root colonization, and chemical commu-
nication in the rhizosphere during root microbiome
assembly.
Conclusions Numerous studies on the modes of action
of WCS417 have provided major conceptual advances
in our understanding of how free-living mutualists col-
onize the rhizosphere, modulate plant immunity, and
promote plant growth. The concepts may prove useful
in our understanding of the molecular mechanisms in-
volved in other binary plant-beneficial microbe interac-
tions, and in more complex microbial community con-
texts, such as the root microbiome.
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Abbreviations
BGC Biosynthetic gene cluster
COG Cluster of orthologous groups
ET Ethylene
IAA Indole-3-acetic acid
ISR Induced systemic resistance
JA Jasmonic acid
LPS Lipopolysaccharide
MAMP Microbe-associated molecular pattern
MTI MAMP-triggered immunity
PGPR Plant growth-promoting rhizobacteria
SA Salicylic acid
SAR Systemic acquired resistance
T3SS Type III secretion system
TF Transcription factor
VOCs Volatile organic compounds
WCS Willie Commelin Scholten

A star is born

Pseudomonas fluorescensWCS417 was first mentioned
in a study of Jan Lamers and co-workers (Lamers et al.
1988). The abbreviation “WCS” in the strain name
refers to Willie Commelin Scholten, a biology student
at the University of Amsterdam supervised by Prof.
Hugo de Vries, who suddenly passed away in 1893.
To commemorate their son, his fortunate parents fi-
nanced a new institute: the Willie Commelin Scholten
Phytopathological Laboratory at the universities of
Utrecht and Amsterdam (Boonekamp et al. 2019;
Schippers and Roosje 1997). All strain names collected
by this institute received the label “WCS”. WCS417
was isolated from lesions of wheat (Triticum sativum)
roots growing in a soil in the Dutch Flevopolder that
was suppressive to take-all disease caused by the soil-
borne fungus Gaeumannomyces graminis var. tritici.
WCS417 stood out in a screen for the biological control
of take-all disease in field-grown wheat, in which it
significantly reduced disease incidence and increased
wheat grain yield (Lamers et al. 1988). At the time of
the isolation of WCS417 from wheat roots, decades of
rhizosphere research had demonstrated that this thin

zone of soil around the roots harbors both deleterious
and beneficial microbes with the potential to affect plant
growth and crop yields (Bakker et al. 2020; Schippers
et al. 1987; Weller 1988). Ever since Hiltner (1904)
argued that root exudates attract beneficial bacteria to
the rhizosphere, where they affect plant quality and
health, rhizosphere-associated microbes have been seen
as an important source for the discovery of putative
biocontrol agents (Hartmann et al. 2009). Beneficial
members of the rhizosphere-inhabiting microbial com-
munity were considered to positively affect plant growth
by enhancing the availability and uptake of mineral
nutrients, the provision of plant-growth substances,
and the suppression of deleterious microbes, including
soil-borne pathogens. Hence, these beneficial non-
symbiotic microbes were coined plant growth-
promoting rhizobacteria (PGPR) (Kloepper et al.
1980). Since its discovery in 1988 to the present-day
golden age of root microbiome research, WCS417 has
featured in numerous studies aiming to understand how
free-living beneficial rhizobacteria engage in long-term
relationships with their host plants, and how they pro-
vide life-supporting benefits to the plant. Here, we re-
view the key discoveries of this model beneficial
rhizobacterium in the field of plant-microbe interac-
tions. Along the way, we highlight the biological con-
cepts that WCS417 helped to unearth and shape, and led
to our current understanding of the complexity of the
interactions that evolved in the mutualistic relationship
between plants and free-living beneficial microbes in
the rhizosphere microbiome.

Star wars: WCS417 is a versatile biocontrol agent

WCS417 emerged from a large screen of potential bio-
control agents as being capable to suppress the soil-
borne fungus G. graminis var. tritici (Lamers et al.
1988). In this first study with WCS417, inoculation of
wheat seeds with WCS417 prior to sowing reduced
take-all disease severity in G. graminis var. tritici-inoc-
ulated fields from 27% to 6%, while significantly im-
proving wheat grain yield (Lamers et al. 1988). Also in
other crops, WCS417 has been shown to suppress dis-
ease. For instance, in a greenhouse trial with banana
(Musa sp.), WCS417 suppressed Panama disease inci-
dence caused by Fusarium oxysporum f. sp. cubense by
87.4% (Nel et al. 2006). In addition, in diverse crop and
tree species, such as radish (Raphanus sativus),
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grapevine (Vitis vinifera), and eucalyptus (Eucalyptus
urophylla), WCS417 effectively controlled plant dis-
eases (Canchignia et al. 2017; Leeman et al. 1996a;
Ran et al. 2005). The spectrum of effectiveness of the
biological control activity seems to be relatively unspe-
cific, as besides the soil-borne fungal diseases men-
tioned above, WCS417 was demonstrated to control
other soil-borne diseases, such as bacterial wilt, caused
by Ralstonia solanacearum (Ran et al. 2005) and the
nematode Xiphinema index (Canchignia et al. 2017). In
a recent study, colonization of the roots of peppermint
(Mentha piperita) by WCS417 improved the antioxi-
dant status of plants grown under drought stress leading
to enhanced drought tolerance (Chiappero et al. 2019),
and in the model plant Arabidopsis (Arabidopsis
thaliana) it improved salt tolerance (Loo et al. 2020).
Hence,WCS417 emerged as a versatile biocontrol agent
with capacities that enable it to suppress various soil-
borne pathogens in a wide range of plant species, and to
improve tolerance against abiotic stresses.

Star quality of the WCS417 genome

In 2015, the whole genome sequence of WCS417 was
published (Berendsen et al. 2015). The 6.17Mb genome
of this plasmid-free strain is predicted to contain 5586
protein-coding genes (Fig. 1), which is comparable to
the characteristics described for other Pseudomonas
spp. strains (Loper et al. 2012). Phylogenetically,
WCS417 falls in the P. fluorescens subgroup of fluo-
rescent pseudomonads as defined byMulet et al. (2010).
The name “fluorescens” of this subgroup refers to the
fact that fluorescent pseudomonads secrete the soluble
fluorescent pigment pyoverdine (Fig. 2a), which func-
tions as an iron-chelating siderophore. The WCS417
genome has a 100% nucleotide identity match with the
type strain of P. simiae that was isolated from the lungs
of a white-headed marmoset (Callithrix geoffroyi), a
monkey endemic to forests in eastern Brazil (Vela
et al. 2006). Accordingly, WCS417 was renamed from
P. fluorescens WCS417 to P. simiae WCS417 in the
publication on its genome sequence (Berendsen et al.
2015). Other P. fluorescens subgroup strains that ac-
cording to their genome sequence identity belong to
P. simiae are P. fluorescens subgroup strains PICF7
(Martínez-García et al. 2015) and R81 (Mathimaran
et al. 2012). PICF7 was isolated from the roots of olive
plants (Olea europaea) and was found to possess

biological control activity against the soil-borne fungus
Verticillium dahliae, causing a devastating disease in
olive cultivation. Like WCS417, R81 stood out in a
screen of 3000 bacteria for its elite plant growth-
promoting properties (Roesti et al. 2006). Strain R81
was isolated fromwheat roots grown inmarginal soils in
India, over 7500 km away from the location in the
Netherlands where WCS417 emerged in a similar
PGPR screen two decades earlier. Like WCS417, R81
also significantly increased wheat yield and grain qual-
ity in India, showcasing the plant beneficial potential
that is encoded by the genomes of these globally repre-
sented Pseudomonas sp. genotypes.

Among the 11 secondary metabolite biosynthetic
gene clusters (BGCs) found in the WCS417 genome
(Fig. 1), most of them have the potential to synthesize
metabolites that can either affect neighboring microbes
or processes in the host plant that allow WCS417 to
outcompete other microbes that aim to colonize the
same niches in the rhizosphere (Berendsen et al. 2015;
Stringlis et al. 2018c). These include BGCs for the
production of the siderophore pyoverdine (Figs. 1 and
2a). Siderophores can chelate ferric iron in the soil
environment, after which microbes can re-absorb the
complex via TonB-dependent proteins that specifically
recognize and transport specific siderophore-iron com-
plexes into the periplasm. The WCS417 genome en-
codes 33 TonB-dependent proteins, suggesting that
WCS417 is highly versatile in its ability to take up its
own siderophore and those of other strains (Berendsen
et al. 2015). Iron is an essential element for most organ-
isms. However, its bioavailability is often limited be-
cause iron is mainly present as ferric iron, which is
poorly soluble at neutral and high pH. The capacity to
produce and absorb ferric iron-chelating siderophores
provides a competitive advantage in the rhizosphere that
not only contributes to niche establishment, but also
inhibits soil-borne fungal pathogens via direct competi-
tion for iron (Fig. 3; Verbon et al. 2017).

Many root-associated Pseudomonas sp. strains pos-
sess BGCs for the production of antimicrobial com-
pounds, such as cyclic lipopeptide biosurfactants, 2,4-
diacetylphloroglucinol, phenazines, hydrogen cyanide,
and pyrrolnitrin (Loper et al. 2012). However, none of
these BGCs are present in the WCS417 genome. Only a
few bacteriocins, bactericidal proteins with a narrow
taxonomic range of effectiveness, and a betalactone with
putative antibacterial activity were detected in the
WCS417 genome (Fig. 1). Hence, WCS417 has a rather

247Plant Soil (2021) 461:245–263



limited potential to produce known anti-microbial
agents, which is in line with observations that in vitro
antagonistic effects of WCS417 against fungal

pathogens is largely determined via siderophore-
mediated competition for iron rather than antibiosis
(Berendsen et al. 2015).

Fig. 1 Characteristics and features of the WCS417 genome.
Rings from outside to inside: Ring 2 and 3, protein coding genes;
Ring 1 and 4, genes annotated to functional clusters of orthologous
groups (COGs). Key of COG terms is provided on the left; Ring 5
(green), enriched genes (Cole et al. (2017)); genes that when
mutated lead to enhanced colonization on Arabidopsis roots (=
negative effect on colonization by wild-type WCS417). E.g. LPS
O-antigen gene cluster and Flp type IV pilus gene cluster boxed in
red; Ring 6 (light pink), depleted genes (Cole et al. (2017); genes

that when mutated lead to reduced colonization on Arabidopsis
roots (= required for maximal competitive colonization by wild-
type WCS417). E.g. Flagella biosynthesis gene cluster boxed in
red; Ring 7, %GC; Ring 8 (purple/green), GC-skew (−/+); Ring 9,
nucleotide position indicator. Secondary metabolite biosynthesis
gene clusters (BGCs) are computed with antiSMASH (Blin et al.
2019). Type III effectors and AprA are from (Berendsen et al.
2015) and (Stringlis et al. 2019b). The circular diagram is prepared
with CGView (Grant and Stothard 2008)
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Genomes of Pseudomonas spp. typically contain
gene clusters for five of the six identified bacterial
protein secretion systems (type I, II, III, V and VI). It

allows them to secrete proteins to adapt to different
environments, compete with other microbes, or estab-
lish a pathogenic or mutualistic interaction with a host.
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Fig. 2 Phenotypic characteristics of P. simiae WCS417 and its
effects on Arabidopsis plants. aWCS417 producing a fluorescent
pyoverdine siderophores on culture medium with low iron avail-
ability. b Confocal image of Arabidopsis primary root epiphyti-
cally colonized by Yellow Fluorescent Protein (YFP)-labelled
WCS417. c WCS417 induces changes in root architecture and a
2–3 fold increase in shoot fresh weight. d WCS417-colonized
roots develop longer root hairs. eWCS417 induces auxin response
in roots as evidenced by a stronger activation of the auxin-
responsive pDR5::venusYFP (nuclear) reporter. f First demonstra-
tion of WCS417-ISR in Arabidopsis against F. oxysporum f. sp.
raphani. g WCS417 induces the expression of the root-specific
transcription factorMYB72,which is essential for the onset of ISR.
Shown is a confocal image of an Arabidopsis pMYB72::GFP

reporter line. h WCS417 and Fe deficiency induce secretion of
fluorescent coumarins, which are produced in a MYB72-
dependent manner. i Flg22-induced growth-defense tradeoffs
(flg22 treatment suppresses growth of wild-type Arabidopsis
Col-0 seedlings, but not in flagellin receptor mutant fls2). j
WCS417 suppresses flg22-induced root immune response, as
evidenced by suppression of flg22-responsive pCYP71A12::GUS
gene expression by live WCS417 bacteria. B, adapted from
Pieterse et al. (2014); C, adapted from Wintermans et al. (2016),
D and E, adapted from Zamioudis et al. (2013), F, adapted from
Pieterse et al. (1996); G, adapted from Zamioudis et al. (2015); H,
adapted from Stringlis et al. (2018b); I and J, adapted from
Stringlis et al. (2018a) and Yu et al. (2019a)
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WCS417 contains one or more copies of each of these
protein secretion systems (Berendsen et al. 2015;
Stringlis et al. 2019b). Interestingly, the WCS417 ge-
nome also contains genes known to be required for the

Flp Type IV pilus assembly, a trait involved in root
colonization (Lugtenberg et al. 2001). The T3SS is of
particular interest in host-microbe interactions. During
co-evolution with their animal or plant host,

Fig. 3 Schematic representation of processes and molecular com-
ponents of the interaction between WCS417 and plant roots. On
the left a plant of which the roots are colonized byWCS417, on the
right an untreated plant. WCS417 produces many compounds
(symbols explained in the box) by which it influences interactions
with other microbes and the host plant. These processes include
biological control of soil-borne pathogens, niche establishment in
the rhizosphere, host immune evasion to facilitate root coloniza-
tion, elicitation of induced systemic resistance (ISR), plant growth

promotion, and abiotic stress relief. Details of the components
mentioned in the figure are explained in the main text. Dashed
blocked lines (−–|) and arrows indicate predicted activities, solid
blocked lines and arrows indicate proven activities. ET, ethylene;
flg22, 22-amino acid immunogenic epitope of flagellin; ISR,
induced systemic resistance; JA, jasmonic acid; LPS, lipopolysac-
charide; MTI, MAMP-triggered immunity; T3SS, type III secre-
tion system; VOCs, volatile organic compounds. The figure was
designed using Biorender (https://biorender.com)
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Pseudomonas spp. have developed the T3SS to deliver
immune-suppressive effector molecules to the host cell,
therewith facilitating effective colonization (Alfano and
Collmer 2004).The T3SS is composed of approximately
25 proteins that form a nanomachine with needle-
shaped extension through which effector proteins can
be injected into host cells. Although the T3SS and its
cognate effector proteins are typical features of patho-
genic bacteria, there are also examples of mutualistic
rhizobia and free-living PGPR that possess a functional
T3SS (Zamioudis and Pieterse 2012). Bioinformatic
analysis of the WCS417 T3SS showed that it is evolu-
tionary different from those of phytopathogenic Pseu-
domonas spp. (Stringlis et al. 2019b). WCS417 genome
mining predicted 9 putative T3SS-secreted effectors
(Fig. 1; Berendsen et al. 2015; Stringlis et al. 2019b),
including a homologue of the previously characterized
T3SS-secreted effector RopE of P. fluorescens SBW25
(Preston et al. 2001). However, the role of the putative
T3SS-secretedWCS417 effectors in suppression of host
immunity, remains to be investigated.

Like pathogens, beneficial root-associated microbes
possess microbe-associated molecular patterns
(MAMPs) that can be recognized by cognate immune
receptors in the host cell. MAMP recognition activates a
MAMP-triggered immune (MTI) response in the host
that serves as a first line of defense that keeps non-
adapted microbes in check that attempt to invade the
host. Hence, to establish a mutually beneficial relation-
ship with its host, mutualistic microbes need to suppress
or evade local host immune responses. The WCS417
genome contains gene clusters for the biosynthesis of
MAMPs, such as flagellin and lipopolysaccharides
(LPSs) (Fig. 1; Berendsen et al. 2015). And indeed
purified flagellin and LPS of WCS417 were shown to
elicit MTI in tobacco (Nicotiana tabacum) suspension
cells (Van Loon et al. 2008). However, colonization of
Arabidopsis roots by WCS417 actively suppresses the
MTI response triggered by the immunogenic flagellin
epitope flg22 (Millet et al. 2010), suggesting that
WCS417 has an active immune suppressive mechanism
in place that prevents Arabidopsis roots from activating
costly defenses when colonizing the roots. For further
details on WCS417-mediated root immune evasion, see
paragraph “Among the stars: WCS417 in a root
microbiome context”.

Auxins have established roles in both plant
growth and immunity (Kazan and Manners 2009).
Microbially produced auxins can affect plant

development and root architecture and suppress
plant defenses (Spaepen and Vanderleyden 2011).
In both plants and microbes, the main precursor of
the functional auxin indole-3-acetic acid (IAA) is
tryptophan. In bacteria, a number of different IAA
biosynthesis pathways have been elucidated
(Spaepen and Vanderleyden 2011). Although the
biosynthesis pathways in plants and microbes show
some degree of similarity, it is not clear how the
plant and microbial IAA biosynthesis pathways are
related (Yue et al. 2014). In Arabidopsis, WCS417
influences root development and promotes plant
growth in an auxin-dependent manner (Zamioudis
et al. 2013). However, the WCS417 genome does
not seem to contain a functional IAA biosynthesis
gene cluster, as only a homologue of IaaM could be
detected and the other components of the auxin
biosynthesis pathway seem to be lacking (Fig. 1).
Nevertheless, Schwachtje et al. (2012) showed that
WCS417 can produce IAA when fed with the pre-
cursor tryptophan, suggesting that WCS417 may
synthesize IAA via an alternative route.

Knowing which genes are present in WCS417
automatically provides insight into which genes are
absent. This provides new avenues for comparative
genomic analysis of phenotyped bacterial Pseudomo-
nas spp. strains to identify functionally validated
bacterial genes associated with specific functions
(Stringlis et al. 2018c). Such an approach was follow-
ed by Beskrovnaya et al. (2020) who were interested
in identifying Pseudomonas genes that are associated
with the induced systemic susceptibility (ISS) to in-
fection by the bacterial leaf pathogen Pseudomonas
syringae pv. tomato that they observed in
Arabidopsis plants upon colonization of the roots
by selected Pseudomonas spp. strains. They com-
pared the genomes of the ISS-eliciting Pseudomonas
spp. strains, with the genomes of Pseudomonas spp.
strains (including WCS417) that trigger induced sys-
temic resistance (ISR) against this pathogen. By com-
paring the genomes of Pseudomonas spp. with oppo-
site effects on plant immunity, the authors identified
a gene locus that is responsible for ISS. Unfortunate-
ly, the functions of the genes in this locus remained
elusive in this study. With more and more Pseudo-
monas spp. genomes becoming available, combined
with extensive bacterial phenotyping, such an ap-
proach will accelerate future functional genomics of
the biology of beneficial rhizobacteria.
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WCS417 root colonization: Start of a mutually
beneficial relationship

Colonization of the rhizosphere is a crucial step for all
root-associated microbiota. Pseudomonas spp. are
among the best root colonizers and are therefore typically
highly enriched in the rhizosphere (Bakker et al. 2013).
Using fluorescent labelled WCS417, it was shown in the
grass species Brachypodium distachyon (Gao et al. 2018)
and in Arabidopsis (Pieterse et al. 2014) that WCS417
colonizes the root exterior, but does not grow
endophytically in the root tissue (Fig. 2b). However, in
tomato (Solanum lycopersicum) WCS417 was shown to
also be able to colonize the roots endophytically (Duijff
et al. 1997). WCS417 outcompetes related P. fluorescens
subgroup strains, such as P. fluorescens SS101 (Pangesti
et al. 2017), in the Arabidopsis rhizosphere, demonstrat-
ing its rhizosphere competence. Various environmental
factors have been shown to impact WCS417 coloniza-
tion, such as soil nutritional status and atmospheric CO2

levels (Williams et al. 2018). In an elegant study, Cole
et al. (2017) performed transposon mutagenesis sequenc-
ing in WCS417 to identify bacterial genes that impact
colonization of the Arabidopsis root system. They ap-
plied a saturated transposon mutant library of WCS417
on the root system of axenic Arabidopsis plants and
assessed the enrichment and depletion of mutant geno-
types in the established mutant library community. A
total of 115 WCS417 genes (2% of all WCS417 genes)
were demonstrated to be required for maximal competi-
tive colonization of the Arabidopsis root system. Among
the genes with a positive effect on colonization were
genes with roles in bacterial motility, such as all genes
in the flagellum biosynthesis gene cluster (Fig. 1), but
also genes related to carbon metabolism (Cole et al.
2017). Other genes had a negative effect on root coloni-
zation, including genes from the lipopolysaccharide
(LPS) biosynthesis cluster (Fig. 1). This suggests that
mutation of the LPS biosynthesis genes provides
WCS417 with a competitive benefit in the Arabidopsis
rhizosphere, a feature that could be utilized in microbial
breeding for enhanced rhizosphere competence. Studies
on WCS417 root colonization have almost exclusively
been performed in the absence of biotic or abiotic stress-
es. However, recent advances in plant microbiome re-
search revealed that in response to pathogen attack, plant
roots can recruit specific beneficial microbes or microbial
functions to their roots that in turn provide protection
against the invading pathogen (Bakker et al. 2018;

Berendsen et al. 2018; Carrion et al. 2019; Yuan et al.
2018). Future studies should reveal whether and how
WCS417 colonization and activity are affected in re-
sponse to chemical cues that are secreted in the rhizo-
sphere under biotic or abiotic stress conditions.

Plant growth promotion

PGPR are named after their capacity to promote plant
growth (Kloepper et al. 1980). Mechanisms of plant
growth promotion by PGPR have been studied in detail
(Lugtenberg and Kamilova 2009; Verbon and Liberman
2016). WCS417 promotes plant growth via different
mechanisms; one way is via its biological control ca-
pacity that can directly inhibit soil-borne pathogens and,
thus, reduce disease incidence in the host plant. For
instance, studies with WCS417 mutants lacking the
iron-chelating siderophore pyoverdine, demonstrated
that wild-type WCS417 was capable of promoting plant
growth by suppressing Fusarium wilt pathogens in car-
nation (Dianthus caryophyllus) via competition for iron
in the soil environment (Duijff et al. 1993; Van Peer
et al. 1990). Also in pathogen-free systems, WCS417
was capable of promoting plant growth. In WCS417-
amended sterilized soil, growth of Arabidopsis pro-
duced 32% more fresh weight than in non-amended
sterile soil (Pieterse and Van Loon 1999). When grown
in vitro on synthetic growth medium, application of
WCS417 to the root system of Arabidopsis seedlings
visualized the morphological effects that this PGPR can
have on root architecture and plant growth. Upon colo-
nization of the roots by WCS417, Arabidopsis plants
produced significantly more lateral roots (Fig. 2c) and
the root hairs were extended (Fig. 2d; Poitout et al.
2017; Regaiolo et al. 2020; Zamioudis et al. 2013).
These WCS417-induced features provided the plant
with an enhanced capacity to take up water and mineral
nutrients, resulting in a 2–3 fold increase in shoot fresh
weight in this experimental setup (Wintermans et al.
2016; Zamioudis et al. 2013). Recently, WCS417 was
shown to alter the expression of 13 genes of the SWEET
and ERD6-like sugar transporter gene families in
Arabidopsis seedlings. Of these, SWEET11 and
SWEET12 were demonstrated to be functionally in-
volved in WCS417-mediated plant growth-promoting
effects (Desrut et al. 2020). Zamioudis et al. (2013)
showed that this growth response was mediated by
enhanced signaling of the plant growth hormone auxin,
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as WCS417-treated roots showed enhanced activity of
the auxin reporterDR5::venusYFP (Fig. 2e) and the root
architectural changes induced by WCS417 were
blocked in the Arabidopsis auxin response triple mutant
tir1 afb2 afb3. Interestingly, the blend of volatile organ-
ic compounds (VOCs) produced by WCS417 induced
similar root architectural changes and enhanced the
shoot fresh weight of Arabidopsis (Blom et al. 2011;
Zamioudis et al. 2013), suggesting that stimulation of
endogenous auxin responses byWCS417 VOCs plays a
role in plant growth promotion (Fig. 3). To date, several
microbial volatiles have been identified that have effects
on plant growth, including ones that interfere with plant
auxin signaling (Fincheira and Quiroz 2018). However,
the nature of the WCS417 VOCs involved in plant
growth promotion is currently unknown.

The capacity of plants to benefit from the growth-
promoting activity of WCS417 was shown to be depen-
dent on plant genotype. In a genome-wide association
study with 302 Arabidopsis accessions, it was shown that
Arabidopsis displayed extensive genetic variation in the
capacity to respond to WCS417 VOCs, with reference
accession Col-0 (Fig. 2c) being only an average respond-
er. Subsequent genome-wide association mapping of the
observed WCS417-induced changes in root and shoot
growth characteristics surfaced 10 genetic loci that are
highly associated with the responsiveness of Arabidopsis
to the WCS417 growth-promoting activity (Wintermans
et al. 2016). Among the identified candidate genes for
WCS417-mediated growth promotion were genes in-
volved in important plant growth processes, including
photosynthesis and cytokinin transport. This supports the
notion that plant genotype-mediated effects on plant-
beneficial microbe interactions can have a profound ef-
fect on plant performance (Haney et al. 2015) and might
be useful in future breeding strategies for beneficial
microbe-optimized crops (Pieterse et al. 2016).

Induced systemic resistance (ISR): Starring
WCS417

In 1991, it was demonstrated for the first time that PGPR
not only directly control soil-borne pathogens, but can
also improve plant health through stimulation of the plant
immune system, a phenomenon called PGPR-ISR
(Alström 1991; Van Peer et al. 1991; Wei et al. 1991).
In the seminal paper of Van Peer et al. (1991), coloniza-
tion of the roots of carnation plants by WCS417 was

shown to elicit ISR in distal plant tissues, resulting in an
enhanced level of protection against infection by the
Fusarium wilt pathogen F. oxysporum f. sp. dianthi. This
enhanced resistance was associated with an increased
production of antimicrobial phytoalexins at the site of
pathogen infection. The authors concluded that signals
emerging during the WCS417-root interaction sensitize
distal plant tissues for enhanced pathogen defense, a
phenomenon that later would be termed “defense prim-
ing” (Conrath et al. 2006; Martinez-Medina et al. 2016).
After this first demonstration in carnation, WCS417-ISR
was demonstrated in many other plant species, including
radish (Leeman et al. 1995a), Arabidopsis (Pieterse et al.
1996), tomato (Duijff et al. 1998; Meziane et al. 2005),
bean (Bigirimana and Höfte 2002; Meziane et al. 2005),
banana (Nel et al. 2006), and grapevine (Verhagen et al.
2010). The induced resistance triggered by WCS417 on
the roots was effective against a broad range of plant
pathogens in aboveground tissues, which is typical for
PGPR-ISR (Pieterse et al. 2014). Even a number of insect
pests were shown to be controlled by WCS417-ISR,
including those caused by Spodoptera exigua (Van
Oosten et al. 2008), Mamestra brassicae (Pangesti et al.
2016, 2017), and Trichoplusia ni (Haney et al. 2018),
although WCS417 induced an enhanced susceptibility to
some others, such as the aphid Myzus persicae (Pineda
et al. 2010, 2012). In the quest for bacterial determinants
responsible for the onset of ISR in plant roots, several
microbial determinants of WCS417 have been shown to
contribute. Flagellin, LPS and siderophores of WCS417
elicit molecular immune responses in tobacco suspension
culture cells, indicating that these molecules have the
potential to activate the plant immune system (Van
Loon et al. 2008). The O-antigenic side chain of
WCS417 LPS was shown to be required for the elicita-
tion of ISR in radish, carnation, andArabidopsis (Leeman
et al. 1995a; Van Peer and Schippers 1992; Van Wees
et al. 1997). However, purified siderophores of WCS417
did not trigger ISR in radish (Leeman et al. 1996b),
suggesting that different hosts perceive different ISR
elicitors.

In the early 1990s, when beneficial rhizobacteria
were demonstrated to trigger ISR, research on a pheno-
typically similar form of systemically induced resistance
was booming. In the 1960s, the term systemic acquired
resistance (SAR) was coined for the phenomenon in
which uninfected plant tissues develop an enhanced
level of disease resistance in response to a localized
infection elsewhere in the plant (Ross 1961). Like
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PGPR-ISR, pathogen-induced SAR was shown to be
effective against a broad spectrum of plant diseases and
associated with the abundant accumulation of antimi-
crobial pathogenesis-related (PR) proteins (Van Loon
et al. 2006; Van Loon and Van Kammen 1970). Phys-
iological and genetic studies in tobacco plants showed
that the plant hormone salicylic acid (SA) is an impor-
tant regulator of SAR (Durrant and Dong 2004; Gaffney
et al. 1993; Vlot et al. 2009). Surprisingly, WCS417-
ISR in radish seemed not to be associated with the
accumulation of PR proteins, the hallmark of
pathogen-induced SAR (Hoffland et al. 1995). In
1996, PGPR-ISR was for the first time demonstrated
in the genetically accessible Arabidopsis model system,
using WCS417 as the eliciting agent (Pieterse et al.
1996). WCS417-ISR was shown to be effective against
F. oxysporum f. sp. raphani (Fig. 2f) and P. syringae pv.
tomato in wild-type Arabidopsis Col-0 plants, but also
in SA-degrading transgenic NahG plants. WCS417-ISR
was also not associated with the activation of PR-genes,
from which it was concluded that in contrast to
pathogen-induced SAR, WCS417-ISR functions inde-
pendently of SA and PR protein accumulation (Pieterse
et al. 1996). In a follow up study, it was shown, that
WCS417-ISR is regulated by the plant hormones
jasmonic acid (JA) and ethylene (ET) (Fig. 3; Pieterse
et al. 1998), and, thus, is regulated by a signaling path-
way that is different from the one described for
pathogen-induced SAR. Hence, to stress the clear dif-
ference from pathogen-induced SAR, the term “ISR”
was hijacked for the phenomenon of beneficial
rhizobacteria-mediated ISR, although it should be noted
that the term ISR is officially an overarching term for all
types of systemically induced resistance, including SAR
(Hammerschmidt et al. 2001). Hence, it is advised to
add information about the inducing agent in the term,
e.g. PGPR-ISR, or WCS417-ISR when referring to ISR
triggered by a specific microbial strain. Detailed proto-
cols for carrying out Arabidopsis WCS417-ISR bioas-
says in a soil system and a high throughput system are
described by Van Wees et al. (2013) and Cecchini et al.
(2019), respectively.

After these first mechanistic discoveries on the mo-
lecular mechanism of PGPR-ISR in Arabidopsis, many
studies followed. WCS417-ISR in Arabidopsis was
demonstrated to be not only effective against
F. oxysporum f. sp. raphani and P. syringae pv. tomato
(Pieterse et al. 1996, 1998), but also against other fungal
pathogens, such as Alternaria brassicicola (Ton et al.

2002c) and Botrytis cinerea (Maldonado-Gonzalez et al.
2015; Van der Ent et al. 2008); bacterial pathogens, such
as Xanthomonas campestris pv. armoraciae (Ton et al.
2 0 0 2 b , c ) ; a n d t h e o omy c e t e p a t h o g e n
Hyaloperonospora arabidopsidis (Ton et al. 2002b, c;
Van der Ent et al. 2008). However, WCS417-ISR was
not effective against turnip crinkle virus (TCV) in
Arabidopsis. The spectrum of effectiveness of
WCS417-ISR overlaps only partly with that of
pathogen-induced SAR (Ton et al. 2002c). Moreover,
simultaneous activation of WCS417-ISR and SA-
mediated SAR resulted in an additive effect on the level
of induced resistance (VanWees et al. 2000), supporting
the notion that both types of systemically induced resis-
tance are based on different mechanisms. Nonetheless,
both WCS417-ISR and SA-dependent SAR are both
regulated via the transcriptional co-regulator NON-
EXPRESSOR OF PR-PROTEINS1 (NPR1) (Fig. 3;
Pieterse et al. 1998; Van Wees et al. 2000), indicating
that both induced defense signaling pathways share this
central immune signaling component.

Earlier studies with WCS417 and other Pseudomo-
nas spp. strains suggested that the genetics of plant-
microbe interactions are decisive in whether a specific
PGPR can elicit ISR in a certain plant species. For
instance, in radish, ISR could be elicited by WCS417
and Pseudomonas sp. strain WCS374, but not by Pseu-
domonas sp. strain WCS358 (Leeman et al. 1995b). In
Arabidopsis, WCS417 and WCS358 were both capable
of eliciting ISR, while WCS374 was not (Van Wees
et al. 1997). Although, WCS417 is a versatile elicitor of
ISR, it did not trigger ISR in tobacco (Van Loon et al.
2008). Genotype-dependency ofWCS417-ISR was also
demonstrated within different genotypes of a plant spe-
cies. While Arabidopsis accessions Col-0 and Ler-0
were capable of mounting broad-spectrum WCS417-
ISR in the leaves, accessions RLD1 and Ws-0 were
not (Ton et al. 2001, 2002b; Van Wees et al. 1997).
Genetic analysis of the difference between the
WCS417-sensitive and -insensitive Arabidopsis acces-
sions pointed to a reduced sensitivity to ET in RLD1 and
Ws-0 as the cause of their inability to express WCS417-
ISR (Ton et al. 2001). In other Arabidopsis mutant
screens, the insensitivity to either ET or JA was repeat-
edly found to be related to the loss of WCS417-ISR
(Knoester et al. 1999; Ton et al. 2002a), confirming the
original findings that both hormones are required for
WCS417-ISR (Pieterse et al. 1998). Although
WCS417-ISR requires sensitivity to JA and ET, it is
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not accompanied by an increase in their production
(Pieterse et al. 2000).

Defense priming: Getting ready for battle

While pathogen-induced SAR is clearly associated with
abundant transcriptional changes in systemic tissues,
including the activation of PR-genes, WCS417-ISR
seemed to lack such hallmarks for its enhanced defen-
sive state (Pieterse et al. 1998). Already in the first
publication on WCS417-ISR in carnation, it was shown
that WCS417 treated plants displayed an enhanced ac-
cumulation of antimicrobial phytoalexins at the site of
pathogen attack, which became only apparent after path-
ogen infection (Van Peer et al. 1991). In Arabidopsis,
similar cases of defense priming were observed, as
WCS417-treated plants displayed an accelerated or en-
hanced expression of JA-responsive genes after infec-
tion by P. syringae pv. tomato or herbivory by
S. exigua, which was associated with enhanced resis-
tance against these attackers (Van Oosten et al. 2008;
Van Wees et al. 1999). Additionally, WCS417 was
shown to prime Arabidopsis plants to produce higher
levels of ET upon infection by P. syringae pv. tomato
(Hase et al. 2003), and to accelerate callose deposition
upon infection by the downy mildew pathogen
H. arabidopsidis (Van der Ent et al. 2008). These ob-
servations all pointed to the notion that colonization of
the roots by WCS417 primes the whole plant body for
accelerated basal defenses that are triggered in response
to pathogen infection or insect attack (Fig. 3), which
may explain the broad-spectrum effectiveness of this
type of induced resistance.

To investigate the phenomenon of defense priming in
more detail, Verhagen et al. (2004) performed a micro-
array study on Arabidopsis roots and leaves of
WCS417-colonized plants. It was demonstrated that
colonization of the roots results in massive transcrip-
tional changes, but in the leaves no significant changes
in gene expression could be detected. However, after
challenge with P. syringae pv. tomato, WCS417-
colonized plants displayed an accelerated expression
of a large set of defense-related genes. Many of the
primed genes were dependent on JA and/or ET, which
explains the dependency of WCS417-ISR for these
hormones. Because no significant transcriptional chang-
es could be observed in Arabidopsis leaves ofWCS417-
colonized plants, Van der Ent et al. (2009) used a

quantitative real-time PCR platform to analyze the ex-
pression pattern of a large set of transcription factor (TF)
genes in the leaves, which are typically very lowly
expressed and may have remained under the detection
radar in the microarray study of Verhagen et al. (2004).
Interestingly, Van der Ent and coworkers found several
TF genes that are induced in leaves of WCS417-
colonized plants. Apparently, these TFs do not by them-
selves give rise to the downstream activation of defense-
related genes. It was postulated that this enhanced pool
of latent TFs might facilitate the accelerated defense
response that is typically observed in WCS417-ISR-
expressing plants. Computational analysis of the pro-
moters of the primed and non-primed genes of
WCS417-stimulated plants by Pozo et al. (2008) re-
vealed an enrichment for binding sites of the TF
MYC2 (Fig. 3), and subsidiary biological experiments
confirmed that this regulator of JA-dependent genes is
required for WCS417-mediated defense priming.

The root of WCS417-ISR

Investigations on the molecular changes in the root in
response to colonization by WCS417 initially yielded
limited information. A screen of Arabidopsis enhancer
trap and gene trap lines identified a PR-5-like gene that
was specifically expressed in the vascular bundle of
Arabidopsis roots in response to WCS417 colonization,
but its function in the onset of ISR could not be
established (Léon-Kloosterziel et al. 2005). However,
the Arabidopsis microarray study of Verhagen et al.
(2004) revealed approximately 100 genes that were
significantly induced in Arabidopsis roots upon coloni-
zation by WCS417. By systematically testing T-DNA
insertion mutants of the most highly induced genes, the
root-specific TF MYB72 was identified as being essen-
tial for the onset of WCS417-ISR in the leaves (Van der
Ent et al. 2008). Colonization of the roots by WCS417
induced the expression of theMYB72 gene locally in the
roots (Figs. 2g and 3). For the induction of MYB72, a
physical interaction of WCS417 with the roots was not
required, because VOCs produced by WCS417 were
also capable of inducing MYB72 gene expression
(Zamioudis et al. 2015). Blockage of photosynthesis in
the leaves by keeping plants in the dark, or decapitation
of the shoot immediately after treatment with WCS417
VOCs inhibited the WCS417 VOCs-induced expres-
sion ofMYB72 in the roots, indicating that a signal from
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photosynthesizing leaves is required for the enhanced
expression of MYB72 following WCS417 treatment
(Zamioudis et al. 2015). Although the activation of
MYB72 by WCS417 requires auxin signaling (Fig. 3;
Stringlis et al. 2018a), mutations in the myb72 gene did
not affect the plant growth-promoting effect of
WCS417, indicating that the capacities to induce ISR
and growth promotion are two independent traits of this
strain (Zamioudis et al. 2013). MYB72 appeared also to
be required for the onset of ISR triggered by the plant
growth-promoting fungus Trichoderma asperellum
(Segarra et al. 2009), suggesting that it functions as a
node of convergence in induced resistance triggered by
different beneficial microbes in the rhizosphere.

To identify WCS417-responsive genes regulated by
transcription factor MYB72, Zamioudis et al. (2014)
analyzed the transcriptome of WCS417-colonized
wild-type, myb72 mutant, and MYB72-overexpressing
Arabidopsis lines and discovered that the MYB72 gene
regulatory module shows a significant overlap with the
transcriptional response of roots to conditions of iron
deficiency.MYB72 activation appeared to be dependent
on the iron deficiency response regulator FIT1, and to be
co-regulated with the iron deficiency response marker
genes FRO2 and IRT1, both essential components of the
plants iron uptake response (Fig. 3; Zamioudis et al.
2014, 2015). However, since WCS417 VOCs and
WCS417 siderophore mutants were capable of trigger-
ingMYB72 gene expression, it could be ruled out that a
physical iron deficiency, e.g. due to the secretion of iron
chelating siderophores by WCS417, was the cause of
the activation of the iron deficiency response genes by
WCS417. Interestingly, VOCs produced by ISR-
inducing Trichoderma sp. strains were shown to simi-
larly activate MYB72 and the iron deficiency marker
genes (Martínez-Medina et al. 2017), indicating that
different types of beneficial root-colonizing microbes
engage the iron uptake response during the onset of
ISR. Activation of the iron uptake response by
WCS417, even under conditions of sufficient iron avail-
ability, results in enhanced iron nutrition for the plant,
which contributes to the plant growth-promoting activ-
ity of WCS417 (Verbon et al. 2017, 2019).

Deeper analysis of the function of MYB72 revealed
that it regulates genes that are important for the biosyn-
thesis and secretion of iron-mobilizing coumarins, fluo-
rescent phenolic compounds that are secreted into the
rhizosphere under conditions of iron starvation, but also
in response to colonization of the roots by WCS417

(Fig. 2h; Stringlis et al. 2018b; Zamioudis et al. 2014).
One of the target genes of MYB72 is BGLU42
(Zamioudis et al. 2014). Mutant bglu42 plants are im-
paired inWCS417-ISR, while BGLU42-overexpressing
plants show enhanced resistance against B. cinerea, H.
arabidopsidis, and P. syringae pv. tomato (Trapet et al.
2020; Zamioudis et al. 2014), indicating that BGLU42
is an important component in WCS417-ISR (Fig. 3).
BGLU42 encodes a β-glucosidase that catalyzes the
deglycosylation of the coumarin scopolin, resulting in
its bioactive aglycone scopoletin (Stringlis et al. 2018b).
Interestingly, MYB72-dependent BGLU42 deglycosyl-
ation of scopolin mediates the secretion of scopoletin
into the rhizosphere (Stringlis et al. 2018b; Zamioudis
et al. 2014). Because overexpression of BGLU42 con-
fers resistance against diverse plant pathogens, it is
tempting to speculate that MYB72-dependent BGLU42
activity mobilizes a coumarin that then functions as a
systemically transported ISR signal to prime systemic
tissues for enhanced defense (Fig. 3; Stassen et al.
2020). However, this hypothesis remains to be tested.

Among the stars: WCS417 in a root microbiome
context

Besides their function in the mobilization and uptake of
iron from the soil environment, coumarins such as
scopoletin, possess a selective antimicrobial activity
(Stassen et al. 2020; Stringlis et al. 2019a). Using the
mutant f6’h1, which is impaired in the coumarin bio-
synthesis gene FERULOYL-CoA 6’HYDROXYLASE1,
it was shown that F6’H1-dependent coumarins have a
significant effect on the composition of microbiota in
the rhizosphere or in gnotobiotic conditions using mi-
crobial synthetic communities (Harbort et al. 2020;
Stringlis et al. 2018b; Voges et al. 2019). Interestingly,
WCS417 was shown to be highly tolerant to the antimi-
crobial activity of the coumarin scopoletin, while the
soil-borne fungal pathogens F. oxysporum and
Verticillium dahliae were strongly inhibited in their
growth when exposed to scopoletin in the growth me-
dium (Stringlis et al. 2018b). It was, thus, postulated that
WCS417 joins forces with the plant to trigger MYB72/
BGLU42-dependent scopolin production and scopoletin
secretion to improve its own niche establishment in the
rhizosphere, resulting in WCS417-mediated plant
growth and immunity benefits for the plant (Fig. 3;
Stringlis et al. 2018b). Recently, it was shown that upon
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foliar infection with the oomycete pathogen
H. arabidopsidis and the bacterial pathogen
P. syringae pv. tomato, Arabidopsis plants are capable
of recruiting ISR-inducing microbes to its root system
(Berendsen et al. 2018; Yuan et al. 2018). Whether
MYB72-dependent coumarins play a role in this selec-
tion process remains to be investigated.

To provide growth and health benefits to the plant,
beneficial rhizobacteria in the root microbiome, such as
WCS417, need to be accommodated by the host plant.
The rhizosphere is a microbial hotspot with a huge
diversity of microbes that all produce MAMPs that can
be recognized by the plant’s immune system (Hacquard
et al. 2017). The 22-amino acid immunogenic epitope of
WCS417’s flagellin, flg22417, was shown to trigger
virtually the same massive MAMP-responsive gene ex-
pression pattern in Arabidopsis roots as its flg22Pa coun-
terpart of the pathogen Pseudomonas aeruginosa
(Stringlis et al. 2018a). When applied to Arabidopsis
seedlings, both flg22Pa and flg22417 strongly suppressed
plant growth due to the growth-defense tradeoff typical
for MTI responses (Fig. 2i; Gomez-Gomez et al. 1999;
Pel and Pieterse 2013). However, live WCS417 cells
promoted plant growth rather than suppressing it
(Stringlis et al. 2018a), suggesting that WCS417 must
prevent the activation of MTI responses, such as trig-
gered by its flagellin epitope. In 2010, Millet et al.
(2010) used the MAMP-responsive reporter line
pCYP71A12::GUS, which develops GUS activity in
the root tip in response to treatment with flg22Pa, to
show that live WCS417 cells can actively suppress
MTI responses (Fig. 2j). An RNA-seq based compara-
tive analysis of the Arabidopsis root transcriptional re-
sponse to live WCS417 cells and flg22417 further dem-
onstrated that live WCS417 cells strongly suppress the
massive root transcriptional changes that are inflicted by
its flagellin epitope (Stringlis et al. 2018a). The resulting
suppression of local root immunity was hypothesized to
be sufficient to prevent growth-defense tradeoffs and to
facilitate WCS417 colonization and delivery of its ben-
eficial services to the host plant.

The observation that liveWCS417 cells can suppress
local immune responses in the roots, showcases that this
rhizobacterium possesses effective host immune eva-
sion mechanisms. In P. aeruginosa and P. syringae
pv. tomato it was demonstrated that their alkaline pro-
tease AprA, which is secreted in the extracellular space,
is capable of degrading flagellin monomers while leav-
ing the flagellum itself intact (Bardoel et al. 2011; Pel

et al. 2014). P. aeruginosa and P. syringae pv. tomato
mutants impaired in AprA were shown to be compro-
mised in the evasion of immune recognition of their
flagellin in their mammalian (human cell lines) and
plant hosts (Arabidopsis and tomato). Interestingly,
WCS417 also possesses an intact operon encoding
AprA (Fig. 1). However, its role in host immune evasion
remains to be elucidated.

Using the MAMP-responsive reporter line
pCYP71A12::GUS (Fig. 2j; Millet et al. 2010), Yu
et al. (2019a) demonstrated that over 40% of a collection
of root microbiota that were isolated from the rhizo-
sphere of Arabidopsis roots grown in a natural soil were,
like WCS417, able to quench local root immune re-
sponses that were triggered by flg22. By performing a
mutant screen with a Tn5 transposon library of Pseudo-
monas sp. WCS358, Yu et al. (2019a) identified two
mutants that were incapable of suppressing flg22-
induced pCYP71A12::GUS MAMP-reporter gene ex-
pression. The mutants were impaired in the bacterial
genes pqqF and cyoB, which are required for the pro-
duction of gluconic acid and its derivative 2-keto
gluconic acid, and consequently lowered their extracel-
lular pH to a lesser extent than the wild type strain. The
acidification of the environment by gluconic acid was
shown to be sufficient to suppress flg22-triggered im-
mune responses in the roots. WCS417 produced even
more gluconic acid and 2-ketogluconic acid than
WCS358 in the in vitro growth medium, suggesting that
alsoWCS417 can suppress local root immune responses
via gluconic acid-mediated acidification of the root en-
vironment. Rhizosphere populations of the gluconic
acid biosynthesis mutants were significantly reduced
compared to wild type bacteria. This suggests that
gluconic acid-mediated suppression of local root im-
mune responses is an important function of the root
microbiome, as it facilitates colonization of beneficial
root microbiota (Yu et al. 2019a; Yu et al. 2019b).
Arguably, acidification of the environment is likely not
the only mechanism by which root microbiota can
evade or suppress local host immune responses.
Like pathogens, beneficial microbes have been
shown to utilize host immune suppressive effectors
to establish mutualistic relationships with their host
plant (Zamioudis and Pieterse 2012). Whether the
putative T3SS-secreted effectors of WCS417 (Fig.
1; Stringlis et al. 2019b) play a role in host
immune evasion effectors in suppression of host
immunity will need further investigation.
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Concluding remarks

The scientific journey that WCS417 has taken over time
showcases how this model organism has been instru-
mental in uncovering biological concepts involved in
the interaction between beneficial root-associated mi-
crobes and their host plants. From its original discovery
as a potent biocontrol agent in wheat, to its central role
in elucidating molecular mechanisms underlying
rhizobacteria-ISR, plant growth promotion, and plant-
beneficial microbe communication, WCS417 has deliv-
ered many exciting new insights in the plant-microbe
interactions research field. As biology is complex by
nature, it is important to note that the genetic potential of
the genus Pseudomonas is highly diverse (Hesse et al.
2018; Stringlis et al. 2018c). Hence, the discoveries
reported with WCS417 as a model are examples of
how interactions between beneficial, free-living mutu-
alists and their host plants can work in providing bene-
fits to plant growth and health. They have provided a
conceptual framework that provoked new questions and
hypotheses. With the foresight of the rapid develop-
ments that unfold in the present era of next-generation
sequencing-based root microbiome research, a detailed
understanding of the biological concepts that shape
binary plant-microbe and microbe-microbe interactions
are more than ever essential to better understand the
complex dynamic interactions that take place at the
microbial community level. Many important questions
at the microbiome level lie ahead of us: How do plants
recruit beneficial, life-supporting microbiota to their
root system that help them to cope with biotic and
abiotic stress? Which plant traits and genes are key in
maximizing profitable functions from the root
microbiome? Which microbiome-encoded functions
are recruited to the roots and how do they benefit the
plant? How do beneficial root microbiota communicate
with the plant immune system to maximize mutual
profits? What makes a microbe rhizosphere competent
and can this be improved? And most importantly, how
can we harness knowledge from root microbiome pro-
cesses to sustainably make our future crops more stress
resilient and produce more with less input of agrochem-
icals? Over the past 30 years, WCS417 helped to lay a
foundation for the developing field of plant-microbiome
interactions, which holds great promise for the develop-
ment of microbiome-optimized crops. However, in or-
der to translate our scientific discoveries into more sus-
tainable agricultural solutions with impact on global

food security, the next generation of scientists faces
exciting challenges for many years to come.
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