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1. benefiCiAL root-MiCrobioMe interACtionS
Growing in soil, plant roots interact with a wide variety of microbes. Microbial communiti es 
hosted by plant roots consti tute the root microbiome and include pathogenic, commensal, 
as well as benefi cial microbes (Mendes et al., 2011; Bulgarelli et al., 2012; Lundberg et 
al., 2012; Philippot et al., 2013; Turner et al., 2013a). The complex interacti ons between 
the roots and their associated microbiomes are important determinants of plant health 
(Berendsen et al., 2012; Turner et al., 2013a; Panke-Buisse et al., 2015; Schlaeppi and 
Bulgarelli, 2015; Raaijmakers and Mazzola, 2016; Mauchline and Malone, 2017). Associati ons 
formed between roots and benefi cial microbes can promote plant growth by assisti ng in 
the nutrient uptake, enhancing stress tolerance, or by inhibiti ng pathogens and eliciti ng 
systemic resistance against pathogens and insects (Berendsen et al., 2012; Bulgarelli et al., 
2013; Pieterse et al., 2014). Well-studied examples include the rhizobial bacteria living in 
symbiosis with legumes and mycorrhizal fungi associated with most terrestrial plants, but 
there are many other free-living plant growth-promoti ng rhizobacteria (PGPR) and fungi 
(PGPF) described that benefi t a wide range of plant species, including the model plant 
Arabidopsis thaliana (hereaft er Arabidopsis; Zamioudis and Pieterse, 2012; Bulgarelli et al., 
2013). Like pathogens, benefi cial microbes are confronted with the plant immune system 
and it is becoming more and more evident that benefi cial microbes similarly need to evade 
or suppress root immune responses. In additi on to immune suppression, however, selected 
benefi cial microbes can also boost plant immunity by eliciti ng systemic resistance against 
potenti al att acks by pathogens and insects, a phenomenon known as induced systemic 
resistance (ISR).

2. initiAtion of iMMune SignALing in rootS

2.1 Plant immune signaling

Plants have evolved a sophisti cated immune system to detect and respond to potenti al 
invaders (Jones and Dangl, 2006). Benefi cial microbes are confronted with the root immune 
system when they are in inti mate contact with plant cells. In plants, cell surface-localized 
patt ern recogniti on receptors (PRRs) can detect surrounding microbes by recognizing 
microbe-associated molecular patt erns (MAMPs), which are generally conserved molecules 
shared by a wide range of microbes (Boller and Felix, 2009). In the past two decades, 
numerous MAMPs, such as fl agellin, elongati on factor Tu (EF-Tu), cold-shock protein (CSP), 
lipopolysaccharide (LPS), chiti n, eliciti n, and Nep1-like protein have been characterized in 
various plant pathosystems together with their cognate PRRs (Boutrot and Zipfel, 2017). 
Despite recognizing specifi c MAMPs, diverse PRRs have been shown to acti vate convergent 
cellular immune signaling pathways. Upon MAMP recogniti on, PRRs recruit regulatory 
receptor kinases to form PRR complexes that acti vate a multi -layered immune signaling 
cascade through receptor-like cytoplasmic kinases (Macho and Zipfel, 2014). The acti vated 
immune signaling events, known as MAMP-triggered immunity (MTI), functi on in the 
eliminati on of potenti al pathogenic infecti ons (Macho and Zipfel, 2014; Couto and Zipfel, 
2016). Ion (H+ and Ca2+) fl uxes and transient bursts of reacti ve oxygen species (ROS) are 
two typical cellular responses happening within minutes aft er immune signaling acti vati on 
(Boller and Felix, 2009; Yu et al., 2017). Immune signaling is transduced through acti vati on 
of Ca2+-dependent protein kinase and mitogen-acti vated protein kinase (MAPK) cascades, 
which triggers downstream transcripti onal regulati on of defense-related genes, inter alia 
leading to callose depositi on, anti microbial compounds accumulati on and defense hormone 
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regulation (Boller and Felix, 2009; Couto and Zipfel, 2016; Yu et al., 2017). Plant hormones 
act as central modulators of many components in the immune signaling network. Two major 
defense hormones, salicylic acid (SA) and jasmonic acid (JA), form a complicated regulatory 
network to fine-tune plant immune homeostasis. Other hormones such as auxin, ethylene, 
abscisic acid, cytokinins, brassinosteroids and gibberellin, also interact with the SA/JA 
signaling pathway, together orchestrating the immune signaling network (Pieterse et al., 
2009; Pieterse et al., 2012).

2.2 transient immune activation in roots

Our knowledge of plant immune signaling mainly comes from studies on interactions 
between microbes and aboveground plant parts. However, plant roots are also capable 
of mounting strong immune responses upon PRR-mediated MAMP recognition, including 
callose deposition, camalexin biosynthesis and defense-related gene activation (Millet et 
al., 2010; Beck et al., 2014; Wyrsch et al., 2015; Stringlis et al., 2018a). Like pathogens, 
beneficial microbes possess immunogenic MAMPs (Millet et al., 2010; Jacobs et al., 2011; 
Lopez-Gomez et al., 2012; Pel and Pieterse, 2013; Stringlis et al., 2018a). During their initial 
contact with roots, beneficial microbes are recognized by plant PRRs, activating immune 
signaling. Root immune activation by beneficial microbes was observed in many root-
microbe associations. For example, Bradyrhizobium japonicum strongly induces defense 
gene expression at the early stage of infection in soybean root hair cells (Libault et al., 
2010), and an arbuscular mycorrhizal fungus Glomus versiforme induces a substantial set 
of defense and stress-related genes during the initial contact with Medicago truncatula 
(Liu et al., 2003). Similarly, the cellular components of two PGPRs, Pseudomonas simiae 
WCS417 (hereafter WCS417) and Pseudomonas capeferrum WCS358 (hereafter WCS358), 
can trigger immune responses in Arabidopsis roots and tobacco cell suspension, such as 
ROS production, MAMP-responsive gene expression and callose deposition (Van Loon et 
al., 2008; Millet et al., 2010; Stringlis et al., 2018a). Moreover, Piriformospora indica has 
significantly reduced colonization on the roots of a MAMP-hyper-responsive Arabidopsis 
mutant pub22/23/24, indicating that this PGPF can be recognized by plant PRRs (Jacobs 
et al., 2011). All these studies show that root immune responses induced by beneficial 
microbes are mostly restricted to the early stages of the beneficial associations, suggesting 
an active interference of root immunity by beneficial microbes.

3. MiCrobiAL evASion And SuPPreSSion of Prr SignALing in 
roots
To promote infection, successful plant pathogens utilize virulence factors that interfere 
with immune signaling events, including immune recognition, PRR complex formation, 
activation of immune signaling, signal transduction, defense gene regulation and hormonal 
modulation (Couto and Zipfel, 2016). Such virulence factors have been well-documented 
for many plant pathosystems (Xin and He, 2013; Lo Presti et al., 2015; Macho and Zipfel, 
2015; Couto and Zipfel, 2016). Despite the fact that more and more beneficial plant-microbe 
associations have been reported, little is known about how beneficial microbes modulate 
plant immune signaling (Zamioudis and Pieterse, 2012). So far, some immune modulating 
factors deployed by beneficial microbes have been characterized, which include bacterial 
or fungal effector proteins, fungal effector-type small secreted proteins (SSPs) and other 
conserved microbial molecules. In the following sections, we will present an overview of 
microbial factors targeting distinct plant immune signaling events.
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3.1 evasion of apoplastic recognition

Since MAMPs are conserved molecules shared by many members throughout the microbial 
kingdoms, it is likely that all plant-colonizing microbes, either pathogens or mutualists, have 
evolved strategies to evade host immune recogniti on under the selecti on pressure posed 
by plant PRRs during the co-evoluti on process. The strategies include evolving divergent 
MAMPs or releasing apoplasti c eff ector proteins to mask the presence of immunogenic 
MAMPs, thus evading plant PRR-mediated immune recogniti on (Zamioudis and Pieterse, 
2012; Pel and Pieterse, 2013).

3.1.1 Evolving divergent MAMPs. Flagellin monomers are the building blocks of bacterial 
fl agella, an essenti al organelle responsible for bacterial moti lity (Rossez et al., 2015). The 
Arabidopsis PRR FLS2 can recognize fl agellin by binding the immunogenic fl g22 epitope, 
a highly-conserved sequence of 22 amino acids at the N-terminus of the protein (Felix 
et al., 1999; Gomez-Gomez and Boller, 2000; Sun et al., 2013). Driven by co-evoluti on, 
variati on of fl agellin sequences enables pathogenic bacteria to evade immune recogniti on 
in both mammals and plants (Rossez et al., 2015). Interesti ngly, fl agellin sequences of 
Sinorhizobium meliloti  also exhibit an excepti onal divergence in this region, resulti ng in a 
complete abolishment of immune acti vati on in Arabidopsis (Felix et al., 1999). Also in Lotus 
japonicus, purifi ed fl agellin from Mesorhizobium loti  failed to acti vate immune responses, 
whereas the commonly-used fl g22 epitope of Pseudomonas aeruginosa induces typical 
immune responses such as ethylene producti on, MAPK acti vati on and defense-related 
gene expression, which indicates that the FLS2 receptor homolog in L. japonicus is fully 
functi onal (Lopez-Gomez et al., 2012). Similar observati ons were made in the benefi cial 
associati on formed by an endophyti c PGPR Burkholderia phytofi rmans and grapevine. The 
grapevine FLS2 receptor diff erenti ally recognizes fl g22 epitopes derived from benefi cial B. 
phytofi rmans, initi ati ng signifi cantly reduced immune responses compared to the immune 
responses induced by the fl g22 epitopes derived from the pathogenic bacteria P. aeruginosa 
and Xanthomonas campestris (Trda et al., 2014). It is known that Arabidopsis can recognize 
the bacterial MAMPs fl agellin and EF-Tu through the cognate PRRs FLS2 and EFR, whereas 
this plant species is unresponsive to CSP for which it misses the cognate PRR CORE (Gomez-
Gomez and Boller, 2000; Zipfel et al., 2006; Wang et al., 2016). This possibly explains why 
metagenomes of healthy Arabidopsis root microbiota possess a 4-10 fold higher percentage 
of genes encoding the non-immunogenic epitope of CSP than of genes encoding the 
immunogenic epitopes of fl agellin and EF-Tu (Hacquard et al., 2017). These results together 
suggest that plants acti vely select the members of its microbiome through the functi on 
of PRRs, while many soil-borne microbes have evolved to evade PRR-mediated immune 
recogniti on in order to form an associati on with their host plants.

3.1.2 Hiding excessive MAMPs. Both pathogenic and benefi cial microbes have been found 
to conceal the presence of certain immunogenic MAMPs. AprA is an extracellular alkaline 
protease that is secreted by the pathogenic bacteria P. aeruginosa and Pseudomonas 
syringae. AprA degrades fl agellin monomers, thereby preventi ng immune recogniti on of 
fl agellin in both mammals and plants (Bardoel et al., 2011; Pel et al., 2014). AprA homologs 
are present in a wide range of bacterial species, among which many are plant-benefi cial, 
including nitrogen-fi xing rhizobia and plant growth-promoti ng pseudomonads (Pel et al., 
2014). Chiti n is a major component of fungal cell walls, which triggers immune responses 
upon recogniti on by its cognate PRRs in various hosts (Shimizu et al., 2010; Cao et al., 2014). 
However, the fungal pathogen Cladosporium fulvum secretes two lecti n-type chiti n-binding 
eff ectors, Avr4 and Ecp6, that strengthen fungal cell walls against hydrolysis by plant-derived 
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chitinases and prevent immune recognition of chitin by the plant PRR CERK1, respectively 
(Van den Burg et al., 2006; De Jonge et al., 2010). Ecp6-like proteins were also found in 
many other fungal species, including the biological control agent Chaetomium globosum 
(Bolton et al., 2008). Although the role of AprA and Ecp6 homologs in prevention of immune 
recognition of beneficial microbes still requires confirmation, similar mechanisms were 
revealed in P. indica during colonization of both barley and Arabidopsis roots. β-glucan, 
a fungal cell wall component, can trigger immune responses upon recognition by an 
uncharacterized PRR complex (Wawra et al., 2016). The PGPF P. indica secretes a SSP called 
fungal-specific β-glucan-binding lectin (FGB1), which potentially increases fungal cell wall 
integrity and interferes with host immune recognition through its high affinity with β-glucan 
(Wawra et al., 2016). This suggests that, like pathogens, beneficial microbes also evolved 
ways to obscure their most excessively present MAMPs to prevent recognition by their host 
plants and avoid activation of the plant immune system.

3.2 Suppression of cytoplasmic signaling

Pathogens deliver effector proteins into plant cells through a type III secretion system 
(T3SS) for gram-negative bacteria or through intracellular infection structures for fungi and 
oomycetes, therewith dampening various components of plant immune signaling initiated 
upon MAMP recognition (Dodds and Rathjen, 2010; Win et al., 2012; Couto and Zipfel, 2016). 
Like plant pathogens, beneficial microbes also utilize a diverse range of effector proteins to 
suppress plant immune activation. The T3SS was revealed in the genomes of many plant 
beneficial rhizobacteria including rhizobia and pseudomonads (Deakin and Broughton, 2009; 
Loper et al., 2012; Berendsen et al., 2015; Miwa and Okazaki, 2017). Likewise, genomes of 
many beneficial fungi, such as Laccaria bicolor and P. indica, possess a substantial set of 
highly expressed genes encoding effector-type SSPs during root colonization (Martin et al., 
2008; Zuccaro et al., 2011). Moreover, metagenomes of the root microbiomes of cucumber, 
wheat, citrus and barley display a significant enrichment of T3SS genes at a community level 
that are possibly involved in suppression of root immune responses (Ofek-Lalzar et al., 2014; 
Bulgarelli et al., 2015; Zhang et al., 2017). This suggests that beneficial members in the root 
microbiome actively interfere with plant immune signaling.

3.2.1 Eliminating ROS burst. Rhizobial T3SS effectors are designated nodulation outer 
proteins (Nops) and mostly function in the regulation of nodulation or determination of 
host specificity (Miwa and Okazaki, 2017). Nonetheless, several Nop effectors have shown a 
direct role in suppressing PRR-mediated immune signaling. ROS is rapidly generated within 
minutes upon PRR-mediated MAMP recognition, functioning as an important signaling 
molecule in plant immunity (Torres et al., 2006; Kimura et al., 2017). NopM, an effector 
secreted by Sinorhizobium sp. strain NGR234 (hereafter NGR234), is an E3 ubiquitin ligase 
that is essential for normal nodulation in Lablab purpureus (Xin et al., 2012). Interestingly, 
in Nicotiana benthamiana, NopM was found to suppress flg22-induced ROS bursts (Xin 
et al., 2012). Orthologs of pathogen T3SS effector genes ropAA, ropB, and ropM, were 
characterized in the genome of a biological control strain Pseudomonas fluorescens Q8r1-
96 and were also found to be expressed in the rhizosphere (Mavrodi et al., 2011). Infiltration 
of each effector suppressed flg22-induced ROS production in Nicotiana tabacum, although 
deletion of the effector genes did not affect bacterial rhizosphere competence (Mavrodi 
et al., 2011). Another example is the fungal effector PIIN_08944 secreted by P. indica, 
which promotes fungal colonization of the roots of Arabidopsis and barley (Akum et al., 
2015). Overexpression of PIIN_08944 significantly reduced the flg22/chitin-induced ROS 
burst in barley, however, not in Arabidopsis (Akum et al., 2015). These examples suggest 
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that eff ectors delivered by benefi cial microbes can effi  ciently perturb plant immunity by 
eliminati ng the transient ROS burst.

3.2.2 Targeti ng MAPK cascades. MAPK cascades, controlling numerous downstream 
immune signaling events, are targets of many evolved pathogen eff ectors (Meng and 
Zhang, 2013), and seem to be targeted by benefi cial microbes as well. For example, in 
planta expression of the eff ector NopL from the rhizobial strain NGR234 suppresses the 
expression of pathogenesis-related defense proteins in N. tabacum and L. japonicus, and 
cell death induced by overexpression of SIPK (a MAPK gene; Bartsev et al., 2004; Zhang et 
al., 2011; Ge et al., 2016). By mimicking a MAPK phosphorylati on substrate, NopL is multi ply 
phosphorylated by SIPK in the nucleus, thus potenti ally inhibiti ng phosphorylati on of other 
natural MAPK substrates that is required in regulati ng the expression of defense-related 
genes, which ulti mately results in an interrupti on of immune signaling (Zhang et al., 2011; 
Ge et al., 2016). It has been shown that MPK4 regulates the expression of genes encoding 
WRKY, MYB and bHLH transcripti on factors in soybean, preventi ng SA accumulati on and 
defense-related gene expression (Liu et al., 2011). In soybean inoculated with Sinorhizobium 
fredii HH103, MPK4 is signifi cantly induced at the early stage of infecti on in a T3SS-dependent 
manner, indicati ng that this rhizobial strain suppresses early root immune responses by 
MAPK-targeti ng T3SS eff ectors (Jimenez-Guerrero et al., 2015). By interfering with MAPK 
cascades, benefi cial microbes can thus block immune signaling transducti on and acti vati on 
of downstream immune responses.

3.2.3 Modulati on of hormonal signaling. Since plants use hormones to fi ne-tune immune 
homeostasis during plant-microbe interacti ons (Pieterse et al., 2009; Pieterse et al., 2012), 
many pathogens evolved eff ectors that hijack hormonal signaling pathways (Kazan and Lyons, 
2014). Also benefi cial microbes have been found to target JA, auxin and ethylene signaling 
pathways to suppress root immune responses and promote their associati on with the host 
plant (Jacobs et al., 2011; Kloppholz et al., 2011; Lakshmanan et al., 2012; Plett  et al., 2014; 
Stringlis et al., 2018a). For example, the arbuscular mycorrhizal fungus Rhizophagus irregularis 
secrets the eff ector SP7, which directly interacts with the JA/ethylene inducible-ERF19 
transcripti on factor and prevents the expression of EFR19-acti vated defense-related genes 
in M. truncatula roots (Kloppholz et al., 2011). The ectomycorrhizal fungus L. bicolor secrets 
the MiSSP7 eff ector to promote the establishment of a mutualisti c associati on with Populus 
(Plett  et al., 2014). MiSSP7 prevents JA-induced degradati on of JAZ6, a protein functi oning 
as a negati ve regulator of JA-induced genes, thus suppressing JA-mediated transcripti onal 
acti vati on of immune responses such as cell wall modifi cati ons (Plett  et al., 2014). The PGPF 
P. indica broadly suppresses fl g22-induced root immune responses in Arabidopsis (Jacobs 
et al., 2011). However, the immunosuppressive phenotype is compromised in JA-signaling 
defi cient mutants jar1-1 and jin1-1 (Jacobs et al., 2011). Moreover, PIIN_08944 eff ector of P. 
indica has been shown to suppress the expression of fl g22-induced SA marker gene CBP60g 
in Arabidopsis, which encodes a transcripti on factor that is required for the producti on of 
SA by regulati ng the key biosyntheti c enzyme Isochorismate Synthase 1 (Zhang et al., 2010; 
Wang et al., 2011; Akum et al., 2015). Similarly, the PGPR Bacillus subti lis FB17 (hereaft er 
FB17), can suppress early fl g22-induced root immune responses in Arabidopsis by releasing 
an unidenti fi ed low-molecular weight component, and this immune suppression phenotype 
also requires functi onal JA signaling components JAR1, JIN1 and MYC2 (Lakshmanan et al., 
2012). Collecti vely, these fi ndings provide evidence that benefi cial microbes suppress root 
immune responses through various immune suppressors such as eff ector proteins, targeti ng 
multi ple signaling components that are initi ated upon MAMP recogniti on.
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3.3 interplay with symbiosis signaling

Plant immunity and symbiosis share similar signaling events, from recognition of 
immunogenic or symbiotic signals to activation of downstream signaling pathways, whereas 
the interactions of the two signaling pathways are largely unknown (Zipfel and Oldroyd, 
2017). In addition to MAMPs, symbiotic microbes also produce different types of symbiosis-
related molecules, which can be recognized by host symbiotic receptors and initiate symbiosis 
signaling (Zipfel and Oldroyd, 2017). Many of these symbiotic molecules are very similar to 
MAMPs. For example, rhizobial Nod factors and fungal Myc factors can be perceived by 
cognate receptors in host plants and initiate rhizobial or arbuscular mycorrhizal symbiotic 
process (Zipfel and Oldroyd, 2017). Interestingly, both Nod factors and Myc factors are 
lipochitin oligosaccharides that are structurally similar to the well-studied MAMPs chitin 
and peptidoglycans (Liang et al., 2014). Rhizobial LPS is required for the establishment 
of successful symbiosis in legume plants (Gibson et al., 2008), whereas LPS derived from 
pathogens typically triggers immune responses upon recognition by their cognate PRR 
LORE in Arabidopsis (Ranf et al., 2015). For long, it was unclear how plants discriminate 
between the symbiotic and immunogenic signals when both types of molecules are present. 
However, it was recently shown that legume roots can separately recognize the fungal 
MAMP chitin (immunogenic signal) and Nod factors (symbiotic signal) through two sets of 
distinct LysM PRRs (Bozsoki et al., 2017). Interestingly, many symbiotic molecules derived 
from beneficial microbes seem to suppress MAMP-triggered root immune responses. 
Nod factors of B. japonicum can strongly suppress immune responses induced by various 
MAMPs in both soybean and Arabidopsis, likely as a result of significantly reduced protein 
levels of cognate PRRs on the cell membrane (Liang et al., 2013). Surprisingly, Nod factors 
can still suppress immune responses in soybean mutants lacking Nod factor receptors, but 
not in an Arabidopsis mutant lacking the LysM PRR LYK3 (Liang et al., 2013). Similarly, LPS 
of S. meliloti suppresses not only early immune responses such as ROS burst, but also late 
defense-related transcriptional reprogramming in M. truncatula, despite inducing a strong 
ROS burst in the non-host N. tabacum (Scheidle et al., 2005; Tellstrom et al., 2007). A recent 
study has shown that EPR3-mediated recognition of compatible exopolysaccharides (EPS) 
in L. japonicus is crucial in controlling successful entry by M. loti (Kawaharada et al., 2015). 
In addition to its role in symbiosis, EPS derived from S. meliloti can block flg22-induced 
calcium influx through chelation with calcium ions, thus suppressing downstream immune 
responses (Aslam et al., 2008). The abovementioned findings suggest a role of symbiotic 
molecules in suppressing immune responses, but more studies are required to understand 
the complicated immunity-symbiosis interplay.

3.4 Interplay with nutritional deficiency

A mechanistic link between plant immunity and nutritional deficiency has been proposed 
(Bakker et al., 2018). The endophytic fungus Colletotrichum tofieldiae has an intriguing life-
style when colonizing Arabidopsis roots (Hiruma et al., 2016). It can promote phosphate 
uptake and growth of Arabidopsis growing under phosphate-deficient conditions and can 
even become pathogenic on the Arabidopsis cyp79B2/cyp79B3 double mutant, which is 
defective in producing defense compounds camalexin and indole glucosinolates (Hiruma 
et al., 2016). This indicates that plant defense responses are repressed under phosphate-
deficient but not under phosphate-sufficient growth conditions, suggesting that a trade-off 
between immune responses and phosphate stress responses drives the beneficial association 
of C. tofieldiae with Arabidopsis (Hacquard et al., 2016; Hiruma et al., 2016). Moreover, 
it was recently discovered that a synthetic microbiome can enhance the phosphate stress 



Eff ects of fl uid loading in aSAH

15

Ch
a

pter 1

response of Arabidopsis through the master transcripti onal regulator PHR1 (Castrillo et al., 
2017). Strikingly, in additi on to regulati ng the phosphate stress responses, PHR1 was also 
found to negati vely regulate fl g22-induced immune responses in Arabidopsis (Castrillo et 
al., 2017). Evidence for the interplay between plant immunity and nutriti onal defi ciency 
was additi onally observed in Arabidopsis colonized by the PGPR WCS417 (Zamioudis et 
al., 2015). WCS417 induces the expression of the root-specifi c transcripti on factor MYB72, 
which is required for the onset of ISR (Van der Ent et al., 2008; Segarra et al., 2009). MYB72 
also plays an important role in the adapti ve response to iron limitati on (Sivitz et al., 2012; 
Palmer et al., 2013). These fi ndings suggest that plants can coordinate their response to 
nutriti onal stress and immunogenic elicitati on, and benefi cial microbes may modulate this 
balance for their own benefi t.

4. ModuLAtion of PLAnt iMMunity by non-invASive 
benefiCiAL MiCrobeS
The interacti ons between plant root and associated microbes occur in either the rhizosphere 
or the endophyti c root compartment (Berendsen et al., 2012; Turner et al., 2013a). Although 
it is diffi  cult to discretely separate these two compartments, here, we defi ne the rhizosphere 
as the root surface or rhizoplane plus the soil surrounding the root that is infl uenced by 
the root and thus is diff erent from the unplanted bulk soil. Consequently, the endophyti c 
root compartment is composed by those root parts interior to the epidermis. Most of the 
abovementi oned examples describe immune modulati on strategies uti lized by benefi cial 
microbes that are invading host roots. Rhizobial cells diff erenti ate intercellularly in legume 
nodules and also hyphae of mycorrhizal fungi penetrate host roots to form their symbioti c 
structures (Desbrosses and Stougaard, 2011; Schmitz and Harrison, 2014; Garcia et al., 
2015). In nature, plants also form diverse benefi cial associati ons with microbes that colonize 
the rhizosphere and that promote plant growth or help the plant cope with adverse (a)bioti c 
conditi ons (Berendsen et al., 2012). It can be debated to what extent the plant immune 
system responds to symbionts living on the outside of the root. It was shown that the root 
PRR gene FLS2 displays a ti ssue- and cell type-specifi c higher expression level at bacterial 
infecti on sites and at the inner cellular layers of Arabidopsis roots (Beck et al., 2014). 
Moreover, immune responses of the root pericycle were found to be stronger upon MAMP 
percepti on than those of other ti ssues (Wyrsch et al., 2015). These studies suggest that 
plants desensiti ze their root immune system at the outer cell layers of the root to prevent 
over-responsiveness to the microbiologically complex soil environment. A non-invasive 
lifestyle of certain benefi cial microbes may thus prevent strong acti vati on of plant immune 
responses. Indeed, benefi cial rhizosphere inhabitants such as WCS417 and FB17 can acti vely 
suppress root immune responses (Millet et al., 2010; Lakshmanan et al., 2012; Stringlis et al., 
2018a). In Arabidopsis roots, both heat-killed WCS417 cells and the WCS417 fl g22 pepti de 
can acti vate immune responses (Millet et al., 2010; Stringlis et al., 2018a). Interesti ngly, 
expression of more than 50% of the root immune-responsive genes triggered by fl g22 was 
repressed by live WCS417 cells (Stringlis et al., 2018a). The PGPR FB17 also suppresses fl g22-
induced immune responses in Arabidopsis roots in a JA-dependent manner (Lakshmanan 
et al., 2012). The molecular mechanism of immune suppression mediated by WCS417 and 
FB17 remains to be investi gated, but nonetheless, the ability to suppress immunity does 
suggest this is a useful trait in the rhizosphere.

The role of the plant immune system in the assembly of root-associated microbiome 
has been well studied in the past decade. Lebeis and colleagues found that Arabidopsis 
mutants in which SA-dependent defense signaling was disrupted have disti nct root 
microbiomes (Lebeis et al., 2015), indicati ng that the immune system gates access 
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and determines which microbes can colonize the roots. Moreover, they found that 
SA-dependent signaling primarily modulates the composition of the endophytic root 
microbiome, while the rhizosphere microbiome was less affected (Lebeis et al., 2015). Also 
an assessment of wheat microbiomes after exogenous JA application demonstrated that 
JA signaling affects microbiome assembly in a compartment-specific manner, and that the 
endophytic root microbiome is mostly affected (Liu et al., 2017). However, JA signaling did 
affect the composition of Arabidopsis rhizosphere microbiomes, which could be associated 
to differences in root exudate profiles of JA signaling mutants compared to wild-type 
plants (Carvalhais et al., 2015). Moreover, aboveground activation of the immune system 
by both microbial pathogens and insects has been demonstrated to result in alterations 
in rhizosphere microbiomes of several plant species (Dudenhöffer et al., 2016; Kong et al., 
2016; Berendsen et al., 2018; Yuan et al., 2018). Again the microbiome alteration could be 
related to differential root exudation in response to activation of the immune system (Yuan 
et al., 2018). Together these findings suggest that although the gate keeping functions of 
the plant immune system might differ for different root compartments, the influence of the 
immune system does extend into the rhizosphere.

5. induCed SySteMiC reSiStAnCe by benefiCiAL MiCrobeS
Besides suppressing root immune responses, specific beneficial microbes can also strengthen 
plant defenses. Once specific beneficial microbes colonize the plant roots, not only the sites 
of microbial colonization, but also more distant tissues are primed to confer faster and 
stronger defense responses against a wide range of pathogenic microbes and herbivorous 
insects (Pieterse et al., 2014). This phenomenon, known as ISR, has been demonstrated 
in numerous plant species (Pieterse et al., 2014). Beneficial microbes that are capable of 
eliciting ISR in plants include PGPR, PGPF and arbuscular mycorrhizal fungi, but ISR depends 
on the right combination of microbial and plant genotype (Pieterse et al., 2014; Berendsen 
et al., 2015). The signaling events that confer broad-spectrum ISR have been extensively 
investigated and different components have been revealed using the model PGPR strain 
WCS417 and plant Arabidopsis (Pieterse et al., 1996; Van Wees et al., 1997; Pieterse et al., 
1998; Pozo et al., 2008; Van der Ent et al., 2008; Zamioudis et al., 2014). 

WCS417 was first isolated from the wheat rhizosphere (Lamers et al., 1988) and it was 
discovered to elicit ISR in carnation and radish (Van Peer et al., 1991; Leeman et al., 1996). 
Since then, WCS417 was shown to be capable of eliciting ISR in multiple plant species 
including Arabidopsis (Pieterse et al., 1996; Bakker et al., 2007; Berendsen et al., 2015). 
The initiation of ISR signaling requires mutual recognition of reciprocal signals derived 
from both parties involved. Several microbial molecules can elicit ISR, such as flagella, 
lipopolysaccharides, siderophores, volatiles and antibiotic metabolites (Bakker et al., 2007; 
Pieterse et al., 2014). By using Arabidopsis mutants that are defective in different hormone 
signaling pathways, it was demonstrated that JA and ethylene are dominant regulators of 
ISR signaling elicited by WCS417 (Pieterse et al., 1996; Van Wees et al., 1997; Pieterse et al., 
1998), whereas some rhizobacterial strains such as Pseudomonas fluorescens SS101 induce 
a phenotypically similar systemic resistance in host plants in a SA-dependent manner (Van 
de Mortel et al., 2012; Pieterse et al., 2014). Surprisingly, colonization of WCS417 did not 
alter the level of JA/ethylene biosynthesis or the expression of JA/ethylene-responsive 
genes in systemic tissues (Van Wees et al., 1999; Pieterse et al., 2000). Transcriptional 
profiling revealed that WCS417-elicited ISR in Arabidopsis foliar tissues relies on the primed 
or potentiated expression of defense-related genes upon attack rather than constitutive 
defense activation (Verhagen et al., 2004), thus avoiding direct activation of costly defenses. 
The transcription factor MYC2, which orchestrates dynamic JA responses (Kazan and 
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Manners, 2013), is the key regulator of potenti ated expression of JA-responsive genes (Pozo 
et al., 2008). Interesti ngly, despite the fact that WCS417-elicited ISR is SA-independent, the 
master transcripti onal regulator of the SA signaling pathway, NPR1, is indispensable for the 
signaling initi ati on (Pieterse et al., 1998). However, the exact molecular functi on of NPR1 in 
WCS417-ISR is as yet unknown.

6. Myb72: Key CoMPonent of iSr SignALing
Following colonizati on by WCS417, transcripti onal changes in the roots are more pronounced 
than in the shoots (Verhagen et al., 2004). The root-specifi c transcripti on factor MYB72, and 
the MYB72-dependent β-glucosidase BGLU42 have been identi fi ed as key components in the 
onset of ISR signaling triggered by diff erent microbes (Van der Ent et al., 2008; Segarra et al., 
2009; Zamioudis et al., 2014). Colonizati on by WCS417 signifi cantly induces the expression 
of MYB72 and BGLU42 in Arabidopsis roots (Zamioudis et al., 2014; Zamioudis et al., 2015) 
and both myb72 and bglu42 mutants are unable to mount eff ecti ve ISR (Van der Ent et al., 
2008; Segarra et al., 2009; Zamioudis et al., 2014). Although overexpression of MYB72 fails to 
initi ate ISR signaling, overexpression of BGLU42 does lead to consti tuti ve disease resistance 
(Van der Ent et al., 2008; Zamioudis et al., 2014). Hence, it is likely that MYB72-regulated 
acti vity of BGLU42 in plant roots is important for the onset of ISR. Interesti ngly, MYB72 and 
BGLU42 are also acti vated in Arabidopsis roots in response to iron defi ciency (Colangelo and 
Guerinot, 2004; Buckhout et al., 2009; Palmer et al., 2013). In fact, a signifi cant proporti on 
of the WCS417-induced genes are also acti vated in plant roots under conditi ons of iron 
defi ciency (Zamioudis et al., 2015). In iron-starved plants, MYB72 was shown to act together 
with its paralog MYB10 in the survival of plants growing in alkaline soil where iron availability 
is limited (Palmer et al., 2013). Under iron defi cient conditi ons, MYB72 was shown to regulate 
the producti on of iron-mobilizing phenolic compounds such as coumarins and BGLU42 
was shown to be important for their subsequent release into the rhizosphere (Zamioudis 
et al., 2014). These coumarins are synthesized via FERULOYL-COA 6’-HYDROXYLASE1 
(F6’H1) in the phenylpropanoid pathway and secreted by the iron defi ciency-regulated ABC 
transporter PDR9 into the rhizosphere, where they aid in mobilizati on and uptake of iron 
from the soil environment (Rodríguez-Celma et al., 2013; Fourcroy et al., 2014; Schmid et 
al., 2014; Schmidt et al., 2014; Tsai and Schmidt, 2017b; Rajniak et al., 2018; Tsai et al., 
2018). The overlap between the root responses that are initi ated by WCS417 and conditi ons 
of iron starvati on, suggests that the onset of rhizobacteria-ISR shares components of the 
iron defi ciency response (Zamioudis et al., 2015; Verbon et al., 2017). The expression of 
MYB72 and other iron uptake-related genes was not aff ected by the colonizati on of an ISR 
non-eliciti ng rhizobacterial strain Pseudomonas defensor WCS374, further strengthening 
the mechanisti c link between ISR and iron defi ciency responses (Berendsen et al., 2015; 
Zamioudis et al., 2015). One scenario is that MYB72-dependent phenolic metabolites are 
parti cipati ng in ISR signaling, functi oning in either long-distance signal transmission or in 
direct anti microbial defense responses. Alternati vely, free living ISR-eliciti ng microbes such 
as WCS417 may sense and respond to these phenolic metabolites in root exudates, thus 
reprograming their transcriptome to produce microbial signals or to modify their behavior. 
This chemical dialogue between microbes and their hosts can enable their establishment 
on the root and initi ate their mutualisti c functi oning. A well-known example for such 
semiochemical communicati on between roots and benefi cial microbes is presented by 
symbioti c rhizobia, which can sense legume-derived fl avonoids and produce nodulati on 
factors that acti vate symbiosis signaling (Oldroyd, 2013; Zipfel and Oldroyd, 2017).



Chapter 3

18

7. theSiS outLine
Plants can form beneficial associations with selected members of their root microbiome. 
The establishment of beneficial associations requires a constant molecular dialogue 
between beneficial microbes and their hosts. The plant immune system can sense MAMPs 
of beneficial microbes and initiate immune responses that also affect microbiota in the 
rhizosphere. Thus, active immune modulation by beneficial microbes could be essential 
for the establishment of mutually beneficial plant-microbe associations in the rhizosphere. 
Root exudates also play a major role in shaping root microbiome. Well-adapted free-living 
rhizobacteria are likely recruited by root exudates and then rapidly alter their transcriptional 
profile to express features required for root colonization. In this thesis, we explored the 
interaction of Arabidopsis roots with selected root microbiome members to obtain a deep 
understanding of the molecular mechanisms that play a role in the chemical communication 
between plant roots and beneficial members of the root microbiome.

Beneficial rhizobacteria have been shown to suppress MTI responses in Arabidopsis roots 
(Millet et al., 2010; Lakshmanan et al., 2012; Stringlis et al., 2018a). In chapter 2, we studied 
root immune modulation by the ISR-eliciting rhizobacterium WCS358. We found that pqqF 
and cyoB are required for the suppression of flg22-induced expression of CYP71A12pro:GUS, 
a marker for root immune activation. PqqF and CyoB are involved in the oxidation of 
glucose to gluconic acid, which lowers environmental pH in which the bacterium resides. A 
low pH was subsequently found sufficient to suppress root immune responses. Moreover, 
the mutation pqqF reduced the rhizosphere colonization by WCS358.

Arabidopsis roots synthesize and secrete fluorescent phenolic compounds in a MYB72/
BGLU42-dependent manner when growing under iron deficiency (Zamioudis et al., 2014). 
In chapter 3, we aimed to reveal the identities of these MYB72-dependent metabolites 
and understand their role in root microbiome assembly. We found that both MYB72 and 
BGLU42 participate in the biosynthetic route of coumarins, which are dominantly present 
in the root exudates under iron deficiency. Coumarins can have selective antimicrobial 
activity but the ISR-eliciting rhizobacteria WCS417 and WCS358 were highly insensitive. We 
found that coumarin-deficient f6’h1 mutant plants assembled a distinct root microbiome, 
indicating that coumarins can shape the root microbiome assembly.

WCS417 was found to induce root transcriptomic changes that overlap with the 
responses induced by iron deficiency (Zamioudis et al., 2015), but to what extent the root 
metabolome in response to WCS417 and iron starvation also show similarities is unclear. In 
chapter 4, we investigated the metabolic changes of Arabidopsis roots upon colonization by 
WCS417. We found that WCS417 strongly affects the root metabolome, and that production 
of the coumarins scopolin, scopoletin and esculin was increased. Aliphatic glucosinolate 
biosynthesis and fatty acid metabolism, both associated with root immune responses, also 
appeared to be induced by WCS417 in Arabidopsis roots.

Coumarins are produced in response to iron deficiency and WCS417 colonization (Chapter 
3 and 4). However, nothing is known about how WCS417 responds to these coumarins. In 
chapter 5, we aimed to reveal the transcriptional responses of WCS417 to coumarins in 
root exudates of Arabidopsis. We found that transport and metabolism of carbohydrates, 
amino acids, and nucleotides were induced, while cell motility, the bacterial mobilome, and 
energy production and conversion were repressed by coumarin containing root exudates. 
Moreover, these root exudates repressed the expression of cell-motility related genes, 
likely by repressing flagellar biosynthesis. 

In chapter 6, the results and the remaining questions are discussed. Future directions for 
further investigations of beneficial plant-microbe interactions are proposed.
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aBstraCt
Pseudomonas capeferrum WCS358 (hereaft er WCS358) is a plant-benefi cial root-colonizing 
bacterium, which can promote plant growth and protect the plant against att ack by pathogens. 
Benefi cial members of the root microbiome possess microbe-associated molecular patt erns 
(MAMPs) similar to those of plant pathogens. Consequently, they can be recognized by 
plants through cell surface-localized patt ern recogniti on receptors (PRRs), which can 
lead to the initi ati on of host immune signaling. Suppression of root immune responses is 
essenti al for benefi cial microbes to successfully colonize the plant. In this study, we found 
that a range of rhizobacteria, including WCS358, is able to quench Arabidopsis thaliana 
root immune responses that were triggered by the syntheti c MAMP fl g22. By screening a 
transposon-inserti on mutant library of WCS358 for the capacity to suppress fl g22-induced 
CYP71A12pro:GUS expression, we identi fi ed two mutants that had lost their ability to suppress 
MAMP-triggered root immune responses. The transposon inserti ons in these mutants were 
mapped to the genes pqqF and cyoB, which are involved in the producti on of gluconic acid 
and its derivati ve 2-keto gluconic acid. Both mutants are impaired in the producti on of these 
acids and reduced their extracellular pH to a lesser extent than wild-type WCS358. Lowering 
the pH of the plant growth medium suppressed fl g22-induced CYP71A12pro:GUS expression, 
suggesti ng a role for rhizobacterial gluconic acid-mediated modulati on of the extracellular 
pH in the evasion of root immunity. Rhizosphere populati on densiti es of the pqqF mutant 
were signifi cantly reduced compared to wild-type WCS358, suggesti ng that modulati on of 
the root immune system is important for bacterial rhizosphere colonizati on.

introduCtion
The complex microbial community that interacts with plant roots harbors harmful, 
commensal but also plant-benefi cial organisms. These plant-benefi cial microbes in the root 
microbiome can aff ect plant health by providing nutrients, enhancing stress tolerance, or 
by suppressing plant pathogens (Berendsen et al., 2012; Bakker et al., 2018). Their inti mate 
contact with the host implies that benefi cial microbes must interact with the plant immune 
system. The plant immune system has evolved to effi  ciently detect potenti al invaders by 
recognizing microbe-associated molecular patt erns (MAMPs) through patt ern recogniti on 
receptors (PRRs) localized on the cell surface (Macho and Zipfel, 2014). MAMPs are 
conserved molecules, such as bacterial fl agellin and fungal chiti n (Pel and Pieterse, 2013; 
Yu et al., 2017). Upon recogniti on, PRRs recruit regulatory receptor kinases and acti vate 
immune signaling through receptor-like cytoplasmic kinases (Macho and Zipfel, 2014; 
Boutrot and Zipfel, 2017). Despite recognizing specifi c MAMPs, multi ple PRRs may acti vate 
convergent downstream immune signaling (Macho and Zipfel, 2014; Boutrot and Zipfel, 
2017). The acti vated immune responses, known as MAMP-triggered immunity (MTI), 
aim to eliminate potenti al pathogenic invasions. Plant pathogens have evolved multi ple 
strategies to suppress or evade plant immune responses. For example, the model bacterial 
plant-pathogen, Pseudomonas syringae pv tomato DC3000 (Pst), delivers eff ector proteins 
through the type 3 secreti on system (T3SS) and produces other virulence factors such as 
coronati ne, to disrupt downstream immune signaling upon MAMP recogniti on (Xin and He, 
2013). Moreover, Pst prevents PRR recogniti on through extracellular degradati on of MAMPs 
(Pel et al., 2014). 

Since benefi cial microbes possess MAMPs similar to those of pathogens, they are initi ally 
detected by the plant immune system and root immune responses are subsequently 
mounted (Libault et al., 2010; Jacobs et al., 2011; Zamioudis and Pieterse, 2012; Stringlis 
et al., 2018a). Inducti on of root immune responses can aff ect the establishment of 
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associations between plant roots and endophytic beneficial microbes. Synthetic MAMPs 
have been widely used to investigate plant innate immune responses, such as flg22, a 22 
amino acid peptide which represents the conserved domain in the N-terminal of flagellin 
protein derived from the opportunistic pathogen Pseudomonas aeruginosa PAO1 (Felix 
et al., 1999). For example, root immune responses triggered by the synthetic MAMP 
flg22 negatively affected rhizobial infection and nodule organogenesis in Lotus japonicus 
(Lopez-Gomez et al., 2012). In the Arabidopsis thaliana (hereafter Arabidopsis) mutant 
pub22/23/24 that displays hyperactivated MTI upon chitin application, the beneficial 
fungus Piriformospora indica only achieved significantly less colonization (Jacobs et al., 
2011). In successful beneficial associations, however, root immune responses seem to be 
restricted to the early stages of the interaction (Liu et al., 2003; Libault et al., 2010; Jacobs 
et al., 2011; Stringlis et al., 2018a). For root-invading beneficial microbes, such as rhizobia or 
arbuscular mycorrhiza, it is becoming increasingly clear that many of them actively suppress 
early root immune responses through evasion of apoplastic recognition or deactivation of 
cytoplasmic signaling (Kloppholz et al., 2011; Xin et al., 2012; Liang et al., 2013; Plett et al., 
2014; Trda et al., 2014; Akum et al., 2015; Wawra et al., 2016). The importance of immune 
suppression for microbiome members that colonize the root surface and the rhizosphere, 
however, has not been studied in detail.

The plant hormones salicylic acid (SA) and jasmonic acid (JA), are central regulators of 
plant immune signaling (Pieterse et al., 2012). Both SA- and JA-dependent immune responses 
can affect root microbial communities, possibly through altering root exudate composition 
(Carvalhais et al., 2013; Carvalhais et al., 2015; Lebeis et al., 2015). In a recent study it 
was shown that downy mildew infection of Arabidopsis leaves results in the promotion of 
specific rhizosphere microbiota, that in turn promote plant growth and protect the plant 
against downy mildew infection (Berendsen et al., 2018). Together these findings indicate 
that the plant immune system indeed affects the composition of the root microbiome. Vice 
versa, it is known that specific rhizosphere colonizers can elicit a state of induced systemic 
resistance (ISR), which primes the plant immune system for accelerated defense against 
a range of microbial and insect attackers (Van der Ent et al., 2008; Kumar et al., 2012; 
Pieterse et al., 2014). The ISR-eliciting rhizobacteria P. simiae WCS417 (hereafter WCS417) 
and Bacillus subtilis FB17 were found to be able to suppress root immune responses (Millet 
et al., 2010; Lakshmanan et al., 2012). We hypothesize that suppression of root immune 
responses facilitates rhizosphere colonization by beneficial rhizobacteria.

In this study, we investigated the suppression of flg22-triggered root immune responses 
by rhizosphere inhabitants. To this end, we made use of the Arabidopsis CYP71A12pro:GUS 
reporter line, which displays GUS activity in the root elongation zone in response to the 
synthetic MAMP flg22 (Millet et al., 2010). We found that the ability to suppress flg22-
triggered root immune responses is widespread but not a ubiquitous trait among rhizosphere 
colonizers. To examine the mechanism of suppression of root immune responses, we 
screened a transposon-insertion mutant library of Pseudomonas capeferrum WCS358 
(hereafter WCS358) for the loss of this ability. WCS358 is a plant-beneficial rhizobacterium 
that elicits ISR in Arabidopsis for which bacterial determinants involved in ISR elicitation 
have been investigated in detail (Meziane et al., 2005; Bakker et al., 2007). We discovered 
that WCS358 produces gluconic acid (GA) and 2-keto gluconic acid (2-KGA) to lower its 
environmental pH, and that this acidification suppresses root immune responses. A mutant 
of WCS358 impaired in GA and 2-KGA production reached significantly lower population 
densities in Arabidopsis rhizosphere than the wild-type strain, suggesting that suppression 
of root immune responses is required for effective rhizosphere colonization by this 
beneficial bacterium.
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the iSr-eliciting rhizobacteria WCS417 and WCS358 both suppress root immune 
responses

To visualize MAMP-induced root immune responses, we employed three Arabidopsis 
transgenic lines carrying β-glucuronidase (GUS) reporters CYP71A12pro:GUS, MYB51pro:GUS 
and WRKY11pro:GUS. All three reporter lines display high GUS acti vity in the root elongati on 
zone when treated with the fl g22 epitope (Figure 1A; Denoux et al., 2008; Millet et al., 
2010). To test the eff ect of plant-benefi cial rhizobacteria on fl g22-induced root responses, 
we pre-inoculated roots of Arabidopsis seedlings with WCS417 and WCS358 bacteria 18 
hours prior to treatment of the roots with fl g22. We found that live bacterial cells of WCS417 
and WCS358, which possess immune-eliciti ng fl agellin, did not induce GUS expression in the 

figure 1. Pseudomonas strains WCS417 and WCS358 suppress fl g22-induced immune responses 
in Arabidopsis roots. (a) Eff ects of WCS417 and WCS358 on fl g22-induced CYP71A12pro:GUS, 
MYB51pro:GUS and WRKY11pro:GUS expression in the root elongati on zone of Arabidopsis seedlings. 
(B) Eff ects of live bacterial cells, culture fi ltrates, and heat-treated culture fi ltrates of WCS417 and 
WCS358 on fl g22-induced CYP71A12pro:GUS expression in the root elongati on zone.
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root elongation zone (Figure 1A). Moreover, both WCS417 and WCS358 suppressed flg22-
induced CYP71A12pro:GUS expression in the root elongation zone (Figure 1A), supporting 
previous findings (Millet et al., 2010). Filter-sterilized culture filtrates of WCS417 and 
WC358 similarly suppressed flg22-induced CYP71A12pro:GUS expression (Figure 1B), 
indicating that the immune-suppressive compounds are secreted into the culture medium. 
Moreover, heat-treatment of the culture filtrates did not affect the ability to suppress flg22-
induced CYP71A12pro:GUS expression (Figure 1B), suggesting that the immune- suppressive 
compounds produced by WCS417 and WCS358 are not proteinaceous.

figure 2. flg22 epitopes derived from Pseudomonas strains WCS417 and WCS358 induce defense 
responses in Arabidopsis thaliana. (a) Sequence alignment of flg22 epitopes derived from P. 
aeruginosa PAO1 (flg22Pa), P. simiae WCS417 (flg22417) and P. capeferrum WCS358 (flg22358). (B) 
Effects of flg22Pa, flg22417 and flg22358 on CYP71A12pro:GUS, MYB51pro:GUS and WRKY11pro:GUS 
expression in the root elongation zone of Arabidopsis seedlings. (C) Effects of flg22Pa, flg22417 and 
flg22358 peptides on growth of Col-0, fls2 and Ws-0 seedlings. (d) Fresh weight of Arabidopsis 
seedlings shown in (C). The data shown are means of five replicates. Error bars represent SEM. 
Letters indicate significant differences (One-way ANOVA followed by Tukey’s test; P < 0.05; ns, not 
significant).

Only a small subset of Arabidopsis-associated microbiota possess genes that encode the 
flg22 epitope (Hacquard et al., 2017) and examples of plant-beneficial bacteria that have 
evolved divergent flagellin molecules to evade immune recognition in their hosts have been 
described (Lopez-Gomez et al., 2012; Trda et al., 2014). The flg22 epitopes derived from 
WCS417 (flg22417) and WCS358 (flg22358) are distinct from each other as well as from the 
standard flg22 derived from P. aeruginosa PAO1 (flg22Pa, Figure 2A). We therefore tested if 
these divergent flg22 epitopes could still activate root immune responses. After incubation 
with flg22Pa, flg22417, or flg22358, all three reporter lines showed clear GUS expression in 
the root elongation zone (Figure 2B). Because activation of MAMP-triggered immune 
responses can severely inhibit plant growth through growth-defense tradeoffs (Vos et al., 
2013; Huot et al., 2014), we tested whether flg22417 and flg22358 from the plant growth-
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promoti ng rhizobacteria would act diff erently than fl g22Pa in this respect. However, fl g22417 
and fl g22358 inhibited the growth of Col-0 seedlings to the same extent as fl g22Pa, while 
all fl g22 pepti des did not aff ect growth of fl s2 and Ws-0 seedlings that lack the fl agellin 
receptor FLS2 (Figure 2C and 2D; Gomez-Gomez and Boller, 2000). Thus, both fl g22Pa and 
the fl g22 epitopes derived from the benefi cial rhizobacteria are recognized by Arabidopsis 
and induce root immune responses in a FLS2-dependent manner, which is in concordance 
with previous fi ndings (Millet et al., 2010; Stringlis et al., 2018a). We therefore routi nely 
only used fl g22Pa (hereaft er referred to as fl g22) in the following experiments.

table 1. Screening of 28 rhizobacterial isolates of diverse taxonomy for their abiliti es to induce and 
suppress immune responses in Arabidopsis roots.

1A positi ve blue staining in the root elongati on zone of CYP71A12pro:GUS Arabidopsis seedlings inoculated 
with the bacterial isolates in presence or absence of fl g22 was scored with “+”. 2P. simiae WCS417 was used 
as a positi ve control.
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diverse rhizobacteria suppress flg22-induced immune responses in Arabidopsis roots

To investigate whether the ability to suppress root immune responses is a general phenomenon 
among different members of the root microbiome, we screened 28 taxonomically-diverse 
bacterial strains isolated from the Arabidopsis rhizosphere (Berendsen et al., 2018) for 
their effects on CYP71A12pro:GUS expression in the root elongation zone in the presence or 
absence of flg22. In the absence of flg22, the majority of rhizobacterial strains did not induce 
CYP71A12pro:GUS expression, suggesting that these bacteria avoid MAMP-triggered immune 
responses in the roots (Table 1). However, five bacterial strains, belonging to the genera 
Masilia, Microbacterium, Mycoplana, Stenotrophomonas and Xanthomonas respectively, 
did induce CYP71A12pro:GUS expression in the absence of flg22, indicating that they are able 
to trigger root immune responses. In the presence of flg22, 10 of the 28 bacterial strains 
tested, belonging respectively to the genera Agrobacterium, Brevundimonas, Burkholderia, 
Caulobacter, Chitinophaga, Cupriavidus, Flavobacterium, Pedobacter, Pseudomonas, and 
Terrabacter, suppressed flg22-induced CYP71A12pro:GUS expression in the root elongation 
zone. Together, these results indicate that the rhizosphere microbiome contains members 
that are capable of activating MTI in plant roots, but also a large diversity of microbiota 
members that actively suppress it.

root immune suppression mediated by WCS358 is independent of SA and JA signaling

To test whether root immune suppression mediated by WCS358 relies on the SA or JA 
signaling pathway, we used transgenic lines carrying the CYP71A12pro:GUS reporter in the 
wild-type Col-0 background as well as in the SA or JA hormonal signaling-deficient mutant 
backgrounds of sid2-2, npr1-1, jar1-1 and jin1-7 (Millet et al., 2010). We pre-inoculated 
Arabidopsis seedlings with WCS358 to test the immune-suppressive effect on flg22-induced 
CYP71A12pro:GUS expression in the roots of the different mutants. In the absence of WCS358, 
all mutant lines showed clear CYP71A12pro:GUS expression in the root elongation zone in 
responses to flg22 treatment (Figure 3A), confirming previous findings (Millet et al., 2010). 
Like in the wild-type Col-0 background, colonization of the roots of the hormonal signaling-
deficient mutants by WCS358 did not induce CYP71A12pro:GUS expression in the root 
elongation zone, and suppressed CYP71A12pro:GUS expression when elicited by flg22 (Figure 
3). These results indicate that the suppression of root immune responses mediated by plant-
beneficial rhizobacterium WCS358 is not regulated by these defense-related hormones.

figure 3. WCS358 suppresses flg22-induced immune responses in Arabidopsis roots in a sa/Ja-
independent manner. Effects of WCS358 on flg22-induced CYP71A12pro:GUS expression in the root 
elongation zone of wild-type and the hormonal signaling-deficient mutants sid2-2, npr1-1, jar1-1 
and jin1-7.
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root immune suppression mediated by WCs358 requires pqqF and CyoB

To investi gate the bacterial determinants of WCS358-mediated root immune suppression, 
we generated a mini-Tn5 transposon inserti on mutant library of WCS358 and screened it 
for mutants that failed to suppress fl  g22-induced CYP71A12pro:GUS expression in the root 
elongati on zone. We screened more than 4000 mutants and found over 120 mutants 
that did not suppress CYP71A12pro:GUS expression in the initi al screen. When repeatedly 
tested only 32 of these mutant were found consistently unable to suppress fl g22-induced 
CYP71A12pro:GUS expression. Moreover, out of those 32, the growth of 30 mutants was 
severely impaired when culti vated in root exudates. Thus, only 2 mutants remained for 
further investi gati on. Arbitrary PCR mapped the Tn5 transposon inserti on sites in the 
remaining 2 mutants to two genes: pqqF and cyoB. Like wild-type WCS358, neither mutant 
pqqF::Tn5 nor mutant cyoB::Tn5 induced CYP71A12pro:GUS expression in the absence of 
fl g22 (data not shown). But in contrast to WCS358, both mutants were unable to suppress 
fl g22-induced CYP71A12pro:GUS expression in the root elongati on zone (Figure 4A). The 
growth of both mutants in root exudates was in the same order and even signifi cantly 
increased compared to wild-type WCS358 (Figure 4B). PqqF is a putati ve protease belonging 
to M16 pepti dases required for the pyrroloquinoline quinone (PQQ) biosynthesis (Wei et 
al., 2016). PQQ is a redox acti ve molecule, functi oning as a cofactor for many bacterial 
dehydrogenases involved in the uti lizati on of carbon sources (Shen et al., 2012). CyoB is the 
subunit I of terminal ubiquinol cytochrome bo3 oxidase (CYO) complex, a macromolecular 
protein embedded in the cytoplasmic membrane (Stenberg et al., 2007). C YO functi ons in 
the aerobic respiratory chain for energy generati on and regulates the expression of genes 
involved in the uti lizati on of carbon sources (Morales et al., 2006). The results suggest that 
both PqqF and CyoB are essenti al in the root immune suppression mediated by WCS358.

figure 4. Screening of a transposon mutant library of WCS358 for loss of suppression of 
fl g22-induced immune responses in Arabidopsis roots. (a) Eff ects of wild-type WCS358 and its 
derivati ves pqqF::Tn5 and cyoB::Tn5 on fl g22-induced CYP71A12pro:GUS expression in the root 
elongati on zone. (B) Growth of wild-type WCS358 and its derivati ves pqqF::Tn5 and cyoB::Tn5 in 
root exudates of Arabidopsis seedlings. The data shown are means of eight replicates. Error bars 
represent SEM. Lett ers indicate signifi cant diff erence (Two-way ANOVA followed by Tukey’s test; 
P < 0.05). 

root immune suppression mediated by WCS358 relies on gluconic acid production

Since WCS358 can suppress root immune responses by releasing diff usible compounds 
(Figure 1B), we tested the eff ects of culture fi ltrates derived from WC358 and its derivati ves 
pqqF::Tn5 and cyoB::Tn5 on fl g22-induced CYP71A12pro:GUS expression in the root elongati on 
zone. We found that whereas culture fi ltrates from wild-type WCS358 suppressed fl g22-
induced CYP71A12pro:GUS expression, culture fi ltrates from both the pqqF::Tn5 and cyoB::Tn5 
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mutants failed to suppress this response (Figure 5A), suggesting that the production of the 
immune-suppressive diffusible compounds is impaired in both mutants.

PQQ and CYO play important roles in bacterial glucose metabolism, resulting in 
production of D-gluconic acid (GA) and 2-keto-D-gluconic (2-KGA; Fender et al., 2012). We 
analyzed all bacterial filtrates, as well as that of model ISR-eliciting rhizobacterial strain P. 
simiae WCS417, by using ultra-performance liquid chromatography - mass spectrometry 
(UPLC-MS) to detect the production of GA and 2-KGA. We found that wild-type WCS358 
produced both GA and 2-KGA (Figure 5B). Mutation of pqqF completely abolished the 
production of both GA and 2-KGA, whereas mutation of cyoB moderately reduced the 

figure 5. WCS358 suppresses flg22-induced immune responses in Arabidopsis roots by 
producing gA and 2-KgA. (a) Effects of sterile culture filtrates derived from wild-type WCS358 
and its derivatives pqqF::Tn5 and cyoB::Tn5 on flg22-induced CYP71A12pro:GUS expression in the 
root elongation zone. (B) HPLC-MS measurement of GA and 2-KGA shown as the cumulative peak 
area (GA + 2-KGA) of mass spectra detected in 2 channels on a UPLC-MS in negative ionization 
mode. (C) Acidity in the culture filtrates derived from wild-type WCS358, its derivatives pqqF::Tn5 
and cyoB::Tn5 and WCS417. The data shown in B and C are means of three replicates. Error bars 
represent SEM. Letters indicate significant differences (One-way ANOVA followed by Tukey’s test; 
P < 0.05). (d) Effects of low environmental pH on flg22-induced CYP71A12pro:GUS expression in the 
root elongation zone. HCl and GA was used to adjust the pH of root exudates to 3.7. (e) Effects of a 
pH gradient on flg22-induced CYP71A12pro:GUS expression in the root elongation zone. Ratio of root 
tips with CYP71A12pro:GUS expression as a percentage of total root tips. The data shown are means 
of three replicates. Error bars represent SEM. (F) Effects of pre-incubation in low environmental pH 
on flg22-induced CYP71A12pro:GUS expression in the root elongation zone. Under each picture the 
pH shown was measured at the time before GUS staining.
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producti on of GA and abolished the producti on of 2-KGA (Figure 5B). Notably, WCS417 
produced signifi cantly higher amount of GA than wild-type WCS358 (Figure 5B). Producti on 
of these organic acids can substanti ally decrease extracellular pH (Fender et al., 2012). 
Indeed, the pH of culture fi ltrates from wild-type WCS358 was signifi cantly lower (pH 3.7) 
than that of culture fi ltrates derived from pqqF::Tn5 or cyoB::Tn5 mutants (pH 4.2 and 4.3, 
respecti vely; Figure 5C), suggesti ng that WCS358 acidifi es its extracellular environment 
through the producti on of GA and 2-KGA. The pH of culture fi ltrates derived from WCS417 
is the lowest among all tested samples (pH 3.5), which is consistent with higher producti on 
of GA and 2-KGA by this strain (Figure 5B and 5C). The magnitude of fl g22-induced immune 
responses in Arabidopsis changes dramati cally when environmental pH varies (Lee et al., 
2012). We therefore hypothesized that WCS358 may suppress root immune responses by 
acidifying its environment through the producti on of GA and 2-KGA and examined how the 
pH of the plant growth medium aff ects fl g22-induced CYP71A12pro:GUS expression in the 
root elongati on zone. When the pH of the medium was adjusted to 3.7 by adding either 
HCl or GA, fl g22-induced CYP71A12pro:GUS expression was completely abolished (Figure 
5D). However, at pH 4.6 or higher CYP71A12pro:GUS expression was sti ll induced by fl g22 
(Figure 5E). We noti ced however that the ti ming of adjusti ng the pH is crucial. Only when 
the pH was modifi ed immediately before additi on of fl g22 did we fi nd the eff ects of pH on 
CYP71A12pro:GUS expression described above (Figure 5F). When pH of the plant growth 
medium was modifi ed to pH 3.7 at 18 h before applicati on of fl g22, we found that pH of 
growth medium was restored to 5.3 and resulted in expression of CYP71A12pro:GUS in the 
root elongati on zone (Figure 5F), suggesti ng that plants acti vely modify the environmental 
acidity.

Mutations in pqqF or cyoB do not affect plant growth promotion by WCS358

Colonizati on of Arabidopsis roots by WCS358 promotes plant growth and modulates root 
architecture in vitro (Zamioudis et al., 2013). We assessed whether pqqF::Tn5 and cyoB::Tn5 
mutants, which failed to suppress fl g22-induced root immune responses, could promote 
the growth and modulate the root architecture like the wild-type bacterium. We inoculated 
wild-type WCS358, pqqF::Tn5 or cyoB::Tn5 directly on the roots of Arabidopsis seedlings, and 
used shoot fresh weight and the numbers of lateral roots as indexes of growth promoti on 
and root architecture modulati on (Zamioudis et al., 2013). The wild-type WCS358, as well as 

figure 6. Mutati ons in pqqF or cyoB do not aff ect plant growth promoti on by WCS358 in vitro. (a) 
Eff ects of wild-type WCS358 and its derivati ves pqqF::Tn5 and cyoB::Tn5 on growth of Arabidopsis 
seedlings. (B) Plant fresh weight and (C) number of lateral roots of Arabidopsis seedlings shown 
in A. The data shown in B and C are means of three replicates. Error bars represent SEM. Lett ers 
indicate signifi cant diff erence (One-way ANOVA followed by Tukey’s test; P < 0.05).
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both pqqF::Tn5 or cyoB::Tn5 mutants, promoted Arabidopsis growth to a similar extent at 6 
days after inoculation (Figure 6A and 6B). Moreover, there was no significant difference in 
the numbers of lateral roots formed by Arabidopsis roots upon inoculation with wild-type 
WCS358 or its mutant derivatives (Figure 6A and 6C), indicating that mutations in pqqF or 
cyoB had no effect on the growth promotion and root architecture modulation ability of 
WCS358.

Mutation in pqqF impairs rhizosphere colonization by WCS358

Activation of the root immune system can affect rhizosphere microbiome assembly 
(Carvalhais et al., 2013; Carvalhais et al., 2015; Lebeis et al., 2015; Liu et al., 2017; 
Berendsen et al., 2018; Yuan et al., 2018). Consequently, we hypothesized that root immune 
suppression is required for successful colonization by rhizobacteria and expected the 
WCS358 derivatives pqqF::Tn5 and cyoB::Tn5 to have a diminished capability to colonize 
the Arabidopsis rhizosphere compared to wild-type WCS358. We transferred Arabidopsis 
seedlings to potting soil, which was pre-inoculated with wild-type WCS358, pqqF::Tn5 or 
cyoB::Tn5 with an initial population density of 104.6±0.1 colony-forming units (CFU) g-1 of soil. 
Without a plant to support their growth, the population densities of all three strains declined 
over time to a similar extent (Figure 7A). In the Arabidopsis rhizosphere, population densities 
of wild-type WCS358 and the cyoB::Tn5 mutant significantly increased over a two-week 
period. However, the population density of pqqF::Tn5 did not increase over time (Figure 
7B), suggesting that the mutation in pqqF, but not in cyoB, negatively affects rhizosphere 
colonization of WCS358.

figure 7. Mutation in pqqF, but not in cyoB, impairs rhizosphere colonization by WCS358. (a) 
Population densities of wild-type WCS358 and its derivatives pqqF::Tn5 and cyoB::Tn5 in unplanted 
bulk soil and (B) Arabidopsis rhizosphere. The y-axis shows the log10 of colony-forming units (CFU) 
g-1 of bulk soil in A and Arabidopsis rhizosphere in B. The data shown are means of eight replicates. 
Error bars represent SEM. Letters indicate significant difference (Two-way ANOVA followed by 
Tukey’s test; P < 0.05).

diSCuSSion
The plant immune system can affect microbial communities in the endophytic compartment 
of roots as well as in the rhizosphere (Carvalhais et al., 2013; Carvalhais et al., 2015; Lebeis 
et al., 2015; Liu et al., 2017; Berendsen et al., 2018; Yuan et al., 2018). For some beneficial 
rhizosphere-colonizing bacteria it was shown that they can suppress root immune responses 
(Millet et al., 2010; Lakshmanan et al., 2012; Stringlis et al., 2018a) and such manipulation 
may affect their root colonizing abilities. However, whether suppression of root immune 
responses is required for successful rhizosphere colonization or how rhizosphere-colonizing 
bacteria suppress root immune responses is largely unknown. In this study, we observed 
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that the plant-benefi cial rhizobacterium P. capeferrum WCS358, suppresses fl g22-induced 
root immune responses. In this immune-suppressive acti vity, it behaves similarly to P. simiae 
WCS417 in that live cells, culture fi ltrates, and heat-treated culture fi ltrates similarly suppress 
the fl g22-induced responses. To elucidate the microbial traits that govern suppression of 
root immune responses, we screened a random Tn5 transposon mutant library of WCS358. 
Two mutants were identi fi ed that had lost their ability to suppress root immune responses. 
The transposon inserti ons were mapped to two genes, cyoB and pqqF, that are both 
involved in the producti on of GA and 2-KGA and it was demonstrated that the mutants 
are indeed impaired in the producti on of these acids. Consequently, the mutants acidify 
their environment much less than wild-type WCS358 and it was postulated that a shift  in 
pH can modulate the root immune response to fl g22 treatment. Indeed, lowering the pH 
of the plant growth medium to the same level that was brought about by the wild-type 
bacterium was suffi  cient to suppress fl g22-induced root immune responses. Together these 
results suggest that WCS358 suppresses root immune responses by increasing the acidity 
of the environment surrounding the roots. The observati on that WCS417 also produces GA 
and 2-KGA and that it lowers pH of the plant growth medium suggest that, like WCS358, 
strain WCS417 similarly suppresses fl g22-induced root immune responses by changing 
environmental pH.

Plant immune responses induced by fl g22 have previously been found to be dependent 
on environmental pH, although the mechanism has not been clarifi ed (Lee et al., 2012). 
We noti ced that, when Arabidopsis seedlings were incubated in MS growth medium with 
an initi al pH of 3.7, the plants elevated the pH of the growth medium to a pH of 5.3 and 
regained their responsiveness to fl g22 aft er 18 hours. A notable cellular event following the 
FLS2-mediated immune recogniti on of fl g22 is the rapid extracellular alkalizati on process 
(Navarro et al., 2004). It seems plausible that bacterial acidifi cati on of the root exterior 
interferes with the fl g22-induced alkalizati on process, thus preventi ng or buff ering the 
initi ati on of downstream immune signaling. Again, however, fl g22-induced CYP71A12pro:GUS 
expression is sti ll observed in the cotyledons of sid2-2 in the presence of WCS358 (data not 
shown), implying that this pH-dependent suppression only takes place in the root.

Many fungi modulate the pH of their environment by secreti ng organic acids, ammonia 
or regulatory pepti des and modulati on of environmental pH is oft en required by pathogenic 
fungi to conquer their hosts (Masachis et al., 2016; Vylkova, 2017). Notably, GA-mediated 
acidifi cati on was found to regulate the expression of virulence factors in the apple pathogen 
Penicillium expansum, thus enhancing its aggressiveness (Barad et al., 2016). Despite the 
fact that also rhizobacteria are commonly found to aff ect environmental pH (Fender et 
al., 2012; Cheng et al., 2015; Poitout et al., 2017), litt le is known about the functi on of this 
process in modulati ng host immune responses. Although several studies have shown that 
acti vati on of root immune responses impaired the establishment of benefi cial associati ons 
with endophyti cally living microbes (Jacobs et al., 2011; Lopez-Gomez et al., 2012), there is 
litt le evidence showing that root immune suppression is required for rhizosphere microbes 
to achieve successful colonizati on. In this study, we found that one mutant that failed to 
suppress fl g22-induced root immune responses, pqqF::Tn5, had lost its ability to colonize 
Arabidopsis rhizosphere. However, the other mutant, cyoB::Tn5, was not signifi cantly 
aff ected in rhizosphere competence, although it also failed to suppress fl g22-induced root 
immune responses. It could be argued that this is because of the residual GA producti on 
by this mutant. It is likely that in the rhizosphere the microbial regulati on of GA and 2-KGA 
producti on is diff erent from that of bacteria growing in vitro. It is known that e.g. under 
conditi ons of phosphate stress or conditi ons when glucose is the sole source of carbon, 
Pseudomomas puti da KT2440 produces more GA in a PQQ-dependent manner to assist 
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phosphate uptake (An and Moe, 2016). Specific rhizosphere conditions might therefore 
determine to what extent each mutant can still suppress root immune responses. We 
speculate that root immune responses activated by pqqF::Tn5 limited the initial attachment 
and early accumulation of the mutant on the root surface, whereas the suppressed root 
immune responses allowed the proliferation of the wild-type. Alternatively, pqqF::Tn5 
could be impaired in its rhizosphere competence and be outcompeted by other microbes. 
However, the fact WCS358 and its derivatives survive equally well in unplanted soil, 
indicates that the plants are favoring wild-type WCS358 over pqqF::Tn5 in the rhizosphere. 
To demonstrate that it is the activation of root immune responses that affect the rhizosphere 
colonization by pqqF::Tn5, we are currently investigating the colonization by WCS358 and 
its derivatives on immune-deficient Arabidopsis mutants.

In addition to Pseudomonas spp., we found that representatives of several bacterial 
genera, isolated from the Arabidopsis rhizosphere, can suppress flg22-induced root immune 
responses. This indicates that the ability to quench root immune responses is shared 
among a taxonomically-diverse group of microbes, but it is not ubiquitous. However, we 
also observed that some rhizobacteria strongly elicit root immune responses, indicating 
that MAMPs derived from these bacteria trigger immune responses and these bacteria 
are not able to suppress them. It is not clear how those rhizobacteria are affected by the 
root immune responses triggered by themselves. Moreover, in a natural situation, roots are 
colonized by a plethora of different microbes simultaneously and it is intriguing to speculate 
how microbe-suppressed immune responses affect the non-suppressing organisms in close 
proximity of the suppressing organism. Plants can shape the composition and functions of 
their root microbiome via the immune system (Mendes et al., 2011; Carvalhais et al., 2013; 
Carvalhais et al., 2015; Lebeis et al., 2015; Castrillo et al., 2017; Berendsen et al., 2018; 
Yuan et al., 2018). For example, selected members of the root microbiome can protect 
plants against pathogen attack and enhance phosphate stress responses as well as iron 
deficiency responses (Mendes et al., 2011; Zamioudis et al., 2015; Castrillo et al., 2017; 
Verbon et al., 2017; Berendsen et al., 2018). Intriguingly, Arabidopsis plants were found 
to coordinate their investments in different microbiome functions and for instance to 
prioritize phosphate stress responses over immune responses through the activity of PHR1, 
a transcription factor positively regulating nutritional stress while negatively regulating 
immunity (Castrillo et al., 2017; Bakker et al., 2018). This interplay between immune 
responses and nutritional stress was also observed for plants growing in the presence of 
beneficial rhizobacteria (Zamioudis et al., 2015). Specific members of the root microbiome 
activate MYB72, a transcription factor involved in both the ISR signaling and iron deficiency 
responses (Van der Ent et al., 2008; Zamioudis et al., 2014; Zamioudis et al., 2015; Verbon 
et al., 2017). Since the rhizosphere is a MAMP-rich environment, the tight regulation of root 
immune responses is vital to avoid constitutive activation of immunity. Thus, the health of 
a plant may be the result of balanced regulation of the root immune responses by different 
members in the microbiome, as well as the controlled investment of energy based on 
nutrition and immune conditions.

MAteriALS And MethodS

plant materials

In this study, we used the Arabidopsis thaliana wild-type accessions Col-0 and Ws-0, and 
Col-0 mutant fls2 (Gomez-Gomez and Boller, 2000). Additionally, we used GUS reporter 
lines CYP71A12pro:GUS, MYB51pro:GUS and WRKY11pro:GUS in Col-0 background, and 
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CYP71A12pro:GUS in the background of Col-0 mutants sid2-2, npr1-1, jar1-1 and jin1-7 
(Millet et al., 2010). All Arabidopsis GUS reporter lines were kindly provided by Dr. Frederick 
M. Ausubel (Harvard Medical School, Boston, MA). For experiments performed in vitro, 
Arabidopsis seeds were surface sterilized for 4 hours with chlorine gas in a bell jar containing 
a beaker fi lled with 100 ml bleach and 3.2 ml 37% HCl. Surface-sterilized seeds were left  
in the fl ow cabinet for an additi onal 2 hours to clear the chlorine gas. For all experiments, 
Arabidopsis seeds were incubated at 4°C for a 2-day strati fi cati on before being moved to the 
plant growth chambers (Van Wees et al., 2013).

Mutant library generation

A mini-Tn5 transposon inserti on mutant library for P. capeferrum WCS358 was generated 
through triparental mati ng using donor strain Escherichia coli CC118λpir harboring pBAM1 
and helper strain E. coli HB101 harboring pRK600 (Marti nez-Garcia et al., 2011), both 
kindly provided by Dr. Víctor de Lorenzo (Centro Nacional de Biotecnología, Madrid, Spain). 
The donor and helper strains were inoculated in liquid Luria-Bertani medium (LB, 10 g l-1 
of tryptone, 5 g l-1 of yeast extract and 5 g l-1 of NaCl) supplemented with 150 μg ml-1 of 
ampicillin or 30 μg ml-1 of chloramphenicol, respecti vely. The recipient strain WCS358 was 
inoculated in liquid King’s medium B (KB; King et al., 1954) supplemented with 150 μg ml-1 
of rifampicin. All three bacteria were incubated in a shaker at 180 rpm at 37°C (for donor 
and helper) or 28°C (for recipient) for 16 h. Bacterial cultures were pelleted by centrifuging 
at 3500 g for 5 min, gently washed and resuspended in 10 mM MgSO4. This pellet-wash-
resuspend step was repeated three ti mes and then the bacterial suspension was adjusted 
to a fi nal OD660 of 10. The donor, helper and recipient strains were mixed in a 1:1:1 rati o to a 
total volume of 3 ml. 750 µl of the mixture was vacuum fi ltered through a 0.2 μm Millipore 
fi lter (Merck KGaA, Darmstadt, Germany) and 4 of these fi lters were placed on a pre-
warmed plate (30°C) fi lled with agar-solidifi ed LB medium for 18 h at 30°C. The fi lters were 
then transferred to 4 ml 10 mM MgSO4 and vortexed for 30 s to resuspend the bacteria. The 
bacterial suspension was dispensed to 50 μl aliquots and stored at -80°C. To select individual 
mutant colonies, each aliquot was diluted in 1 ml LB medium and then 50 μl of the diluti on 
was plated on agar-solidifi ed LB medium supplemented with 150 μg ml-1 of rifampicin, 50 μg 
ml-1 of kanamycin and 100 μg ml-1 of nalidixic acid. The plates were incubated at 28°C for 48 
h and single colonies were selected.

Bacterial cultures and culture filtrates

P. simiae WCS417 and P. capeferrum WCS358 were inoculated in liquid KB supplemented 
with 150 μg ml-1 of rifampicin and incubated at 28°C for 16 h. Bacterial strains from a 
collecti on of rhizobacteria isolated from Arabidopsis roots (Berendsen et al., 2018) were 
inoculated in 1/10 strength liquid trypti c soy broth and incubated at 20°C for 48 h. Bacterial 
strains from the mutant library were inoculated on agar-solidifi ed KB plates supplemented 
with 150 μg ml-1 of rifampicin, 50 μg ml-1 of kanamycin and 100 μg ml-1 of nalidixic acid 
and incubated at 28°C for 24 h and then the bacteria were scraped off  the plates into 10 
mM MgSO4. Before usage, fresh bacterial cultures were pelleted by centrifuging at 3500 g 
for 5 min, gently washed and resuspended in 10 mM MgSO4. This pellet-wash-resuspend 
step was repeated three ti mes aft er which the bacterial suspension was adjusted to the 
desired density based on OD660. Bacterial suspensions were directly used in experiments or 
the preparati on of culture fi ltrates.

Root exudates were collected from 10-day-old Col-0 seedlings growing in 12-well 
microti ter plates placed in a plant growth chamber simulati ng long-day conditi ons (21°C, 
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16 h light/8 h dark, light intensity 100 μmol m-2 s-1). Each well contained 10 to 12 seeds 
and was filled with 1 ml Murashige and Skoog medium (Murashige and Skoog, 1962) 
supplemented with 0.5 g l-1 of MES monohydrate and 5 g l-1 of sucrose (MS medium). The 
pH of MS medium was adjusted to 5.7 with KOH. The collected root exudates were filtered 
through 0.2 μm Millipore filters (Merck KGaA, Darmstadt, Germany). Bacterial culture 
filtrates were collected from 22-h old bacterial cultures growing in 12-well microtiter plates 
placed in a plant growth chamber simulating long-day conditions as described (Millet et al., 
2010). Each well was filled with 1 ml root exudates and inoculated with bacteria at an initial 
density of OD660 = 0.002. The bacterial cultures were then filtered through 0.2 μm Millipore 
filters (Merck KGaA, Darmstadt, Germany). The heated-culture filtrates were prepared by 
heating the culture filtrates for 1 h at 100°C.

visualization of root immune responses

All flg22 peptides (GenScript, Piscataway, NJ) were prepared in Milli-Q water (Milliport Corp., 
Bedford, MA) as 100 μM stock solutions. To visually assess GUS activity in the roots, seeds 
of Arabidopsis transgenic lines were sown in 12-well microtiter plates. Each well contained 
10 to 12 seeds and was filled with 1 ml MS medium. Seeds were allowed to germinate and 
grow in a plant growth chamber simulating long-day conditions. 100 nM flg22 was added 
to the growth medium of 10-day-old Arabidopsis seedlings in 12-well microtiter plates. GUS 
histochemical staining assays were performed at 3 h (for MYB51pro:GUS and WRKY11pro:GUS) 
or 5 h (for CYP71A12pro:GUS) after flg22 treatment as described (Millet et al., 2010). The 
assay to determine the growth-inhibiting effect of flg22 was performed as described with 
modifications (Navarro et al., 2008). Seeds of Col-0, fls2 or Ws-0 were sown in 12-well 
microtiter plates. Each well contained 2 seeds and was filled with 1 ml MS medium. After 
5 days, 100 nM flg22 epitopes derived from P. aeruginosa PAO1, P. simiae WCS417 or P. 
capeferrum WCS358 (flg22Pa, flg22417, or flg22358) were added to the growth medium of 
5-day-old Arabidopsis seedlings and the weight of the seedlings was weighed at 7 days after 
flg22 treatment.

root immune suppression by live bacteria

To assess the immune suppression ability of live bacteria, rhizobacterial strains were pre-
inoculated to the growth medium of 9-day-old Arabidopsis seedlings in 12-well microtiter 
plates to a final density of OD660 = 0.002 and 100 nM flg22 was added to the growth medium 
after 18 hours. GUS histochemical staining assays were performed at 3 h (for MYB51pro:GUS 
and WRKY11pro:GUS) or 5 h (for CYP71A12pro:GUS) after flg22 treatment (Millet et al., 2010).

root immune suppression by bacterial culture filtrates

To assess the immune suppression ability of bacterial culture filtrates, culture filtrates 
or heat-treated culture filtrates were used to replace the growth medium of 10-day-old 
Arabidopsis transgenic line CYP71A12pro:GUS seedlings in 12-well microtiter plates and 100 
nM flg22 was added to bacterial culture filtrates after 1.5 hours (Millet et al., 2010). GUS 
histochemical staining assays were performed at 5 h after flg22 treatment.

Mutant library screening

To screen the bacterial mutant library, seeds of Arabidopsis transgenic line CYP71A12pro:GUS 
were sown in 96-well microtiter plates. Each well contained 1 seed and was filled with 200 
μl MS medium. Seeds were allowed to germinate and grow in a plant growth chamber 
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simulati ng long-day conditi ons. Live bacteria were pre-inoculated to the growth medium 
of 9-day-old Arabidopsis seedlings to a fi nal density of OD660 = 0.002 and 100 nM fl g22 
was added to the growth medium aft er 18 hours. GUS histochemical staining assays were 
performed at 5 h aft er fl g22 treatment. To assess the growth of selected putati ve mutants 
in root exudates, bacterial suspension was inoculated in 96-well microti ter plates containing 
200 μl root exudates per well, at an initi al bacterial density at OD660 = 0.002. Bacterial 
densiti es were assessed at 0 and 24 h aft er inoculati on, by plati ng serial diluti ons on agar-
solidifi ed KB plates supplemented with anti bioti cs as described above. The plates were 
incubated at 28°C for 24 h and numbers of colony-forming units (CFU) were determined.

Mapping transposon insertions

Arbitrary PCR was used to determine the localizati on of transposon inserti ons using primers 
described previously (Marti nez-Garcia et al., 2011). Bacterial mutants of interest were 
inoculated in liquid LB medium supplemented with 150 μg ml-1 of rifampicin, 50 μg ml-1 of 
kanamycin and 100 μg ml-1 of nalidixic acid and then incubated at 28°C for 24 hours. Genomic 
DNA of the mutants was isolated from bacterial cultures using GenElute™ Bacterial Genomic 
DNA Kits (Sigma-Aldrich, Inc., St. Louis, MO). Bacterial genomic DNA was diluted in Milli-Q 
water (Milliport Corp., Bedford, MA) to 10 ng μl-1 and then 1 μl was used as the template in 
the fi rst PCR reacti on. The 50 μl PCR reacti on mixture contained the following components: 
1X DreamTaq Buff er (Thermo Fisher Scienti fi c Inc., Waltham, MA), 0.2 mM dNTP Mix (Thermo 
Fisher Scienti fi c Inc., Waltham, MA), 0.2 μM primer ARB6, 0.2 μM primer ME-O-extF, 1 μl 
template, 1.25 u DreamTaq DNA Polymerase (Thermo Fisher Scienti fi c Inc., Waltham, MA), 
0.6 μl DMSO and Milli-Q water (Milliport Corp., Bedford, MA). The PCR was performed on a 
C1000 Touch™ Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA) using the thermal 
cycling conditi ons as follows: 5 min at 95°C for initi al denaturati on; 6 cycles of 30 s at 95°C, 
30 s at 30°C, 1.5 min at 72°C; 30 cycles of 30 s at 95°C, 30 s at 45°C, 1.5 min at 72°C; followed 
by an extra extension of 4 min at 72°C. Then, 2 μl PCR product from the fi rst PCR was used 
as the template in the second PCR reacti on. The 50 μl PCR reacti on mixture contained the 
following components: 1X DreamTaq Buff er, 0.2 mM dNTP Mix, 0.2 μM primer ARB2, 0.2 
μM primer ME-O-intF, 2 μl template, 1.25 u DreamTaq DNA Polymerase, 0.6 μl DMSO and 
Milli-Q water. The PCR was performed using the thermal cycling conditi ons as follows: 1 
min at 95°C for initi al denaturati on; 30 cycles of 30 s at 95°C, 30 s at 52°C, 1.5 min at 72°C; 
followed by an extra extension of 4 min at 72°C. The product from the second PCR round 
was purifi ed with Agencourt AMPure XP beads (Beckman Coulter, Inc, Indianapolis, IN) and 
sequenced using ME-O-intF primer (Macrogen, Inc., Seoul, South Korea). Sequencing results 
were analyzed in CLC Main Workbench (QIAGEN, Venlo, The Netherlands).

detection of gA and 2-KgA

GA and 2-KGA concentrati ons in bacterial culture fi ltrates were determined using ultra-
performance liquid chromatography - mass spectrometry (UPLC-MS). Compounds were 
separated on a Waters Acquity UPLC BEH Amide Column (130Å, 1.7 μm parti cle size, 2.1 
mm X 50 mm) by an Acquity UPLC system (Waters, Milford, MA, USA). The mobile phase 
A was 90% water, 10% acetonitrile, 0.1% formic acid and the mobile phase B was 100% 
acetonitrile, 0.1% formic acid. All soluti ons were ULC/MS grade (Biosolve B.V., Valkenswaard, 
The Netherlands). The gradient was set from 10% to 90 % with a fl ow rate of 0.25 ml min-1. 
The run ti me was 6 min and the inject volume was 1 μl. Mass spectrometric detecti on was 
performed in negati ve ionizati on mode m/z 50 – 1250 and SIR of 2 channels m/z 193 and 
m/z 195 on a Waters Acquity QDa detector (Waters, Milford, MA, USA). GA and 2-KGA was 
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quantified by peak area obtained from standards for D-Gluconic acid sodium salt (Sigma-
Aldrich, Inc., St. Louis, MO) and 2-Keto-D-gluconic acid hemi-calcium salt hydrate (Sigma-
Aldrich, Inc., St. Louis, MO).

effect of ph on root immune responses

The pH-adjusted root exudates or MS medium were prepared using 10% HCl or 10% 
D-gluconic acid to adjust the pH of root exudates or MS medium to 3.7 or other desired 
pH. To assess the effect of pH on flg22-induced CYP71A12pro:GUS expression, pH-adjusted 
root exudates or MS medium, both were used to replace the growth medium of 9-day-
old Arabidopsis seedlings in 12-well microtiter plates and 100 nM flg22 was added to pH-
adjusted root exudates after 18 hours. Alternatively, pH-adjusted root exudates or MS 
medium were used to replace the growth medium of 10-day-old Arabidopsis seedlings and 
100 nM flg22 was added to pH-adjusted root exudates at the same time. GUS histochemical 
staining assays were performed at 5 h after flg22 treatment.

Growth promotion assay

To assess bacterial growth-promoting activity, seeds of Col-0 were sown on square Petri 
dishes. Each plate contained 30 seeds and was filled with 50 ml agar-solidified MS medium. 
Seeds were allowed to germinate and grow in a plant growth chamber simulating short-day 
conditions (21°C, 10 h light/14 h dark, light intensity 100 μmol m-2 s-1) for 5 days. The seedlings 
were then transferred to new square Petri dishes. Each plate contained 15 seedlings and 
was filled with 50 ml agar-solidified modified Hoagland medium (5 mM KNO3, 2 mM MgSO4, 
2 mM Ca(NO3)2, 2.5 mM KH2PO4, 70 μM H3BO3, 14 μM MnCl2, 1 μM ZnSO4, 0.5 μM CuSO4, 10 
μM NaCl, 0.2 μM Na2MoO4, 4.7 mM MES, 50 μM Fe(III)EDTA) supplemented with 14.7 g l-1 of 
sucrose. The pH of MS medium was adjusted to 5.5 with KOH. After 7 days, 10 μl bacterial 
suspension with an OD660 = 0.1 was inoculated directly below the hypocotyls of Arabidopsis 
seedlings as described (Zamioudis et al., 2015). Shoot fresh weight and numbers of lateral 
roots were recorded at 6 days after bacterial inoculation.

rhizosphere colonization assay

To assess bacterial rhizosphere colonization, Arabidopsis seeds were sown on river sand 
saturated with modified half-strength Hoagland solution (Van Wees et al., 2013). The seeds 
were allowed to germinate and grow in a plant growth chamber simulating short-day 
conditions for 12 days. Bacterial suspensions were mixed into a potting soil-sand mixture 
at an initial bacterial density of approximately 4.5´104 cfu g-1 soil as described (Pieterse et 
al., 1996). Arabidopsis seedlings were then transferred to 60-ml pots containing soil pre-
inoculated with bacteria. Unplanted bulk soil samples as well as rhizosphere plus root 
samples were harvested at 0 and 14 days after transplanting. All samples were placed in 
2-ml pre-weighed Eppendorf tubes containing 3 glass beads, weighed and suspended in 1 ml 
10 mM MgSO4 using TissueLyser II (QIAGEN, Venlo, The Netherlands) with a frequency of 30 
beats per second. Bacterial densities were assessed by plating serial dilutions of the samples 
on agar-solidified KB supplemented with 150 μg ml-1 rifampicin, 50 μg ml-1 ampicillin, 13 μg 
ml-1 chloramphenicol and 100 μg ml-1 Delvocid (DSM, Heerlen, The Netherlands). The plates 
were incubated at 28°C for 24 h and numbers of CFU were determined.
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guS histochemical staining assay

The growth medium of Arabidopsis seedlings was replaced with an equal amount of freshly-
prepared GUS substrate soluti on (50 mM sodium phosphate with a pH at 7, 10 mM EDTA, 
0.5 mM K4[Fe(CN)6], 0.5 mM K3[Fe(CN)6], 0.5 mM X-Gluc, and 0.01% Silwet L-77) as described 
(Millet et al., 2010). Plates were incubated in the dark at room temperature for 16 h (Pel, 
2013). The GUS substrate soluti on was subsequently replaced with 96% ethanol and ethanol 
was refreshed aft er 24 h. Arabidopsis seedlings were then cleared in a soluti on of chloral 
hydrate: glycerol: water (8: 1: 2, v/v/v) as described (Zamioudis et al., 2015) and pictures 
were taken using an Axioskop 2 stereo microscope (Zeiss, Jena, Germany) with a Lumenera 
Inifi nity 1 camera (Lumenera Corporati on, Ott awa, ON) and the soft ware Image-Pro Insight 
9.1 (Media Cyberneti cs, Inc, Rockville, MD).

statistics

Analysis of variance in all experiments was performed using GraphPad Prism 7 (GraphPad 
Soft ware, La Jolla, CA).
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aBstraCt
Plant roots nurture a tremendous diversity of microbes via exudati on of photosyntheti cally 
fi xed carbon sources. In turn, probioti c members of the root microbiome promote plant 
growth and protect the host plant against pathogens and pests. In the Arabidopsis thaliana-
Pseudomonas simiae WCS417 model system, the root-specifi c transcripti on factor MYB72 
and the MYB72-controlled β-glucosidase BGLU42 emerged as important regulators of 
benefi cial rhizobacteria-induced systemic resistance (ISR) and iron uptake responses. 
MYB72 regulates the biosynthesis of iron-mobilizing fl uorescent phenolic compounds 
aft er which BGLU42 acti vity is required for their excreti on into the rhizosphere. Metabolite 
fi ngerprinti ng revealed the anti microbial coumarin scopoleti n as a dominant metabolite 
that is produced in the roots and excreted into the rhizosphere in a MYB72- and BGLU42-
dependent manner. Shotgun-metagenome sequencing of root-associated microbiota 
of Col-0, myb72, and the scopoleti n biosynthesis mutant f6’h1 showed that scopoleti n 
selecti vely impacts the assembly of the microbial community in the rhizosphere. We show 
that scopoleti n selecti vely inhibits the soil-borne fungal pathogens Fusarium oxysporum and 
Verti cillium dahliae, while the growth-promoti ng and ISR-inducing rhizobacteria P. simiae 
WCS417 and Pseudomonas capeferrum WCS358 are highly tolerant to the anti microbial 
eff ect of scopoleti n. Collecti vely, our results demonstrate a role for coumarins in microbiome 
assembly and point to a scenario in which plants and probioti c rhizobacteria join forces to 
trigger MYB72/BGLU42-dependent scopolin producti on and scopoleti n excreti on, resulti ng 
in improved niche establishment for the microbial partner and growth and immunity 
benefi ts for the host plant.

introduCtion
Plant roots exude a signifi cant proporti on of their photosyntheti cally fi xed carbon into 
the rhizosphere (Bais et al., 2006). As a result, the rhizosphere nurtures one of the richest 
microbial ecosystems on Earth. The microbial community that inhabits the root-soil 
interface contains up to 1011 microbial cells per gram of root and collecti vely represents 
the root microbiome (Mendes et al., 2011; Berendsen et al., 2012). Root exudates greatly 
infl uence the compositi on of the root microbiome, a phenomenon called the rhizosphere 
eff ect (Berendsen et al., 2012; Bulgarelli et al., 2013). Besides detrimental pathogens, the 
root microbiome also harbors benefi cial members that promote plant growth or sti mulate 
plant health (Berendsen et al., 2012; Hacquard et al., 2017). Such mutualisti c microbes 
serve plants in acquiring water and nutrients, in fi xing nitrogen, in suppressing soil-borne 
pathogens, or in sti mulati ng plant immunity (Berendsen et al., 2012; Bulgarelli et al., 2013). 

Selected plant growth-promoti ng rhizobacteria (PGPR) can trigger an induced systemic 
resistance (ISR) that is eff ecti ve against a broad range of foliar pathogens and even insect 
herbivores (Pieterse et al., 2014). ISR is well-studied in the interacti on between Arabidopsis 
thaliana (hereaft er Arabidopsis) and the PGPR Pseudomonas simiae WCS417 (hereaft er 
WCS417; Berendsen et al., 2015). WCS417-ISR in Arabidopsis functi ons independently 
of the defense hormone salicylic acid (SA), but instead requires a functi onal response 
to the plant hormones ethylene and jasmonic acid (JA; Pieterse et al., 1998; Pieterse et 
al., 2014). In the absence of a pathogen, WCS417-ISR-expressing leaves do not display 
abundant transcripti onal changes (Verhagen et al., 2004). However, upon pathogen or 
insect att ack, ISR-expressing leaves develop an accelerated, primed defense response that 
is associated with enhanced resistance (Verhagen et al., 2004; Pozo et al., 2008; Marti nez-
Medina et al., 2016). In contrast to foliar ti ssues, WCS417-colonized roots show abundant 
transcripti onal changes (Verhagen et al., 2004; Pozo et al., 2008; Zamioudis et al., 2014; 
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Stringlis et al., 2018a). Amongst the WCS417-induced genes, the root-specific R2R3-type 
MYB transcription factor gene MYB72 emerged as a central regulator of the onset of ISR 
(Verhagen et al., 2004; Van der Ent et al., 2008). MYB72 is also induced in Arabidopsis roots 
in response to colonization by the ISR-inducing fungi Trichoderma asperellum T-34 and 
Trichoderma harzianum T-78 (Martinez-Medina et al., 2017). Knockout myb72 mutants are 
unable to mount ISR upon colonization of the roots by WCS417 or T. asperellum T-34 (Van 
der Ent et al., 2008; Segarra et al., 2009), suggesting that MYB72 plays a central role in the 
regulation of ISR triggered by different root-associated beneficial microbes. Downstream 
of MYB72 action, the β-glucosidase BGLU42 was identified as an important player in the 
onset of ISR (Zamioudis et al., 2014). Constitutive overexpression of BGLU42 resulted in 
enhanced systemic disease resistance against Botrytis cinerea, Pseudomonas syringae, and 
Hyaloperonospora arabidopsidis, while mutant bglu42 was blocked in the ability to mount 
WCS417-ISR.

Besides being essential for the onset of ISR, MYB72 emerged as an integral part of the 
plant’s adaptive strategy to iron deficiency. Together with its closest paralog MYB10, MYB72 
is essential for plant survival in alkaline soils where iron availability is largely restricted 
(Palmer et al., 2013). Under iron-limiting conditions, MYB72 is strongly induced in the roots 
of Arabidopsis as part of a set of coordinated responses that boost iron mobilization and 
uptake from the soil environment, collectively referred to as the Strategy I iron deficiency 
response (Colangelo and Guerinot, 2004; Kobayashi and Nishizawa, 2012). The core of this 
response consists of rhizosphere acidification by the activity of the H+-ATPase AHA2 (Santi 
and Schmidt, 2009), which increases the concentration of soluble ferric iron (Fe3+). Fe3+ 
is subsequently reduced to ferrous iron (Fe2+) by FERRIC REDUCTION OXIDASE2 (FRO2), 
after which it is transported from the soil environment into root cells via IRON-REGULATED 
TRANSPORTER1 (IRT1; Eide et al., 1996; Robinson et al., 1999). The bHLH transcription 
factor FIT (FER-LIKE IRON DEFICIENCY TRANSCRIPTION FACTOR) is a central regulator of the 
iron uptake response (Colangelo and Guerinot, 2004) and also regulates the expression of 
MYB72 (Zamioudis et al., 2015).

During iron deprivation, plant roots exude a whole suite of secondary metabolites into 
the rhizosphere, which aids in the mobilization and uptake of iron. These metabolites 
include phenolics, organic acids, flavins, and flavonoids (Rodríguez-Celma et al., 2013; 
Fourcroy et al., 2014; Schmid et al., 2014). In Arabidopsis roots, MYB72 is required for 
the biosynthesis of iron mobilizing fluorescent phenolic compounds, while β-glucosidase 
BGLU42 is important for their subsequent excretion into the rhizosphere (Zamioudis et 
al., 2014). These so-called coumarins are synthesized in the phenylpropanoid pathway via 
FERULOYL-COA 6-HYDROXYLASE1 (F6’H1) and excreted into the rhizosphere by the iron 
deficiency–regulated ABC transporter PLEIOTROPIC DRUG RESISTANCE9 (PDR9; Rodríguez-
Celma et al., 2013; Fourcroy et al., 2014; Schmid et al., 2014; Fourcroy et al., 2016). 
Arabidopsis knockout mutants myb72 and bglu42 are impaired in the excretion of iron-
mobilizing coumarins and in the ability to mount rhizobacteria-mediated ISR, suggesting a 
mechanistic link between the iron deficiency response and plant immunity (Zamioudis et 
al., 2014; Verbon et al., 2017).

Interplay between plant immunity and adaptive plant responses to nutrient deficiencies 
is also reported for the phosphate starvation response (Castrillo et al., 2017). Interestingly, 
phosphate-starved plants release metabolites into the rhizosphere that are also exuded 
during conditions of iron deficiency (Ziegler et al., 2016; Tsai and Schmidt, 2017a). Plants 
responding to changes in their biotic or abiotic environment show changes in root 
exudation (Dakora and Phillips, 2002; Carvalhais et al., 2013), which in turn affects the 
composition of the root microbiome (Bais et al., 2006). Likewise, mutations in defense and 
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phosphate starvati on signaling pathways signifi cantly impact the compositi on of the root-
associated microbial community (Carvalhais et al., 2015; Lebeis et al., 2015; Castrillo et al., 
2017). Collecti vely the picture is emerging that components of the plant immune system 
and the plant’s adapti ve response to nutrient starvati on are interlinked in infl uencing the 
assembly of the root-associated microbiome and vice versa (Bakker et al., 2018). However, 
the molecular mechanisms and the ecological and evoluti onary advantage of this apparent 
relati onship are largely unknown. 

Because MYB72 is an essenti al regulator of 1) the onset of ISR by benefi cial members 
of the root microbiome and 2) the excreti on of iron-mobilizing coumarins into the 
rhizosphere, we set out to investi gate the identi ty of the MYB72-dependent metabolites 
that are excreted into the rhizosphere and their impact on the root-associated microbiome. 
We performed metabolite fi ngerprinti ng analysis of root extracts and exudates of wild-
type Col-0 and mutant myb72 and bglu42 plants. We identi fi ed the coumarin scopoleti n as 
a major metabolite that is produced and excreted into the rhizosphere in a MYB72-BGLU42-
dependent manner. Scopoleti n possesses anti microbial acti vity (Gnonlonfi n et al., 2012) 
and was previously linked to disease resistance in diff erent plant species (Kim et al., 2000; 
El Oirdi et al., 2010; Sun et al., 2014). Metagenome analysis of microbiota associated with 
roots of Col-0 plants and roots of the scopoleti n biosynthesis mutant f6’h1 shows that this 
anti microbial and iron-mobilizing coumarin impacts the assembly of the root-associated 
microbiome. We further show that scopoleti n selecti vely inhibits growth of two soil-borne 
fungal pathogens in vitro, but has litt le or no eff ect on growth of two benefi cial ISR-inducing 
rhizobacteria. Collecti vely, our results suggest that MYB72-BGLU42-mediated producti on 
and excreti on of scopoleti n favors the interacti on between plant roots and probioti c 
members of the root microbiome.

reSuLtS

Metabolite fingerprinting of root exudates 

In Arabidopsis roots, MYB72 and BGLU42 are both required for the onset of rhizobacteria-
mediated ISR. Moreover, MYB72 is required for the biosynthesis of iron mobilizing 
fl uorescent phenolic compounds, while BGLU42 has a role in their subsequent excreti on 
into the rhizosphere (Zamioudis et al., 2014). Under iron starvati on conditi ons, Col-0 roots 
exuded high quanti ti es of fl uorescent phenolic compounds (Figure 1A) and acti vated the 
iron defi ciency marker genes FRO2, IRT1, MYB72, and F6’H1 (Figure 1B). Mutant myb72 did 
not exude detectable levels of the fl uorescent compounds, while in bglu42 their exudati on 
was signifi cantly impaired, confi rming previous fi ndings (Zamioudis et al., 2014). To identi fy 
the metabolites that were synthesized and secreted from Arabidopsis roots in a MYB72- and 
BGLU42-dependent manner, we analyzed the metabolome of root exudates of wild-type 
Col-0 and mutant myb72 and bglu42 plants. Therefore, the three genotypes were grown 
under iron-suffi  cient and iron-defi cient conditi ons and the root exudates were analyzed by 
metabolite fi ngerprinti ng using UPLC-ESI-TOF-MS (Dataset S1). Filtering the data resulted 
in a set of 722 metabolite features with a false discovery rate (FDR) below 0.001. Principal 
component analysis (PCA) of the profi les of these 722 metabolite features indicates that 
the exudates of the diff erent genotypes grown under iron-suffi  cient conditi ons are similar 
(Figure 1C and S1). In contrast, the root exudates of iron-starved plants were clearly diff erent 
from those of iron-suffi  cient plants. The root exudates of iron-starved myb72 plants clearly 
separated from those of iron-starved Col-0 and bglu42 plants, indicati ng that the metabolite 
profi les of myb72 root exudates are markedly diff erent from those of Col-0 and bglu42.
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To obtain a global overview of the metabolite features and their relative abundances 
in the root exudates, we clustered the profiles of the selected 722 metabolite features by 
one-dimensional self-organizing maps (1D-SOMs; Kaever et al., 2015). 1D-SOMs organized 
the intensity profiles in 10 clusters (prototypes; Figure 1D). Analogous to the PCA plot, 
the intensity profiles of the metabolite features of Col-0, myb72 and bglu42 grown under 
iron-sufficient conditions are highly similar. For all three genotypes, the iron starvation 
treatment changed the metabolome of root exudates, which resulted mainly in increased 
signal intensities, most strikingly visible in clusters 4-7 and 9-10. Clusters 1-3 and 8 represent 
features with a rather indifferent intensity profile or with only a weak accumulation in the 
bglu42 mutant. Cluster 4 represents features that accumulated highly in exudates of Col-0 
plants, while clusters 6 and 10 show features mainly enriched in myb72 or bgu42 exudates, 
respectively. The metabolite features of clusters 5 and 9 show lower intensities for iron-
starved myb72 than for iron-starved Col-0 and blgu42. Collectively, these results indicate 

figure 1. Metabolite fingerprinting of root exudates of Col-0, myb72 and bglu42 grown under iron 
sufficient and iron starvation conditions. (a) Accumulation and secretion of fluorescent phenolic 
compounds of 20-d-old Col-0, myb72 and bglu42 plants grown in Hoagland medium with (+Fe) or 
without (-Fe) iron. Visualization of fluorescence was achieved under UV light (365 nm). Fluorescence 
intensity was quantified in a 96-well microplate reader (excitation: 360nm; emission: 528 nm) after 
removal of the seedlings from the growth medium. Different letters indicate significant differences 
(Two-way ANOVA, Tukey’s test, P < 0.05). (B) Gene expression profiles of the iron-deficiency marker 
genes FRO2, IRT1, MYB72, and F6’H1 in roots of 20-d-old Col-0 plants grown in Hoagland medium 
with (+Fe) or without (-Fe) iron, quantified by qRT-PCR. Transcript levels were normalized to that 
of reference gene PP2AA3 (At1g13320). Data are means of 3 biological replicates. Error bars 
represent SEM. Asterisks indicate significant differences between treatments (Student’s t-test, **P 
< 0.001; *P < 0.05). (C) PCA plot of root exudates of 20-d-old Col-0 (encircled in yellow), myb72 
(encircled in red) and bglu42 plants (encircled in blue) grown in Hoagland medium with (+Fe) or 
without (-Fe) iron. Data were obtained by metabolite fingerprinting (UPLC-ESI-TOF-MS analysis in 
positive and negative ionization mode) and the PCA represents the data subset after the filtering. 
(d) 1D-SOM clustering and prototype assignment of 722 high-quality metabolite features (FDR < 
0.001) derived from positive as well as negative ionization mode of the metabolite fingerprinting 
analysis. The number of features assigned to one prototype determines its width. The raw intensity 
of individual features (top panel) and prototypes (bottom panel) mostly affected by iron deficiency 
are highlighted in the red box. Heatmaps correspond to the intensity of each individual feature (top 
panel) and the average intensity of each cluster/prototype (bottom panel). Color key reflects range 
of signal intensities. Three biological replicates per treatment were used for analysis.
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that MYB72 acti vity aff ects the compositi on of the root exudate metabolite profi le under 
conditi ons in which the iron defi ciency response is acti vated.

exudation of Myb72- and bgLu42-dependent metabolites

To determine the identi ty of the MYB72- and BGLU42-dependent metabolites in the root 
exudates of iron-starved Arabidopsis plants, we generated a data subset of the metabolome 
data shown in Figure 1 containing only the metabolite fi ngerprinti ng analyses of the root 
exudates of iron-deprived Col-0, myb72, and bglu42 plants. Filtering the data of this subset 
resulted in 311 metabolite features with a FDR below 0.001 (Dataset S2). The intensity profi les 
of these 311 features were clustered by means of 1D-SOMs, resulti ng in fi ve prototypes 
(Figure 2A). Metabolite features in clusters 1, 2 and 5 showed clearly lower intensiti es 
in myb72 than in Col-0, indicati ng that the abundance of the corresponding metabolites 
increased in Col-0 root exudates in a MYB72-dependent manner. The metabolite features 
of prototype 1 showed in additi on a depleti on in bglu42, suggesti ng that the corresponding 
MYB72-dependent metabolites are excreted in a BGLU42-dependent manner.

Amongst the metabolite features that showed depleti on in the root exudates of iron-
starved myb72, the majority matched to coumarins by data base search on basis of exact 
masses comparison. Coumarins play a role in iron mobilizati on and uptake from alkaline 
substrates (Rodríguez-Celma et al., 2013; Fourcroy et al., 2014; Schmid et al., 2014). The 
intensity profi les of the coumarins scopolin, scopoleti n, esculin, esculeti n and isofraxidin 
show a strong increase in root exudates of iron-starved Col-0 (with scopoleti n being 
the most abundant one), while no increase is observed in root exudates of iron-starved 
myb72 (Figure S2). Most of the features summarized in cluster 1 (Figure 2A) are related to 
scopoleti n. The diversity of the scopoleti n-related features is caused by the intense adduct 
formati on of highly abundant scopoleti n during electrospray ionizati on. The scopoleti n non-
related features in cluster 1 showed very low signal intensiti es and inconclusive data base 
matches. High-resoluti on MS/MS analysis confi rmed the identi ty of the detected coumarins 
(Table S1). Of these excreted MYB72-dependent coumarins, only scopoleti n levels were 
reduced in the root exudates of iron-starved bglu42 plants.

Quanti fi cati on of scopolin and its aglycone scopoleti n by HPLC-DAD (Figure 2B) confi rmed 
their patt erns observed in the non-targeted metabolite fi ngerprinti ng approach (Figure S2). 
Scopoleti n accumulated to over 3 µg ml-1 in root exudates of iron-starved Col-0 plants, 
while it was undetectable or strongly reduced in root exudates of the myb72 and bglu42, 
respecti vely. Figure 2B shows that also the glycosylated form of scopoleti n, scopolin, 
accumulated in a MYB72-dependent manner in the exudates of iron-starved roots, albeit 
only to about 10% of the concentrati on of scopoleti n (compare scales of Y-axes). However, 
the bglu42 mutati on had no eff ect on the iron-starvati on-induced levels of scopolin. 
Collecti vely, these results show that scopoleti n is the major MYB72- and BGLU42-dependent 
metabolite that is secreted by roots of iron-starved Arabidopsis plants. Besides coumarins, 
also the coumarin precursor phenylalanine and the citric acid cycle components citrate, 
malate and succinate increased in abundance in root exudates of iron-starved Col-0 plants 
(Figure S2 and Table S1), confi rming previous fi ndings (Fourcroy et al., 2014). However, their 
excreti on was not dependent on MYB72 and BGLU42.

role of bgLu42 in excretion of scopoletin

BGLU42 encodes a β-glucosidase that belongs to glycoside hydrolase (GH) family 1 and 
it was previously shown that GH family 1 members BGLU21, BGLU22 and BGLU23 can 
hydrolyze scopolin, resulti ng in the producti on of scopoleti n (Ahn et al., 2010). Glycosylati on 
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figure 2. Myb72- and bgLu42-dependent metabolites in root exudates and roots of Col-0, 
myb72, and bglu42 plants. (a) 1D-SOM clustering and prototype assignment of 311 high-quality 
metabolite features (FDR < 0.001) in root exudates of iron-starved Col-0, myb72, and bglu42 plants. 
The number of features assigned to one prototype determines its width. Heatmaps correspond 
to the intensity of each individual feature (top panel) and the average intensity of each cluster/
prototype (bottom panel). Color key reflects range of signal intensities. Arrows display the position 
of scopoletin (S), esculin (e), esculetin (e) and isofraxidin (I). For details on selected metabolite 
features see Supplementary Figure S2 and Table S1. (B) HPLC-DAD quantification of scopolin and 
scopoletin in root exudates of Col-0, myb72 and bglu42 grown under iron-sufficient (+Fe) and iron-
starved (-Fe) conditions. The data are means of 3 replicates of the pooled root exudates of 50-60 
plants per replicate. Error bars represent SEM. Asterisks indicate significant differences between 
the iron conditions within a genotype (Two-way ANOVA, Sidak’s test; ****P < 0.0001; **P < 0.01; 
*P < 0.05). (C) Photographs of iron-starved Col-0, myb72, and bglu42 plants grown in 12-well plates 
with liquid Hoagland medium without iron. Visualization of fluorescent phenolic compounds was 
achieved under UV light (365 nm). (d) HPLC-DAD quantification of scopolin and scopoletin in the 
root of Col-0, myb72 and bglu42 grown under iron-sufficient and iron-starved conditions. The data 
are means of 3 replicates of the pooled root extracts of 130 plants per replicate. Error bars represent 
SEM. Asterisks indicate significant differences between the iron conditions within a genotype 
(Two-way ANOVA, Sidak’s test; ****P < 0.0001; **P < 0.01; *P < 0.05). (e) Schematic representation 
of the role of MYB72 in the production of coumarin scopolin and the activity of BGLU42 in the 
deglycosylation of scopolin and the subsequent production of the aglycone scopoletin before its 
excretion into the rhizosphere. The presented molecules were created using the website https://
www.emolecules.com.

and deglycosylation can change phenylpropanoid solubility, stability and toxic potential, and 
influence their compartmentalization and biological activity (Le Roy et al., 2016). While 
myb72 plants are blocked in the ability to produce fluorescent phenolic compounds in their 
roots, iron-starved bglu42 roots still accumulate significant amounts (Figure 2C). Hence, we 
hypothesized that if BGLU42 activity facilitates the excretion of scopoletin, then iron-starved 
bglu42 mutant plants should still accumulate the glycosylated form scopolin within their 
roots. To test this, we analyzed the metabolite profiles of the polar and non-polar extractions 
of the roots of Col-0, myb72 and bglu42 plants grown under iron-sufficient and iron-starved 
conditions by UPLC-ESI-TOF-MS (Datasets S3 and S4). Similar to what was observed for 
the root exudates, the root metabolome showed different metabolite profiles in terms of 
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iron treatment and plant genotype (Figure S1, S3A and S3B). Metabolite features related 
to coumarins were abundantly present in the polar extracts of the root, with scopolin, 
scopoleti n and esculin showing highly abundant signal intensiti es (Figure S3C, and Table S2). 
Scopolin, scopoleti n and esculin were produced within the roots in a MYB72-dependent 
manner, while BGLU42 did not negati vely impact their abundance in the roots (Figure 
2D and S3C). Scopolin even increased to higher levels in the roots of iron-starved bglu42 
plants compared to Col-0, supporti ng the noti on that BGLU42-mediated deglycosylati on of 
scopolin is impaired in this mutant. As opposed to root exudates of iron-starved Col-0 plants, 
where scopoleti n levels were about 10-fold higher than that of scopolin (Figure 2B), within 
the root of iron-starved Col-0 plants scopoleti n levels were over 25-fold lower than those 
of scopolin (Figure 2D). Collecti vely, these results indicate that roots of iron-starved Col-0 
plants produce scopolin and scopoleti n in a MYB72-dependent manner and that BGLU42 
acti vity is important for the deglycosylati on of scopolin and the subsequent excreti on of the 
aglycone scopoleti n into the rhizosphere (Figure 2E). 

In additi on to the polar fracti on, we also analyzed the non-polar fracti on of the root 
extracts (Dataset S4 and Figure S3B). Metabolite fi ngerprinti ng yielded a rich source of 
metabolite features with either MYB72- or BGLU42-dependent patt erns. However, because 
none of them was impaired in both the myb72 and the bglu42 mutant background, they are 
not further described in this study. 

effect of scopoletin on rhizosphere microbiome assembly 

Previously, coumarin derivati ves were shown to possess anti microbial acti vity (Gnonlonfi n 
et al., 2012). Becau se benefi cial ISR-inducing members of the root microbiome induce 
MYB72 and coumarin biosynthesis genes upon colonizati on of the roots (Zamioudis et al., 
2014), we hypothesized that coumarins may play a role in shaping the microbial community 
in the rhizosphere. To investi gate the eff ect of MYB72-dependent coumarins, in parti cular 
scopoleti n, on the compositi on of the root-associated microbial community, we analysed 
the root-associated microbiomes of Col-0 and myb72, and the scopoleti n biosynthesis 
mutant f6’h1 (Kai et al., 2008; Schmid et al., 2014). Arabidopsis seedlings were grown in vitro 
under iron-suffi  cient or iron-starved conditi ons to verify their coumarin-exudati on status at 
the start of the experiment. As expected, iron-starved Col-0 seedlings abundantly exuded 
fl uorescent phenolic compounds, while myb72 and f6’h1 seedlings did not (Figure 3A). 
Subsequently, the plants were transplanted into natural Reijerscamp soil (Berendsen et al., 
2018) that was limed to maintain iron limitati on and diff erenti al coumarin excreti on patt erns. 
At the moment of transplanti ng, MYB72, FRO2 and IRT1 were strongly induced in the roots 
of iron-starved Col-0 seedlings (Figure 3B). Their induced expression levelled off  over ti me 
but was sti ll detectable at day 3 aft er transplanti ng. In this experimental setup, diff erences 
in iron availability of the Col-0 seedlings aft er transplanti ng to the natural Reijerscamp soil 
had no major eff ect on the expression of the root immunity marker gene CYP71A12, the 
glucosinolate biosynthesis genes CYP79B2 and CYP79F2, and the pathogenesis-related 
protein gene PR3 (Figure S4). Hence, potenti al diff erences in microbiome compositi on are 
not likely the result of diff erences in basal root defenses. Next, we analyzed the microbiota 
associated with roots of iron-starved Col-0, myb72, and f6’h1 plants that were grown in 
limed soil for 3 d. As a control, we characterized the root microbiota of Col-0 plants that 
were pre-grown under iron-suffi  cient conditi ons. Day 3 aft er transplanti ng was chosen 
because enhanced expression levels of MYB72, FRO2, and IRT1 were sti ll detectable at 
that ti me point (Figure 3B), and phenolics excreted by the roots can reside in the soil for 
several days (Mimmo et al., 2014). To analyze the eff ect of MYB72 and F6’H1 acti vity on 
the compositi on of the root microbiome, genomic DNA of the root-associated microbiota 



Chapter 3

48

was subjected to shotgun metagenome sequencing. Per sample, Illumina NextSeq 500 
sequencing yielded between 52.4 and 108.7 million (M) paired-end reads with a length of 
150 bp (Table S3). For the analysis of the metagenomes we followed a classification-first 
approach using Kaiju, a program that estimates sequence similarity of metagenomic reads 
with reference prokaryotic and eukaryotic microbial protein databases (Menzel et al., 2016). 
For the root samples, Kaiju classified 28-32% of the reads at genus level to Arabidopsis and 
21-24% of the reads to microbiota in the reference database (Table S3). For the bulk soil 
samples, a very small number of reads compared to the total sample reads were classified 
to Arabidopsis (sample “B1”: 10995 / 0.03%; sample “B2”: 3534 / 0.01%; sample “B3”: 2802 
/ 0.01%), while 37% matched with microbiota in the reference database. For all samples, 
between 45 to 60% of the reads couldn’t be classified at genus level.

Genus level classification using publicly available taxonomy databases as reference 
(Federhen, 2012) allowed us to track shifts in higher taxonomic ranking between the root-
associated microbiota and those assembled in the unplanted soil (Figure S5A and S5B). 
Taxonomic classification at the genus level resulted in the assignment of reads to 4,046 

figure 3. Metagenome analysis of bulk soil and root-associated microbiomes of Col-0, myb72, 
and f6’h1 plants. (a) Excretion of fluorescent phenolic compounds by 26-d-old Col-0, myb72 
and f6’h1 plants grown in Hoagland medium with (+Fe) or without (-Fe) iron. Visualization of 
fluorescence was achieved under UV light (365 nm). (B) Gene expression profiles of MYB72 and 
the iron-deficiency marker genes FRO2 and IRT1 in roots of Col-0 plants pre-grown for 14 days in 
Hoagland medium with (+Fe) or without (-Fe) iron and transplanted on day 0 to limed Reijerscamp 
soil. Gene expression was quantified by qRT-PCR. Transcript levels were normalized to that of 
reference gene PP2AA3 (At1g13320). Data are means of 3 biological replicates. Error bars represent 
SEM. Asterisks indicate significant differences between treatments (Two-way ANOVA, Sidak’s test, 
****P < 0.0001; **P < 0.01; *P < 0.05). (C) Principal coordinates analysis (PCoA) using Bray-Curtis 
metrics displays dissimilarity of microbial communities between soil (triangles) and root samples 
(circles) and between Col-0 pre-grown under iron-sufficient (+Fe) conditions, and Col-0, myb72 and 
f6’h1 pre-grown under iron-starved conditions (-Fe). (d) Shannon diversity (effective number of 
species) displaying the within-sample diversity of different treatments. Horizontal bars correspond 
to median and interquartile range of values. Different letters indicate significant differences (One-
way ANOVA, Tukey’s test; P < 0.05).
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genera belonging to the domains of Bacteria, Eukaryota and Archaea (Dataset S5). Bacteria 
were the most dominant domain in terms of relati ve abundance (RA), with Eukaryota being 
the second and Archaea representi ng only a small fracti on of the microbial communiti es 
(Figure S5A). Bacteria displayed a signifi cant decrease in the root samples of all genotypes 
compared to bulk soil. In contrast, Eukaryota showed a signifi cant increase in the root 
samples, while RA of Archaea remained unaff ected in both compartments (Figure S5A). At 
phylum level, we focused on phyla with a RA of over 0.5% (Figure S5B). Proteobacteria were 
the most abundant (around 50% RA) with Acti nobacteria, Firmicutes and Bacteroidetes 
being overrepresented as well but with lower RA. The phyla Acidobacteria, Acti nobacteria, 
Bacteroidetes and Firmicutes showed stati sti cally signifi cant changes in RA between soil and 
all root/rhizosphere samples. For the phyla Chlorophyta, Mucoromycota, Planctomycetes, 
and Proteobacteria only a subset of the genotype-treatment combinati ons showed 
signifi cant changes in the RA in root/rhizosphere versus bulk soil samples, while the phyla 
Verrucomicrobia, Cyanobacteria, Chlorofl exi, Basidiomycota, and Ascomycota remained 
unaff ected (Figure S5B).

To gain further insight into the eff ect of plant genotype and treatment on root microbial 
diversity, we performed β- and α-diversity analyses. In the principal coordinate analysis 
(PCoA) of Bray-Curti s similariti es (β-diversity), the microbial diversity of bulk soil clearly 
separates from those of the diff erent plant genotypes (Figure 3C), indicati ng a signifi cant 
eff ect of the plant on root microbiome assembly. Along the second principal coordinate, 
the root-associated microbial communiti es of iron-suffi  cient (+Fe) and iron-starved (-Fe) 
Col-0 plants diff erenti ate (Figure 3C), suggesti ng that root exudates produced during iron-
starvati on aff ected microbiome assembly. The microbial communiti es of iron-starved Col-
0 and myb72 both displayed intermediate separati on from that of iron-suffi  cient Col-0, 
while the microbial community on the scopoleti n biosynthesis mutant f6’h1 diverged most 
disti nctly. To pinpoint genotype-mediated diff erences within the root-associated microbiota, 
the microbial diversity within each sample (α-diversity) was calculated as Shannon diversity 
(Figure 3D). This calculati on showed that microbial communiti es in unplanted bulk soil are 
signifi cantly more diverse and complex than the root-associated microbial communiti es, and 
that the Shannon diversity for the f6’h1 root-associated microbiota was signifi cantly lower 
than that for the other genotypes. The observati on that the scopoleti n-biosynthesis mutant 
f6’h1 clearly separates from the other genotypes both in between- and in within-samples 
diversity esti mati ons, suggesti ng that F6’H1 acti vity aff ects root microbiome assembly.

To dissect the plant genotype-mediated diff erences in root microbiome structure on 
lower taxonomic ranking, we performed pairwise comparisons using DESeq2. Pairwise 
comparison between the root-associated microbiota of iron-starved and iron-suffi  cient 
Col-0 plants revealed 21 genera with diff erenti al abundance, predominantly from the 
Proteobacteria and Firmicutes phyla (Figure S6A). Psychrobacillus, Stenotrophomonas, 
Paeinisporosarcina and Dyella were the genera with the highest diff erenti al abundance in 
the root microbiomes of iron-starved Col-0 plants, indicati ng that these genera grow bett er 
in the rhizosphere of iron-starved Col-0 plants than in that of iron-suffi  cient Col-0 plants. 
Conversely, Adhaeribacter, Niastella, and Hymenobacter were most-highly enriched on 
roots of iron-suffi  cient Col-0 plants, indicati ng that they grow bett er in the rhizosphere of 
iron-suffi  cient Col-0 plants than in that of iron-starved Col-0 plants. Comparison between 
the root microbiomes of iron-starved Col-0 and myb72 plants yielded only 3 genera above 
the limit of stati sti cal signifi cance (Figure S6B). However, these genera were also detected 
in the comparison between iron-starved Col-0 and f6’h1 plants, which revealed the largest 
number (35) of genera with diff erenti al abundance (Figure 4). The 22 genera signifi cantly 
enriched on Col-0 over f6’h1 roots (growth positi vely aff ected by F6’H1/scopoleti n acti vity) 
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represent 7 phyla, with Psychrobacillus and Paraclostridium from the Firmicutes phylum, 
and Rhizophagus, a genus of mycorrhizal fungi from the phylum Mucoromycota, being 
amongst the most-strongly stimulated genera. The 13 genera significantly enriched on 
f6’h1 over Col-0 roots (growth negatively affected by F6’H1/scopoletin activity) represent 4 
phyla, with Pontibacter, Rufibacter, and Adhaeribacter, all belonging to Hymenobacteraceae 
family, being amongst the most-strongly affected genera. Interestingly, Adhaeribacter and 
Hymenobacter were both significantly less abundant on the roots of iron-starved Col-0 
plants than on those of iron-starved f6’h1 and iron-sufficient Col-0, suggesting that these 
genera are particularly sensitive to F6’H1-dependent root exudates that are secreted 
under conditions of iron starvation. Together, these results demonstrate that the F6’H1-
dependent root exudation patterns, with the coumarin scopoletin as a major compound, can 
positively and negatively influence the abundance of specific genera in the root-associated 
microbiome of Arabidopsis, therewith impacting the assembly of the root microbiome.

differential antimicrobial effect of scopoletin 

MYB72 and BGLU42 are both important for the onset of rhizobacteria-mediated ISR and 
the excretion of iron-mobilizing coumarins into the rhizosphere (Zamioudis et al., 2014; 
Zamioudis et al., 2015). Metabolite fingerprinting using UPLC-ESI-TOF-MS confirmed 
that already at 48 h after colonization by P. simiae WCS417, Col-0 roots show increased 
accumulation of the coumarins scopolin, scopoletin and esculin, and the tricarboxylic acid 
(TCA) cycle intermediates citrate, malate and succinate (Figure 5A and S7, Dataset S6). 
Production of coumarins in response to colonization of Arabidopsis roots by ISR-inducing 
P. simiae WCS417 bacteria occurs in a F6’H1-dependent manner (Figure 5A), which raises 
the question how and to what extent such plant-beneficial rhizobacteria benefit from the 
excretion of antimicrobial compounds into the rhizosphere. To assess the effect of coumarin 
production on root colonization by WCS417, we monitored growth of WCS417 on roots of 
iron-starved and iron-sufficient Col-0 plants over a time period of 7 d after transplanting 
the plants into limed Reijerscamp soil (Figure 5B; same experimental setup as used for the 
microbiome analysis). Already within one day, the density of WCS417 bacteria increased 
10-fold in the rhizosphere of Col-0 plants in comparison to that in unplanted bulk soil. This 
increase in WCS417 density was maintained for the 7-d period of monitoring. No difference 
was observed in the level of colonization on iron-starved and iron-sufficient Col-0 roots, 
suggesting that WCS417 is insensitive to possible antimicrobial effects of root exudates that 
are excreted in the rhizosphere during conditions of iron starvation.

To confirm that P. simiae WCS417 is insensitive to coumarins, we tested the effect of 
scopoletin on growth of WCS417 in vitro, using the antibiotic tetracyclin as a positive 
control (Sun et al., 2014; Figure 5C). While tetracyclin prevented growth of WCS417, 
scopoletin concentrations of up to 2 mM had no effect on growth of this PGPR. Additionally, 
we tested the effect of scopoletin on another well-characterized ISR- and MYB72-inducing 
PGPR, Pseudomonas capeferrum WCS358 (Berendsen et al., 2015; Zamioudis et al., 2015). 
WCS358 was also highly insensitive to scopoletin (Figure 5D). We then reasoned that 
the excretion of coumarins would aid the rhizobacteria that induce their production in 
selectively outcompeting other microbes in the rhizosphere that compete for the same 
niche. To provide proof of concept for this hypothesis, we tested the effect of scopoletin 
on growth of two soil-borne pathogens of Arabidopsis, Fusarium oxysporum f. sp. raphani 
and Verticillium dahliae JR2 (Pieterse et al., 1996; Fradin et al., 2009; Figure 5E and 5F). 
Scopoletin concentrations of 500 µM and higher significantly inhibited growth of both 
fungi in vitro and inhibited the growth of V. dahliae to the same extent as the fungicide 
Delvo®Cid. Since we detected scopoletin concentrations of over 3 µg ml-1 (~15 µM) in the 
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growth medium of iron-starved Col-0 plants (Figure 2B), it is likely that in the narrow region 
of soil directly surrounding the roots much higher concentrati ons of scopoleti n can occur. 
Together, these results indicate that scopoleti n has a diff erenti al anti microbial eff ect to 
which the tested soil-borne fungal pathogens F. oxysporum f. sp. raphani and V. dahliae JR2 
are sensiti ve, while the ISR- and MYB72-inducing PGPR P. simiae WCS417 and P. capeferrum 
WCS358 are not.

To further investi gate the acti vity of scopoleti n on fungal physiology and growth, we 
assessed the eff ect of 500 µM scopoleti n on F. oxysporum f. sp. raphani radial growth on 
PDA plates. Scopoleti n reduced radial growth of the fungus and inhibited the formati on of 
pigment in the mycelial mat (Figure S8A). Metabolites involved in fungal pigmentati on can 
be associated with protecti on against abioti c stresses or competi ti on with other microbes 

figure 4. diff erenti al abundance of microbial genera on Arabidopsis roots with diff erent 
scopoleti n exudati on patt erns. Diff erenti ally abundant bacterial and fungal genera between root 
samples of Col-0 (-Fe) and f6’h1 (-Fe) as determined using DESeq2. Comparisons were performed at 
genus level using a false discovery rate (FDR) < 0.05 to select for signifi cance. In all graphs, negati ve 
log

2
-fold change values relate to genera that are signifi cantly enriched in iron-starved Col-0 (-Fe) 

root samples in comparison to the contrasti ng genotype/treatment combinati on. Diff erent colors 
of the bars correspond to diff erent Phyla.
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(Medentsev et al., 2005; Son et al., 2008), indicating that scopoletin potentially exerts its 
effect on multiple determinants of fungal performance. To study the effect of scopoletin in 
root exudates on F. oxysporum f. sp. raphani hyphal growth, we performed a chemotropism 
assay as described (Turra et al., 2015). Therefore, we used root exudates of iron-starved Col-
0 and scopoletin biosynthesis mutant f6‘h1 plants, increasing concentrations of scopoletin, 
and pectin as a positive control. Figure S8B shows that fungal hyphae from germinating 
conidia are chemotropically attracted towards pectin, confirming previous findings (Turra 
et al., 2015). Conversely, scopoletin deterred the fungal hyphae, which preferentially grew 
away from this antimicrobial coumarin. Root exudates of iron-starved Col-0 plants, which 
exude large amounts of scopoletin (Figure 1 and 2), similarly deterred the fungal hyphae, 
while root exudates of iron-starved f6’h1 plants significantly attracted the fungal hyphae. 
Together, these results indicate that scopoletin in root exudates can have a multifaceted 
negative effect on the performance of scopoletin-sensitive microbes in the rhizosphere. 

diSCuSSion

Myb72 and bgLu42 are required for the production and secretion of scopoletin

The rhizosphere microbiome is highly diverse and its interplay with plant roots has a marked 
influence on plant fitness (Berendsen et al., 2012). Specific root microbiome members can 
trigger ISR through the activity of the root-specific transcription factor MYB72 and the MYB72-
regulated β-glucosidase BGLU42 (Van der Ent et al., 2008; Zamioudis et al., 2014). MYB72 and 
BGLU42 have also a role in the production and excretion of fluorescent phenolic compounds 
when plants grow under conditions of iron starvation (Zamioudis et al., 2014). We used this 
knowledge to identify the metabolites that are produced and excreted by Arabidopsis roots 
in a MYB72- and BGLU42-dependent manner and investigated their possible role in plant-
microbiome interactions. Untargeted UPLC-ESI-TOF-MS metabolomics of root exudates 
and root extracts revealed coumarins as a major group of compounds whose production 
relies on MYB72 activity (Figure 2, S2 and S3). Coumarins, such as scopolin, scopoletin, 
esculin, esculetin, and isofraxidin, are produced via the phenylpropanoid pathway (Liu et al., 
2015) and accumulate abundantly in roots and exudates of iron-starved plants (Rodríguez-
Celma et al., 2013; Fourcroy et al., 2014; Schmid et al., 2014) where they play a role in the 
mobilization and uptake of iron (Schmid et al., 2014; Fourcroy et al., 2016). Mutant bglu42 
produced wild-type levels of coumarins, but was specifically impaired in the excretion of 
scopoletin, the most abundant coumarin in the root exudates (Figure 2, S2 and S3). Yet, the 
glycosylated form of scopoletin, scopolin accumulated to high levels in iron-starved bglu42 
roots, which suggests that BGLU42 functions in the hydrolysis of scopolin, and that this 
activity is required for the excretion of scopoletin into the rhizosphere. This is in line with 
previous findings in which the Arabidopsis β-glucosidases BGLU21, 22 and 23 were shown 
to specifically hydrolyze scopolin into scopoletin in vitro (Ahn et al., 2010). β-glucosidases 
can hydrolyze glycosidic bonds either between 2 carbohydrates or between a carbohydrate 
and a non-carbohydrate (Morant et al., 2008), often resulting in the release of bioactive 
derivatives (Jones and Vogt, 2001; Morant et al., 2008). The activity of BGLU42 seems to 
be specific for scopolin/scopoletin, since other coumarin pairs like esculin/esculetin were 
not affected in bglu42 (Figure S2 and S3). We, thus, conclude that BGLU42 activity in iron-
starved Arabidopsis roots plays an important role in the processing of scopolin to scopoletin, 
resulting in the excretion of scopoletin into the rhizosphere.
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scopoletin affects root microbiome assembly

Scopoleti n possesses anti microbial acti vity (Gnonlonfi n et al., 2012). Hence, its excreti on 
likely infl uences the compositi on of the microbial community in the rhizosphere. In our 
search for scopoleti n-mediated eff ects on root microbiome assembly, shotgun sequencing 
of the microbial communiti es in bulk soil and on roots of Col-0, myb72 and f6’h1 confi rmed 
a number of concepts that have emerged in the fi eld of root microbiome research. First, bulk 
soil and root-associated microbial communiti es were largely diff erent (Figure 3), resembling 
the rhizosphere eff ect (Bakker et al., 2013). Second, the relati ve abundance of Bacteria in 
the rhizosphere was reduced in comparison to bulk soil, while that of Eukaryota was higher, 
supporti ng previous fi ndings in crop species (Figure S5A; Turner et al., 2013b). Third, at 
the phylum level, the relati ve abundance of Proteobacteria, Firmicutes, and Bacteroidetes 
was generally increased in root-rhizosphere samples compared to bulk soil, whereas the 
relati ve abundance of Acti nobacteria and Acidobacteria was decreased (Figure S5B). Such 
shift s in phylum level abundance were also observed in other rhizosphere microbiome 
studies of Arabidopsis, rice and barley plants that were grown for prolonged periods in 
the soil (Lundberg et al., 2012; Bulgarelli et al., 2015; Edwards et al., 2015; Lebeis et al., 
2015). Moreover, the α-diversity esti mati on with Shannon’s diversity (Figure 3D) showed a 
diversity gradient from higher to lower between soil and rhizosphere samples, suggesti ng 
that microbial selecti on is occurring in the rhizosphere (Lundberg et al., 2012; Bulgarelli et 
al., 2015; Zgadzaj et al., 2016). In this study, we analyzed the structure of the root-associated 
microbial communiti es that were formed within 3 d aft er transplanti ng into the soil. The 
fact that general concepts of microbiome assembly were already detectable within this 
short ti me frame highlights the speed by which root-associated microbial communiti es are 
established in response to chemical and structural cues in the rhizosphere.

In comparison to the large diff erences between root-associated and bulk soil microbial 
communiti es, the plant genotype-mediated diff erences in root microbiome compositi on 
were more subtle (Figure 3C), which is in line with previous fi ndings (Lebeis et al., 2015; 
Castrillo et al., 2017; Zhang et al., 2017). In comparison to the microbiomes assembled on 
Col-0 roots, those assembled on myb72 showed less diff erences than those assembled 
on f6’h1, possibly because in iron-starved soil MYB72 functi ons redundantly with MYB10 
(Palmer et al., 2013). The microbiomes assembled on the roots of Col-0 and f6’h1 displayed 
the largest diff erences, indicati ng that excreti on of scopoleti n aff ects the compositi on of 
the root microbiome. Genus-level analysis showed that the abundance of genera, such as 
Stenotrophomonas, Lactobacillus, Psychrobacillus, Elizabethkingia, Chlamydomonas and 
Geobacillus, was enhanced on scopoleti n-producing roots (Figure 4). Interesti ngly, these 
genera were previously found to be able to hydrolyze diff erent coumarins (Aliott a et al., 
1999; Nazina et al., 2001; Kim et al., 2005; Guan et al., 2008; Krishnamurthi et al., 2010). 
Amongst the most strongly promoted genera on coumarin-excreti ng roots are genera 
that promote plant growth (Psychrobacillus, Variovorax), facilitate metal uptake in plants 
(Psychrobacillus), have a role in nitrogen cycling in soil (Candidatus Nitrosocosmicus), or 
possess anti microbial potenti al (Pseudoalteromonas; De Nys and Steinberg, 2002; Han et 
al., 2011; Perez Rodriguez et al., 2014; Sauder et al., 2017). Also the genera Rhizophagus 
and Tulasnella, both of which represent mycorrhizal fungi, performed bett er in coumarin-
containing rhizospheres, which is in line with the observati on that phenolic compounds 
sti mulate growth and root colonizati on of arbuscular fungi (Fries et al., 1997).

Amongst the genera that performed bett er on coumarin non-producing roots (Col-0/+Fe 
and/or f6’h1/-Fe), was the genus Nafulsella, which was previously found to be incapable of 
hydrolyzing the coumarin esculin (Zhang et al., 2013). Moreover, the genera Adhaeribacter, 
Hymenobacter, and Ponti bacter, all belonging to the Hymenobacteraceae family, were 
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figure 5. effect of scopoletin on P. simiae WCS417 colonization and on growth of selected soil-
inhabiting microbes. (a) Visualization of fluorescent phenolic compounds produced by roots of 
iron-sufficient Col-0 and scopoletin biosynthesis mutant f6’h1 plants in response to colonization by 
P. simiae WCS417. Visualization of fluorescent phenolic compounds was achieved under UV light 
(365 nm). Photographs were taken from roots of 20-d-old in vitro-grown Arabidopsis plants, 7 d 
after colonization by the rhizobacteria. Bars show signal intensity in counts per second (cps) of the 
coumarin scopolin (detected as [M+H]+) in Col-0 roots 2 d after colonization by P. simiae WCS417. 
Shown data are means (±SEM) of 3 biological replicates (see also Figure S5). (B) Number of P. simiae 
WCS417 bacteria recovered from rhizospheres of Col-0 grown in limed Reijerscamp soil that was 
amended with 10

5
 cfu g

-1
 WCS417 bacteria. Root colonization was determined at indicated days 

after transplanting the seedlings from iron-sufficient (+Fe) or iron-starved (-Fe) Hoagland growth 
medium into the WCS417-amended Reijerscamp soil. Values for each time point were calculated 
from 5 rhizosphere or bulk soil samples. Asterisks indicate significant differences between bulk 
soil and colonized plants (Two-way ANOVA, Tukey’s test, ****P < 0.0001). (C-F) Graphs showing 
growth (OD

600
) of P. simiae WCS417 (C), P. capeferrum WCS358 (d), F. oxysporum f.sp. raphani 

(e), and V. dahliae JR2 (F) in media containing the indicated concentrations of scopoletin (Scop). 
Tetracyclin and Delvo®Cid were used as positive controls for bacteria and fungi, respectively. 
Growth measurements were performed over a period of 24 h (bacteria) or 6 d (fungi). The shown 
data are means of 8-10 replicates. Error bars represent SEM. Different letters represent significant 
differences between treatments (Two-way ANOVA, Tukey’s test; P < 0.05).

enriched in coumarin non-producing rhizospheres over coumarin-producing ones (Figure 
4 and S6). Genera of this family can grow in poor substrates, can form strong biofilms, and 
their motility is not based on flagellar movement (gliding motility; Dastager et al., 2011; 
McBride et al., 2014; Srinivasan et al., 2016). However, it remains elusive to what extend 
these characteristics are related to the effect of coumarins on their performance.
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differential antimicrobial activity of scopoletin: selecting friends from foes?

Exudati on of coumarins is a response that is shared between the iron- and the phosphate-
starvati on response of plants (Ziegler et al., 2016; Tsai and Schmidt, 2017b; Verbon et al., 
2017). In analogy to our fi ndings with iron uptake defi cient mutants, it was shown that 
phosphate uptake-defi cient and phosphate hyperaccumulati ng Arabidopsis genotypes 
assembled signifi cantly diff erent root-associated microbiomes than wild-type plants (Castrillo 
et al., 2017). Additi onally, amendment of root exudates rich in phenolic compounds into 
the soil showed more pronounced eff ects on the microbial community than other classes 
of compounds (Badri et al., 2013). Hence, phenolic compounds in root exudates can be 
potent modulators of root microbiome assembly. This raises the questi on how ISR-inducing 
and plant growth-promoti ng microbes in the rhizosphere benefi t from the inducti on of the 
MYB72- and BGLU42-dependent exudati on of scopoleti n in the rhizosphere. Scopoleti n and 
other coumarins play a role in the mobilizati on and uptake of Fe3+ from the soil environment 
(Schmid et al., 2014; Fourcroy et al., 2016), and may therewith contribute to the mutually 
benefi cial plant growth-promoti ng eff ect that such PGPR have on the plant. Besides its role 
in the iron uptake response, scopoleti n possesses anti microbial acti viti es. In Arabidopsis and 
tobacco, scopoleti n has been shown to accumulate around infecti on sites, where it inhibited 
growth of the foliar pathogens B. cinerea, Alternaria alternata, and P. syringae (El Oirdi et 
al., 2010; Simon et al., 2010; Sun et al., 2014). Other studies have shown that coumarins can 
negati vely aff ect biofi lm formati on and virulence of pathogenic bacteria in diff erent systems 
(Lee et al., 2014; Guti érrez-Barranquero et al., 2015). In our experimental setup, scopoleti n 
had no growth-inhibiti ng eff ect on the ISR-inducing PGPR P. simiae WCS417, neither in vivo 
on Arabidopsis roots nor in vitro, and only at high concentrati ons mildly reduced growth 
of ISR-inducer P. capeferrum WCS358 (Figure 5). By contrast, scopoleti n strongly inhibited 
growth of the soil-borne fungal pathogens F. oxysporum and V. dahliae (Figure 5). Besides 
reducing growth of these fungi, we found that scopoleti n deters germinati ng F. oxysporum 
spores (Figure S8B) and inhibits pigmentati on of F. oxysporum mycelium (Figure S8A). Such 
mycelial pigments can have protecti ve acti viti es against environmental stresses (Son et al., 
2008; Limón et al., 2010). Hence, inhibiti on of their formati on by scopoleti n could render 
this fungus less viable in the rhizosphere. 

Collecti vely, our microbiome and targeted microbial growth analyses show that some 
soil-borne microbes can be sensiti ve to the anti microbial acti vity of scopoleti n, while 
others are tolerant. Benefi cial ISR-inducing rhizobacteria, such as P. simiae WCS417 and P. 
capeferrum WCS358 induce MYB72 and BGLU42, which leads to the onset of ISR and the 
excreti on of scopoleti n in the rhizosphere. Like P. simiae WCS417 (Figure 5A), ISR inducers 
P. fl uorescens SS101 and Paenibacillus polymyxa BFKC01 (Van de Mortel et al., 2012; Zhou 
et al., 2016) also sti mulate the producti on of coumarins upon colonizati on of Arabidopsis 
roots. It is tempti ng to speculate that in these mutualisti c plant-microbe interacti ons, the 
rhizobacteria benefi t because scopoleti n outcompetes scopoleti n-sensiti ve microbes in 
the same root niche, while the plant benefi ts because the populati on of plant-benefi cial 
microbes increases while scopoleti n-sensiti ve soil-borne pathogens are suppressed. Future 
research will be focused on the development of a representati ve microbiome-informed 
collecti on of scopoleti n sensiti ve and insensiti ve microbial strains to test the hypothesis that 
scopoleti n producti on favors the selecti on of plant-benefi cial microbes in the rhizosphere.
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MAteriALS And MethodS

Plant material and growth conditions

In this study, Arabidopsis thaliana accession Col-0 and the mutants myb72-2 (Van der Ent et 
al., 2008), bglu42 (SALK-034026; Zamioudis et al., 2014) and f6’h1-1 (Kai et al., 2008) were 
used. Mutant f6’h1-1 was kindly provided by Prof. Jürgen Zeier. For all experiments, seeds 
were surface sterilized and sown on agar-solidified 1x Murashige and Skoog (MS) medium 
supplemented with 0.5% sucrose (Murashige and Skoog, 1962). After 2 d of stratification at 
4°C, the Petri dishes were positioned vertically and transferred to a growth chamber (22°C; 
10 h light, 14 h dark; light intensity 100 μmol m-2 s-1). For growth under conditions with 
sufficient or limited iron, uniform 13-day-old seedlings were transferred to 12-well plates 
(2 seedlings per well) containing liquid Hoagland medium (5 mM KNO3, 2 mM MgSO4, 2 
mM Ca(NO3)2, 2.5 mM KH2PO4, 70 μM H3BO3, 14 μM MnCl2, 1 μM ZnSO4, 0.5 μM CuSO4, 10 
μM NaCl, 0.2 μM Na2MoO4, 4.7 mM MES, 0.5% (w/v) sucrose; pH 5.5). For iron-sufficient 
growth conditions, Fe(III)EDTA was added to a final concentration of 50 μM, whereas for 
iron starvation conditions Fe(III)EDTA was added to a final concentration of 10 μΜ (medium-
low iron condition) or left out of the growth medium (low iron condition).

For the metabolome analysis, roots and exudates were harvested from 20-d-old Col-
0, myb72 and bglu42 plants that had been grown for 7 d in the media described above 
under low iron (no added Fe(III)EDTA) or sufficient iron (50 μM Fe(III)EDTA) conditions. For 
the metabolome analysis of P. simiae WCS417-colonized roots, 17-d-old Col-0 seedlings 
growing in iron sufficient conditions (as above) were inoculated at the root-shoot junction 
either with MgSO4 (mock) or P. simiae WCS417 (OD600: 0.1; 108 colony-forming units (cfu) 
ml-1). After 2 d, when 19-d-old, 300 to 400 roots were harvested for each biological replicate 
(3 biological replicates per treatment) and sent for metabolite fingerprinting.

For the root microbiome analysis, 13-day-old Col-0, myb72 and f6’h1 seedlings were 
transferred to 12-well plates containing the medium described above, with 50 μM Fe(III)
EDTA (sufficient iron) or 10 μΜ Fe(III)EDTA (medium-low iron). Six days later, the 19-d-old 
plants were transferred to new 12-well plates containing either 50 μM Fe(III)EDTA (sufficient 
iron) or 0 μΜ Fe(III)EDTA (low iron). After 1 week of growth under iron-sufficient or iron-
starved conditions, 26-d-old plants were transferred to 60-ml pots containing a natural soil 
taken from a field in nature reserve the Reijerscamp (52°01’02.55’’, 5°77’99.83’’), where 
natural Arabidopsis populations grow. Before use, the Reijerscamp soil was prepared as 
described (Berendsen et al., 2018), after which the soil was limed with CaO (0.0025 g per 
gram of soil) to make the soil alkaline (pH >7.5) and reduce iron availability.

Quantification and visualization of fluorescent phenolic compounds in root exudates

The production and secretion of fluorescent phenolic compounds by Arabidopsis roots 
was monitored under UV light (365 nm) as described (Zamioudis et al., 2014). In order to 
quantify the amount of fluorescent phenolic compounds in the root exudates, 200 μl of 
growth medium was transferred into a 96-well microplate. Fluorescence emitted by the root 
exudates (excitation at 360 nm; emission at 528 nm) was measured with a SynergyTM Multi-
Mode Microplate Reader (BioTek, Winooski, VT, USA) as described (Zamioudis et al., 2014).

To visualize coumarin production in the roots in response to colonization by P. simiae 
WCS417, Col-0 and f6’h1 seedlings were initially grown on MS medium supplemented 
with 0.5% sucrose. Subsequently, 7-day-old plants were transferred to plates containing 
Hoagland medium with sufficient iron (50 μM Fe(III)EDTA). Six days later, plants were 
inoculated at the root-shoot junction with 5 μl of a suspension of WCS417 bacteria (OD600 = 
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0.1). The bacteria were allowed to colonize the root system for 7 d aft er which producti on 
of fl uorescent phenolic compounds was visualized under UV light (365 nm).

Quantitative real-time pCr analysis

Total RNA was extracted from Arabidopsis roots using a modifi ed protocol of Oñate-
Sánchez and Vicente-Carbajosa (Onate-Sanchez and Vicente-Carbajosa, 2008), aft er 
which it was treated with DNase according to the manufacturer’s instructi ons (Thermo 
Scienti fi c, Waltham, MA USA). Subsequently, cDNA was synthesized using SuperScript III 
Reverse Transcriptase (Invitrogen, Waltham, MA, USA), according to the manufacturer’s 
instructi ons. PCR reacti ons were performed in opti cal 384-well plates (Applied Biosystems, 
Foster City, CA, USA) with an ABI PRISM® 7900 HT sequence detecti on system, using SYBR® 
Green (Applied Biosystems) to monitor the synthesis of double-stranded DNA. A standard 
thermal profi le was used: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 
60°C for 1 min. Amplicon dissociati on curves were recorded aft er cycle 40 by heati ng from 
60 to 95°C with a ramp speed of 1.0°C min−1. Transcript levels were calculated relati ve to 
the reference gene At1g13320 (Czechowski et al., 2005) using the 2−ΔCt method described 
previously (Schmitt gen and Livak, 2008). The expression levels of IRT1, FRO2, MYB72, F6’H1, 
CYP71A12, CYP79B2, CYP79F2, PR3 and At1g13320 were determined using the gene-specifi c 
primers that are listed in Table S4.

Metabolite fingerprinting analysis of root exudates and roots extracts

For metabolite fi ngerprinti ng of the root exudates, 200 µl exudates were extracted by 
two-phase-extracti on with methyl-tert-butyl ether (MTBE) using a modifi ed method as 
described (Matyash et al., 2008; Floerl et al., 2012). Polar and non-polar phases of root 
exudates were combined, evaporated under a nitrogen stream and, resolved in 100 µl 
acetonitrile/methanol/water (1:1:12, v/v/v). Aft er centrifugati on 80 µl of the supernatant 
were transferred to a micro vial and used for analysis.

For metabolite fi ngerprinti ng of the root samples, 100 mg of homogenized root material 
were extracted by two-phase-extracti on in MTBE using a modifi ed protocol as described 
(Matyash et al., 2008; Bruckhoff  et al., 2016). The polar extracti on phase was dried under 
nitrogen stream and resuspended in methanol/acetonitrile/water (15:15:100, v/v/v), 
while the non-polar extracti on phase was dried and resuspended in 100 μl of chloroform/
methanol/water (60:30:4.5, v/v/v).

The metabolite fi ngerprinti ng analysis was performed by Ultra Performance Liquid 
Chromatography (UPLC, ACQUITY UPLC System, Waters Corporati on, Milford, USA) coupled 
with a photo diode array detector and an orthogonal ti me-of-fl ight mass spectrometer 
(TOF-MS, LCT Premier, Waters Corporati on, Milford, USA) as described (König et al., 2014). 
Data acquisiti on was carried out by using the MassLynx soft ware (MassLynx V4.1 SCN779, 
Waters Corporati on, Milford, USA) in centroid data format. For data deconvoluti on (peak 
picking and alignment) the soft ware MarkerLynx (Waters Corporati on, Milford, USA) was 
used. For further data processing we used the toolbox MarVis (MarkerVisualizati on, htt p://
marvis.gobics.de; Kaever et al., 2015).

This metabolite fi ngerprinti ng approach results, aft er peak picking and peak alignment, 
in large data matrixes with thousands of metabolite features (both for the positi ve and the 
negati ve ionizati on mode). A feature is defi ned by a specifi c retenti on ti me (RT), an accurate 
mass and the corresponding intensity values over all analysed samples. In the workfl ow 
the LC is coupled via an electrospray ionizati on (ESI) interface to the mass spectrometer 
(MS). The use of this confi gurati on leads to the formati on of numerous diff erent adducts 
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of one metabolite during the ionisation in the ESI source of the MS. Therefore, LC-ESI-MS 
analyses can result in several mass signals for one metabolite, which then may result in 
several features for one metabolite. It is possible that metabolites of high abundance and a 
certain structure have a large number of adducts during ESI, which results in a high number 
of features representing one metabolite only. For data analysis and visualization, the 
intensity patterns of the high-quality metabolite features were clustered by means of one-
dimensional self-organizing-maps (1D-SOMs). After normalization, sample aggregation was 
performed on mean values and marker scaling by the Euclidean norm (2-norm). Clusters 
with intensity pattern of interest in the respective experimental condition were selected. 
Features represented by these clusters were putatively identified by an automated 
database search within a mass deviation of 5 mDa: AraCyc (http://www.arabidopsis.org), 
MetaCyc (http://metacyc.org) and KEGG (http://www.genome.jp/kegg). The structure of 
marker metabolites was confirmed by quantitative RP-HPLC-DAD analysis (for scopoletin 
and scopolin), UV/VIS analysis and/or by high resolution MS2 analysis by UHPLC ESI-
QTOF-MS. Therefore, metabolites were analyzed by LC 1290 Infinity coupled with a 6540 
UHD Accurate-Mass Q-TOF-MS instrument with Agilent Dual Jet Stream Technology 
(Agilent Technologies, Santa Clara, CA, USA) as ESI source as described (Bruckhoff et al., 
2016). The compounds scopolin, esculin and isofraxidin were obtained from PhytoLab 
(Vestenbergsgreuth, Germany), while scopoletin and esculetin were obtained from Sigma-
Aldrich (Deisenhofen, Germany).

Quantification of scopolin and scopoletin in root exudates and extracts

Root extracts of Col-0, myb72 and bglu42 were extracted by a protocol adapted from Zum 
Felde et al. (Zum Felde et al., 2007). Homogenized root material (10 mg) was extracted with 
1 ml 80% methanol in the presence of zirconia beads for 30 min at room temperature. After 
centrifugation for 10 min at 16.000 g the supernatant was transferred to a fresh vial and 
diluted 1:1 (v/v) in 80% methanol. Samples of Col-0 and bglu42 grown without iron were 
diluted additionally 1:50 (v/v) in 80% methanol. Aliquots of 5 µl were injected into an Agilent 
1100 HPLC system coupled with a fluorescence detector and equipped with a Nucleosil 
120-5 C-18 column (EC250/2, Machery & Nagel, Germany). Separation was achieved using 
a flow rate of 0.3 ml min-1, a solvent system of water with 0.1% formic acid (solvent A), 
acetonitrile with 0.1% formic acid (solvent B) and a linear gradient from 10 to 40% B within 
20 min, followed by a washing step of 100% solvent B for 5 min and re-equilibrating the 
column for initial flow conditions for 5 min. Scopolin and scopoletin were detected by 
fluorescence analysis at 336 nm (excitation) and 438 nm (emission) as described (Schmid 
et al., 2014). For quantification purposes, detector calibration (external calibration) was 
performed with a seven-point calibration curve of commercially available scopolin (Phytolab, 
Vestenbergsgreuth, Germany) and scopoletin (Sigma-Aldrich, Deisenhofen, Germany).

Root exudates were diluted 4:1 (v/v) in methanol. Exudates of Col-0 and bglu42 grown 
without of iron were diluted in addition 1:20 (v/v) in 80 % methanol. Aliquots of 5 µl were 
directly used for HPLC-fluorescence analysis (see above).

root microbiome analysis 

Root samples (rhizosphere and roots) and bulk soil (3 root or soil samples per biological 
replicate; 3 biological replicates per treatment) were harvested 3 d after transferring 26-day-
old Col-0, myb72 and f6’h1 plants from the in vitro system into pots containing limed natural 
Reijerscamp soil. To this end, the total pot content was carefully removed and plant roots 
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were gently shaken to remove loose soil parti cles. Roots together with adhering rhizosphere 
soil were transferred to 2-mL tubes, fl ash frozen in liquid nitrogen and stored at -80°C.

Genomic DNA isolati on was performed by Verti s Biotechnologie AG (Freising, Germany). 
Briefl y, the samples were ground with liquid nitrogen, aft er which genomic DNA was isolated 
using the RNA PowerSoil Total RNA Isolati on Kit (MO BIO, Carlsbad, CA, USA) together with 
RNA PowerSoil® DNA Eluti on Accessory Kit, that allows the purifi cati on of both RNA and 
DNA. The genomic DNA samples (approx. 20 ng dsDNA each) were analyzed on a 0.8% 
agarose gel.

Library preparati on was performed by Verti s Biotechnologie AG (Freising, Germany). The 
genomic DNA samples were treated with ultrasound (6 pulses of 30 s at 4°C). Aft er end-repair, 
TruSeq sequencing adapters were ligated to the DNA fragments. Finally, the DNA was PCR-
amplifi ed to about 10-20 ng μl-1 using a High-fi delity DNA polymerase. The amplifi ed DNA 
libraries in the size range of about 300-600 bp were then fracti onated using a diff erenti al 
clean-up with the Agencourt AMPure kit (Beckman Coulter Brea, CA, USA). Aliquots of 
the size-fracti onated libraries were quality checked by capillary electrophoresis. Libraries 
were pooled and sequenced on an Illumina NextSeq 500 platf orm (Utrecht University DNA 
sequencing facility), achieving on average 73 million paired-end reads sequencing depth 
per sample. The raw metagenome read data are deposited in the Short Read Archive 
(htt p://www.ncbi.nlm.nih.gov/sra/; BioProject ID:  PRJNA435676). Following sequencing, 
raw paired-end sequencing reads generated by NextSeq 500 were demulti plexed using 
bcl2fastq Conversion Soft ware (version 2.17.1) according to BaseSpace Illumina pipeline. 
FastQC (version v0.11.5) was used to assess length and quality of reads. 

Quality-fi ltered Illumina reads were taxonomically classifi ed with Kaiju (Menzel et al., 
2016). Kaiju translates metagenomic sequencing reads into amino acid sequences, and then 
compares amino acid sequences with protein sequences in NCBI BLAST nr + euk database. 
The reference database consisted of non-redundant protein sequences form bacteria, 
archaea, viruses, fungi, microbial eukaryotes and Arabidopsis, which were extracted from 
Nati onal Center for Biotechnology Informati on. Running mode of Kaiju was set at the 
fastest MEM mode, with a default minimum match length of 11.

Stati sti cal analyses were performed in R-studio (version 1.0.136) using R environment 
(version 3.3.3). Relati ve abundance (RA) data were normalized by the number of reads per 
sample replicate (total sum normalizati on). α-diversity (Shannon index) and β-diversity 
(PCoA using Bray–Curti s dissimilariti es) were calculated in the “phyloseq” package (version 
1.19.1; McMurdie and Holmes, 2013). Shannon diversity was calculated by applying the 
exponenti al functi on to the Shannon index. DESeq functi on of package DESeq2 (version 
1.14.1) was used to perform two-class testi ng for diff erenti al RA of genera between diff erent 
genotypes or iron treatments (Love et al., 2014). Genera were considered signifi cantly 
diff erenti ally abundant between genotypes if their adjusted P-value was below 0.05 
(corresponding to FDR < 5% under the Benjamini-Hochberg correcti on). Package ggplot2 
(version 2.2.1) was used to create plots and graphs of the microbiome analysis (Wickham, 
2016). 

Cultivation of microbes and root colonization by P. simiae WCS417

V. dahliae isolate JR2 (kindly provided by Prof. Bart Thomma) was grown on potato dextrose 
agar (PDA) at 21oC (Fradin et al., 2009). F. oxysporum f. sp. raphani was grown on PDA at 
28°C (Pieterse et al., 1996).

For assessing the eff ect of scopoleti n on fungal growth in 96-well plates, F. oxysporum 
and V. dahliae spores were prepared by growing the fungi in 100 ml liquid SSN medium 
(Sinha and Wood, 1968) in 250-ml Erlenmeyer fl asks at 28°C (F. oxysporum) or 23°C (V. 
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dahliae) under continuous shaking at 120 rpm for one week. The fungal suspension was 
filtered through glass wool. The filtrate was centrifuged for 10 min at 900 g. The pellet was 
suspended with ddH2O to a final spore density of 105 conidia per ml.

For the chemotropism assay, F. oxysporum spores were prepared by growing the fungus 
in 100 ml liquid SSN medium in a 250-ml Erlenmeyer flask at 28°C under continuous shaking 
at 120 rpm for one week. The fungal suspension was filtered through glass wool. The filtrate 
was centrifuged for 10 min at 900 g. The pellet was suspended with ddH2O to a final spore 
density of 2.5x109 conidia per ml. 

P. simiae WCS417 and P. capeferrum WCS358 (Berendsen et al., 2015) were cultured 
on King’s medium B (KB) agar plates (King et al., 1954) supplemented with 50 μg ml-1 
rifampicin at 28°C. After 24 h of growth, cells were collected in 10 mM MgSO4, washed 
twice by centrifugation for 5 min at 5000 g and finally resuspended in 10 mM MgSO4 to a 
final density of OD600=0.2 (2*108 cfu ml-1).

To assess root colonization by rifampicin-resistant P. simiae WCS417, 23-d-old Col-0 
plants were transferred from the in vitro growth system to limed Reijerscamp soil to which 
WCS417 bacteria were added to a final density of 105 cfu g-1. Rhizosphere samples (roots 
with adhering soil) were harvested at 1, 2, 3 and 7 d after transplanting after which bacterial 
densities in the rhizosphere were determined. To this end, 0.1 g of rhizosphere sample or 
bulk soil (soil from unplanted pots) of five replicate pots per treatment were transferred 
into 2-ml Eppendorf tubes containing 1 ml of 10 mM MgSO4 and shaken vigorously for 1 
min. Aliquots of 100 μl of serial dilutions were plated on KB agar plates containing 150 μg 
ml-1 rifampicin and 0.2 g l-1 Delvo®Cid. Plates were incubated overnight at 28°C after which 
WCS417 colonies were counted and densities in the rhizosphere and bulk soil samples were 
calculated.

In vitro assay for antimicrobial effect of scopoletin 

To quantify the effect of scopoletin on in vitro growth of the fungal soil-borne pathogens 
F. oxysporum f.sp. raphani and V. dahliae JR2, and on the PGPR P. simiae WCS417 and P. 
capeferrum WCS358, we designed a microplate assay based on a described protocol (Pryor 
et al., 2007). In brief, 96-well plates (flat bottom; Greiner Bio-One, Kremsmünster, Austria) 
were filled with 100 μl liquid potato dextrose broth (PDB) for the fungi or 100 μl liquid 
KB for the bacteria. The growth media were supplemented with different concentrations 
of scopoletin (Sigma-Aldrich, St. Louis, MO, USA) from a 50-mM stock in 80% methanol. 
The blank controls contained equal amounts of methanol (3.2%) without scopoletin. The 
antibiotics Delvo®Cid (0.3 g l-1; DSM, Heerlen, The Netherlands) and tetracyclin (100 μg ml-

1, Sigma-Aldrich) were used as positive controls for the inhibition of fungal and bacterial 
growth, respectively. At the start of the microbial growth curves, 100 μl of fungal spore 
or bacterial cell suspension was added to each well (final density 5x104 spores per ml or 
108cfu ml-1, respectively). The 96-well plates were covered with sterile seals (Excel Scientific 
SealPlate film; Sigma-Aldrich) and wrapped in aluminum foil. Plates with F. oxysporum and 
the bacteria were incubated at 28°C, whereas plates with V. dahliae were kept at room 
temperature.

The inhibition of F. oxysporum mycelial growth by scopoletin in vitro was tested in Petri 
dishes by subculturing a mycelium plug of 5 mm diameter on PDA containing 500 μM 
scopoletin for 6 d in the dark at 28°C. PDA supplemented with 1% methanol served as a 
negative control and PDA with 0.2 g l-1 Delvo®Cid and 1% methanol as a positive control. 
The area of mycelium growth was recorded every 2 d.
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scopoletin chemotropism assay 

To quanti fy the level of chemotropism in F. oxysporum in response to scopoleti n, a 
chemotropism assay was used based on the previously described method (Turra et al., 
2015). Conidia of F. oxysporum f.sp. raphani were obtained from an SSN liquid culture at 
a density of 2.5.x109 conidia per ml ddH2O. The conidia suspension was further diluted in 
0.5% (w/v) water agar (Oxoid, Badhoevedorp, The Netherlands) to a fi nal density of 2.5x107 
spores per ml. A total volume of 4 ml of the water agar with conidia was poured into Petri 
dishes (Ø 94 mm with vents; Greiner Bio-One, Kremsmünster, Austria). The Petri dishes were 
marked on the bott om with three parallel lines crossing the width of the plate at a distance 
of 0.5 mm from each other. Two square wells were cut into the agar along the two outer 
marked lines, aft er which 50 µl of a test compound soluti on or its solvent were added to 
either well. Pecti n (1%, w/v; Fluka Analyti cal, Buchs, Switzerland) dissolved in disti lled water 
was used as a positi ve control (Turra et al., 2015). Scopoleti n (Sigma-Aldrich, Steinheim, 
Germany) was applied in concentrati ons of 250 µM and 1 mM. Root exudates of Col-0 and 
f6’h1 plants, pre-grown under the iron-defi cient conditi ons described above, collected 3 d 
aft er transferring the plants in MQ were tested as well. Plates were sealed with parafi lm 
and wrapped in aluminium foil for overnight incubati on at 28°C. Aft er 12 h, the plates were 
moved to 4°C aft er which pictures were taken of germinati ng conidia using a Zeiss Axioskop 2 
(100x magnifi cati on) with a Lumenera Inifi nity 1 camera and the soft ware Image-Pro Insight 
9.1. Using Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA), germinati ng conidia in 
each picture were assigned a directi on of germinati on towards the solvent, towards the test 
compound or towards neither (“neutral”). Chemotropism was calculated as the percentage 
of germinati ng tubes growing towards the solvent or the test compound. Between 800 and 
1100 hyphae from germinati ng conidia growing towards either the test compound or the 
solvent were assessed per treatment.
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SuPPLeMentAL dAtA

figure S1. bar plots with eigenvalues of the PCA plots of root exudates (figure 1C), root extract 
polar extraction phase (figure S3A) and root extract non-polar extraction phase (figure S3b). 
The eigenvalues of the first 10 principle components (PCs) as calculated by the MarVis software 
toolbox are presented as bar plots. The largest eigenvalue defines the eigenvector 1, which is taken 
as principle component 1 (PC1). In case of the PCA shown in Figure 1C, the corresponding graphs of 
the eigenvalues indicates that PC1 explains the largest proportion of the variation of the covariance 
matrix, while the contribution of PC2 is much lower. Estimations based on the eigenvalues indicate 
that PC1 explains ~49% and PC2 ~19% of the variation in the PCA shown in Figure 1C (together 
~68%). For the PCAs shown in Figures S3A and S3B estimations based on the eigenvalues indicate 
that PC1 and PC2 together explain ~65% of the variation in the polar extraction phase data and ~70 
% of the variation in the non-polar extraction phase data.
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figure S2. root exudati on patt erns of metabolite features corresponding to iron-starvati on 
associated coumarins, tCa cycle intermediates, and phenylalanine. Graphs represent the signal 
intensity in counts per second (cps) of the coumarins scopolin, scopoleti n, esculin, esculeti n and 
isofraxidin (detected as [M+H]+), the pri mary metabolites citrate and phenylalanine (detected as 
[M+H]+) and malate and succinate (detected as [M-H]-) in root exudates of Col-0, myb72, and bgu42 
grown under iron suffi  cient (+Fe) or iron defi cient (-Fe) conditi ons. The shown data are means of 3 
replicates. Error bars represent SEM. 
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figure S3. Metabolite fingerprinting of features detected in the root extracts of Col-0, myb72 
and bglu42 grown under iron sufficient and iron starvation conditions. (a) PCA plot of UPLC-
ESI-TOF-MS metabolite profiles of polar compounds identified in the root extracts of 20-d-old 
Col-0 (encircled in yellow), myb72 (encircled in red) and bglu42 (encircled in blue) plants grown 
in Hoagland medium with (+Fe) or without (-Fe). On the right, 1D-SOM clustering and prototype 
assignment of 1354 high-quality metabolite features (FDR < 10

-8
). Individual features (top panel) 

and prototypes (bottom panel) mostly affected by iron deficiency are highlighted in the red box. 
Heatmaps correspond to the intensity of each individual feature (top panel) and the average 
intensity of each cluster/prototype (bottom panel). (B) PCA plot of UPLC-ESI-TOF-MS metabolite 
profiles of non-polar compounds identified in the root extracts of 20-d-old Col-0 (encircled in 
yellow), myb72 (encircled in red) and bglu42 (encircled in blue) plants grown in Hoagland medium 
with (+Fe) or without (-Fe). On the right, 1D-SOM clustering and prototype assignment of 554 high-
quality metabolite features (FDR < 0.001). Heatmaps correspond to the intensity of each individual 
feature (top panel) and the average intensity of each cluster/prototype (bottom panel). (C) Signal 
intensity in counts per second (cps) of scopolin, scopoletin and esculin (all detected as [M+H]+) 
in the root extracts of Col-0, myb72 and bgu42 plants grown under iron-sufficient (+Fe) or iron-
deficient (-Fe) conditions. The shown data are means of 3 replicates. Error bars represent SEM. 
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figure S4. Levels of root defense marker gene expression are similar in roots of seedlings pre-
grown under suffi  cient iron (+fe) or low iron (-fe) conditi ons. Gene expression profi les of root 
immunity marker gene CYP71A12, glucosinolate biosynthesis genes CYP79B2 and CYP79F2, and 
pathogenesis-related protein gene PR3 in roots of Col-0 plants pre-grown for 14 days in liquid 
Hoagland medium under iron-suffi  cient (+Fe) or low iron (-Fe) conditi ons before they were 
transplanted on day 0 to limed Reijerscamp soil. Gene expression was quanti fi ed by qRT-PCR 
just prior to (d 0) and 3 and 7 d aft er transplanti ng. Transcript levels were normalized to that of 
reference gene PP2AA3 (At1g13320). Data are means of 3 biological replicates. Error bars represent 
SEM. Asterisks indicate signifi cant diff erences between treatments (Two-way ANOVA, Sidak’s test, 
**P <0.01). 

figure S5. Microbial community shift s between bulk soil and the rhizosphere. (a) Average relati ve 
abundance of Archaea, Bacteria and Eukaryota domains in bulk soil and root-associated microbial 
communiti es. Bars correspond to the average of 3 replicates and error bars represent SEM. 
Asterisks indicate signifi cant diff erences of root samples compared to bulk soil (Two-way ANOVA, 
Tukey’s test; ****P < 0.0001). (B) Average relati ve abundance (RA) of most-abundant phyla (RA > 
0.5%) in bulk soil and root-associated microbial communiti es. Bars correspond to the average of 3 
replicates and error bars represent SEM. Asterisks indicate signifi cant diff erences of root samples 
compared to bulk soil (Two-way ANOVA, Tukey’s test; ****P < 0.0001; ***P < 0.001; **P < 0.01; *P 
< 0.05).
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figure S6. differential abundance of microbial genera on Arabidopsis roots with different 
scopoletin exudation patterns. Differentially abundant bacterial and fungal genera between 
root samples of Col-0 (-Fe) and (a) Col-0 (+Fe) and (B) myb72 (-Fe), as determined using DESeq2. 
Comparisons were performed at genus level using a false discovery rate (FDR) < 0.05 to select for 
significance. In all graphs, negative log

2
-fold change values relate to genera that are significantly 

enriched in iron-starved Col-0 (-Fe) root samples in comparison to the contrasting genotype/
treatment combination. Different colors of the bars correspond to different Phyla.

figure S7. increased accumulation of coumarins following root colonization by Pseudomonas 
simiae WCS417. Graphs represent the signal intensity in counts per second (cps) of the coumarins 
scopoletin and esculin (detected as [M+H]+) and the TCA cycle intermediates citrate, succinate 
(detected as [M+H]+) and malate (detected as [M-H]-) in the root extracts of Col-0 plants 2 d after 
mock (-WCS417) or P. simiae WCS417 (+WCS417) inoculation of the roots. The shown data are 
means of 3 replicates. Error bars represent SEM. 
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figure S8. eff ect of scopoleti n on F. oxysporum physiology. (a) Growth of F. oxysporum f.sp. 
raphani mycelium on PDA plates supplemented with 0.2 g l

-1 
of the fungicide Delvo®cid or 500 µM 

of scopoleti n. Pictures of representati ve plates were taken aft er 7 d of fungal growth at 28˚C. (B) 
Chemotropism of F. oxysporum f. sp. raphani spores towards pecti n (1 %, w/v), scopoleti n (250 μM 
and 1 mM) and root exudates of iron-starved Col-0 and f6’h1 plants. Chemotropism was evaluated 
as percentage of the germinati ng spores growing towards the tested compound or its solvent. 
Pecti n was used as a positi ve control. Dashed lines separate the diff erent compound-solvent 
combinati ons tested. In each combinati on, percentages of spores att racted either by the solvent 
or the tested compound add up to 100%. Shown are the mean percentages of three replicates 
per treatment, each based on hyphal orientati on counts of ca. 900 conidia. Error bars represent 
SEM. Asterisks indicate signifi cant diff erences within each treatment combinati on (Student’s t-test, 
****P < 0.0001; ***P < 0.001; *P < 0.05). The inset provides a representati on of the chemotropism 
test (Turra et al., 2015), in which the orientati on of hyphal growth was tested on the blue line in the 
middle, with the solvent on the red line and the test compound on the dashed line. The photo is a 
representati ve image of germinati ng Fusarium spores at the moment of scoring.
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table S1: Confirmation of the identity of metabolite features corresponding to the selected coumarins, 
TCA cycle intermediates, and phenylalanine shown in Figure S2, by HPLC-ESI-QTOF-MS2 analysis or 
coelution.

Metabolite 
marker

rt (min) m/z detected ion Calculated mass (da) sum formula error 
(mda)

Cluster 
nr.

Compound identified by MS2 fragmentation Ce (ev) λ max 
(nm)

Coumarin derivatives:

Scopoletin/7-
Hydroxy-6-
methoxy-
coumarin

3.96 193.0482 [M+H+]+ 192.0423 C10H8O4 -1.4 4 A (METLIN: MID6956), B, C, D 193.0482 [M+H]+ , 178.0255, 150.0303, 
133.0278, 137.0593, 122.0357, 94.0412, 
77.0386

15 207, 290, 
340

Scopolin 3.06 355.1005 [M+H+]+ 354.0951 C16H18O9 -1.9 5 A (METLIN for scopoletin: 
MID6956), D

355.1005 [M+H]+, 193.049 [M-Glc+H]+, 
178.0251, 133.0274,  

20

Esculetin/6,7-
Dihydroxy-
coumarin

3.15 179.0319 [M+H+]+ 178.0266 C9H6O4 -2 9 A (MassBank: ML003901, 
BML01641)

179.0319 [M+H]+, 151.039, 133.0273, 
123.0433

10

Esculin 2.78 341.0853 [M+H+]+ 340.0794 C15H16O9 -1.4 9 A (MassBank: ML003901, 
BML01641) for esculetin

341.085 [M+H]+, 179.0333 [M-Glc+H]+, 
153.0906, 123.0409, 87.0441

20

Isofraxidin 
(8-Hydroxy-
6,8-dimethoxy-
coumarin)

4.06 223.059 [M+H+]+ 222.0528 C11H10O5 -1.1 9 B, C 223.0589 [M+H]+, 208.0360, 207.0274, 
190.0248, 179.0326, 162.0301, 
134.0352 , 107.0486

15 214, 282, 
330

Amino acids and TCA cycle intermediates:

Phenylalanine 1.99 166.0845 [M+H+]+ 165.079 C9H11NO2 -1.8 8 A (METLIN: MID28) 166.0863 [M+H]+, 149.0676, 131.0482, 
120.0808, 103.0546, 93.0698, 77.0386, 
65.0387

10

Citrate 0.78 191.0202 [M-H+]- 192.027 C6H8O7 0.5 8 A (METLIN: MID124) 193.0303  [M+H]+, 157.0125, 139.0016, 
111.0073, 87.0076, 68.997

8

Succinate 0.97 119.0328 [M+H+]+ 118.0266 C4H6O4 -1.1 8 A (METLIN: MID114) 117.0181 [M-H]-, 99.0074, 73.0287 8

Malate 0.59 133.0161 [M-H+]- 134.0215 C4H6O5 1.9 8 A (METLIN: MID118) 133.0121 [M-H]-, 115.0023, 71.0131 8

A) MS/MS fragment information from literature, METLIN data base (http://metlin.scripps.edu/) or MassBank 
data base (http://www.massbank.jp/)
B) MS/MS fragment information from authentic standard or corresponding compounds (in brackets)
C) Coelution with authentical standard
D) Qualitative RP-HPLC-DAD analysis
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table S1: Confi rmati on of the identi ty of metabolite features corresponding to the selected coumarins, 
TCA cycle intermediates, and phenylalanine shown in Figure S2, by HPLC-ESI-QTOF-MS2 analysis or 
coeluti on.

Metabolite 
marker

rt (min) m/z detected ion Calculated mass (da) sum formula error 
(mda)

Cluster 
nr.

Compound identi fi ed by MS2 fragmentati on Ce (ev) λ max 
(nm)

Coumarin derivati ves:

Scopoleti n/7-
Hydroxy-6-
methoxy-
coumarin

3.96 193.0482 [M+H+]+ 192.0423 C10H8O4 -1.4 4 A (METLIN: MID6956), B, C, D 193.0482 [M+H]+ , 178.0255, 150.0303, 
133.0278, 137.0593, 122.0357, 94.0412, 
77.0386

15 207, 290, 
340

Scopolin 3.06 355.1005 [M+H+]+ 354.0951 C16H18O9 -1.9 5 A (METLIN for scopoleti n: 
MID6956), D

355.1005 [M+H]+, 193.049 [M-Glc+H]+, 
178.0251, 133.0274,  

20

Esculeti n/6,7-
Dihydroxy-
coumarin

3.15 179.0319 [M+H+]+ 178.0266 C9H6O4 -2 9 A (MassBank: ML003901, 
BML01641)

179.0319 [M+H]+, 151.039, 133.0273, 
123.0433

10

Esculin 2.78 341.0853 [M+H+]+ 340.0794 C15H16O9 -1.4 9 A (MassBank: ML003901, 
BML01641) for esculeti n

341.085 [M+H]+, 179.0333 [M-Glc+H]+, 
153.0906, 123.0409, 87.0441

20

Isofraxidin 
(8-Hydroxy-
6,8-dimethoxy-
coumarin)

4.06 223.059 [M+H+]+ 222.0528 C11H10O5 -1.1 9 B, C 223.0589 [M+H]+, 208.0360, 207.0274, 
190.0248, 179.0326, 162.0301, 
134.0352 , 107.0486

15 214, 282, 
330

Amino acids and TCA cycle intermediates:

Phenylalanine 1.99 166.0845 [M+H+]+ 165.079 C9H11NO2 -1.8 8 A (METLIN: MID28) 166.0863 [M+H]+, 149.0676, 131.0482, 
120.0808, 103.0546, 93.0698, 77.0386, 
65.0387

10

Citrate 0.78 191.0202 [M-H+]- 192.027 C6H8O7 0.5 8 A (METLIN: MID124) 193.0303  [M+H]+, 157.0125, 139.0016, 
111.0073, 87.0076, 68.997

8

Succinate 0.97 119.0328 [M+H+]+ 118.0266 C4H6O4 -1.1 8 A (METLIN: MID114) 117.0181 [M-H]-, 99.0074, 73.0287 8

Malate 0.59 133.0161 [M-H+]- 134.0215 C4H6O5 1.9 8 A (METLIN: MID118) 133.0121 [M-H]-, 115.0023, 71.0131 8

A) MS/MS fragment informati on from literature, METLIN data base (htt p://metlin.scripps.edu/) or MassBank 
data base (htt p://www.massbank.jp/)
B) MS/MS fragment informati on from authenti c standard or corresponding compounds (in brackets)
C) Coeluti on with authenti cal standard
D) Qualitati ve RP-HPLC-DAD analysis
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table S2: Confirmation of the identity of metabolite features corresponding to the selected coumarins 
shown in Figure S3C, by retention time (RT) comparison with the root exudate data in Table S1.

Metabolite marker
 

rt 
(min)

m/z
 

detected 
ion

Calculated
 mass (da)

sum
 formula

error 
(mda)

Cluster
 nr.

Coumarin derivatives        

Scopoletin/7-Hydroxy-6-
methoxycoumarin

3.98 193.0482 [M+H+]+ 192.0423 C10H8O4 -1.4 19

Scopolin 3.09 355.1011 [M+H+]+ 354.0951 C16H18O9 -1.3 13

Esculin 2.80 341.0850 [M+H+]+ 340.0794 C15H16O9 -1.7 18

table s3. Data related to shotgun metagenomic sequencing and classification of obtained reads by 
Kaiju. Samples from the compartments “bulk soil” and “root-rhizosphere” were subjected to shotgun 
metagenome sequencing. The root-rhizosphere samples were sampled from 3 different Arabidopsis 
genotypes (Col-0, myb72, and f6’h1) pre-grown under iron-sufficient (+Fe) or iron-deficient (-Fe) 
conditions. Paired-end sequencing reads (in millions, M) were classified with Kaiju (Menzel et al., 2016) 
using a database containing protein sequences of Bacteria, Archaea, Viruses, Fungi, microbial eukaryotes 
(collectively called “Microbiome”) and Arabidopsis. Reads that could not be classified to Arabidopsis or a 
microbial genus were excluded from downstream statistical processing (Not classified).

Sample characteristics reads

Sequencing 
output

Kaiju
Classified not 

classified 
(%)

sample 
name

sample type Genotype Iron paired-end 
reads (M)

Microbiome 
(%)

arabidopsis 
(%)

B 1 bulk soil n/a n/a 66.8 37.43 0.03 62.54

B 2 bulk soil n/a n/a 65.8 37.89 0.01 62.10

B 3 bulk soil n/a n/a 52.4 37.70 0.01 62.29

Col +Fe 1 root-rhizosphere Col-0 yes 83.6 21.62 29.81 48.57

Col +Fe 2 root-rhizosphere Col-0 yes 64.5 21.74 30.54 47.72

Col +Fe 3 root-rhizosphere Col-0 yes 55.6 23.11 28.27 48.62

Col -Fe 1 root-rhizosphere Col-0 no 63.4 24.16 26.59 49.25

Col -Fe 2 root-rhizosphere Col-0 no 77.2 22.11 29.86 48.03

Col - Fe 3 root-rhizosphere Col-0 no 67.6 21.91 32.12 45.97

myb72 - Fe 1 root-rhizosphere myb72 no 76.0 22.45 30.03 47.52

myb72 - Fe 2 root-rhizosphere myb72 no 75.7 20.90 30.12 48.98

myb72 - Fe 3 root-rhizosphere myb72 no 108.7 23.04 28.88 48.08

f6’h1 - Fe 1 root-rhizosphere f6’h1 no 79.0 22.12 29.95 47.93

f6’h1 - Fe 2 root-rhizosphere f6’h1 no 80.3 22.93 30.40 46.67

f6’h1 - Fe 3 root-rhizosphere f6’h1 no 82.0 21.58 31.61 46.81

Total 1098.6  
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table S4: List of primers used in this study.

primer name Gene primer sequence

PP2AA3_Fw At1g13320 5’-TAACGTGGCCAAAATGATGC-3’

PP2AA3_Rev At1g13320 5’-GTTCTCCACAACCGCTTGGT-3’

MYB72_Fw At1g56160 5’-ACGAGATCAAAAACGTGTGGAAC-3’

MYB72_Rev At1g56160 5’-TCATGATCTGCTTTTGTGCTTTG-3’

IRT1_Fw At4g19690 5’-ACCCGTGCGTCAACAAAGCTAAAG-3’

IRT1_Rev At4g19690 5’-TCCCGGAGGCGAAACACTTAATGA-3’

FRO2_Fw At1g01580 5’-TGTGGCTCTTCTTCTCTGGTGCTT-3’

FRO2_Rev At1g01580 5’-TGCCACAAAGATTCGTCATGTGCG-3’

F6’H1_Fw At3g13610 5’-TGATATCTGCAGGAATGAAACG-3’

F6’H1_Rev At3g13610 5’-GGGTAGTAGTTAAGGTTGACTC-3’

CYP71A12_Fw At2g30750 5’-GATTATCACCTCGGTTCCT-3’

CYP71A12_Rev At2g30750 5’-CCACTAATACTTCCCAGATTA-3’

CYP79B2_Fw At4g39950 5’-AACAAAAAGAAACCGTATCTGCCAC-3’

CYP79B2_Rev At4g39950 5’-TCCTAACTTCACGCATGCTATCTC-3’

CYP79F2_Fw At1g16400 5’-GGAGAGAGCGAAAGTGAATGT-3’

CYP79F2_Rev At1g16400 5’-ACCTTTTTCCCTCCAAATTTC-3’

PR3_Fw At3g12500 5’-CAATGCAACTGTCGTGGAAC-3’

PR3_Rev At3g12500 5’-TGAGCAGTCATCCAGAACCA-3’



Chapter 3

72

the following data sets are available at: https://doi.org/10.1073/pnas.1722335115

dataset S1. The marker candidate ID, retention time (RT), mass (in dalton), relative intensities and 
putative identity of features identified in root exudates of Col-0, myb72, and bglu42 plants growing 
under iron-sufficient and iron-starved conditions (Figure 1D).

dataset S2. The marker candidate ID, retention time (RT), mass (in dalton), relative intensities and 
putative identity of features identified in root exudates of Col-0, myb72, and bglu42 plants growing 
under iron-starved conditions (Figure 2A).

dataset S3. The marker candidate ID, retention time (RT), mass (in dalton), relative intensities and 
putative identity of features identified in root extracts of Col-0, myb72, and bglu42 plants growing 
under iron-sufficient and iron-starved conditions (polar extraction phase; Figure S3A).

dataset S4. The marker candidate ID, retention time (RT), mass (in dalton), relative intensities and 
putative identity of features identified in root extracts of Col-0, myb72, and bglu42 plants growing 
under iron-sufficient and iron-starved conditions (non-polar extraction phase; Figure S3B).

dataset S5. Number of reads assigned to microbes classified at Genus level with Kaiju and their 
taxonomy.

dataset S6. Relative abundance of selected coumarins and TCA cycle intermediates in roots of mock-
treated and P. simiae WCS417-inoculated Col-0 plants (corresponds to graphs shown in Figure 5A and 
Figure S7).
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aBstraCt
Induced systemic resistance (ISR) elicited upon root colonizati on by specifi c rhizobacteria 
is an eff ecti ve defense mechanism of plants against pathogen and insect att ack. The 
root-specifi c transcripti on factor MYB72 is a key regulator in the onset of rhizobacteria-
mediated ISR in Arabidopsis thaliana (hereaft er Arabidopsis). MYB72 also regulates the 
biosynthesis and excreti on of coumarins, which is induced when plants grow under iron 
defi cient conditi ons. Coumarins, such as scopoleti n, are fl uorescent phenolic compounds 
that mobilize iron in the root environment. Moreover, they possess an anti microbial acti vity 
that can signifi cantly aff ect the compositi on of the root microbiome. The ISR-eliciti ng and 
plant growth-promoti ng rhizobacterium Pseudomonas simiae WCS417 (hereaft er WCS417) 
is a strong inducer of MYB72 in Arabidopsis roots, but is insensiti ve to the anti microbial 
acti vity of scopoleti n. This suggests that the mutualist WCS417 induces the producti on of 
anti microbial coumarins by plant roots to improve its own niche establishment and in return 
provides growth and immunity benefi ts for the host plant. To characterize the metabolites 
that are produced in response to colonizati on by WCS417, we fi ngerprinted the Arabidopsis 
root metabolome of both wild-type Col-0 and mutant myb72 plants. Our data show that 
WCS417 sti mulates the biosynthesis of the coumarins scopolin, scopoleti n and esculin in 
Arabidopsis roots. WCS417 also signifi cantly aff ected the biosynthesis of glucosinolates and 
fatt y acid metabolites with predicted functi ons in plant immunity. Col-0 and myb72 displayed 
relati vely minor diff erences in the totality of the WCS417-induced metabolome changes, 
suggesti ng that MYB72 regulates only a subset of the WCS417-induced metabolites or partly 
acts redundantly. These results provide novel insight into the metabolites that play a role in 
the mutualisti c interacti on between plant roots and ISR-inducing rhizobacteria.

introduCtion
Plant roots deposit carbon into the directly surrounding soil, making the rhizosphere an 
important niche for microbial proliferati on and acti vity in the otherwise carbon-starved soil 
environment (Badri and Vivanco, 2009; Badri et al., 2009; Sasse et al., 2018; Yuan et al., 2018; 
Zhalnina et al., 2018). Root exudates consist of a complex mixture of organic compounds that 
can support but also inhibit specifi c microbes. Thus, these root exudates aff ect the complex 
microbial community associated with plant roots, the so-called root microbiome (Hu et al., 
2018; Sasse et al., 2018; Stringlis et al., 2018b; Yuan et al., 2018; Zhalnina et al., 2018; Chapter 
3). Specifi c members of the root microbiome promote plant growth or are benefi cial for 
plant health. Such mutualisti c microbiota members provide important services to the plant, 
such as acquiring scarce nutrients or fi xing nitrogen (Bulgarelli et al., 2013; Tkacz and Poole, 
2015; Bakker et al., 2018). Others provide protecti on by inhibiti ng soil-borne pathogens 
or by priming the plant immune system via induced systemic resistance (ISR), a defense 
mechanism that is eff ecti ve against a broad spectrum of microbial pathogens and insect 
herbivores (Berendsen et al., 2012; Pieterse et al., 2014; Raaijmakers and Mazzola, 2016; 
Hacquard et al., 2017). The molecular basis of such a benefi cial ISR-inducing root-microbe 
associati on has been extensively studied in the interacti on between Arabidopsis thaliana 
(hereaft er Arabidopsis) and the plant growth-promoti ng rhizobacterium Pseudomonas 
simiae WCS417 (hereaft er WCS417; Pieterse et al., 1996; Van der Ent et al., 2008; Pieterse 
et al., 2014; Zamioudis et al., 2014; Zamioudis et al., 2015; Cole et al., 2017; Stringlis et 
al., 2018a). Plant hormones emerged as essenti al regulators of rhizobacteria-conferred 
benefi cial traits. WCS417-mediated growth promoti on and the associated modulati on of 
the root architecture requires auxin, while WCS417-ISR relies on jasmonic acid (JA) and 
ethylene signaling (Pieterse et al., 1998; Zamioudis et al., 2013). Although ISR is observed in 
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numerous plant-microbe associations, little is known about the metabolites and signals that 
play a role in the communication between the plant roots and the ISR-inducing microbes in 
the rhizosphere.

Colonization of Arabidopsis roots by WCS417 results in the development of ISR in 
aboveground plant tissues. This enhanced protection against pathogen and insect attack is 
typically not associated with substantial changes in gene expression in the tissues distant 
of Arabidopsis roots colonized by WCS417 (Van Wees et al., 1999; Pieterse et al., 2000). In 
these systemic foliar tissues, ISR relies on potentiated expression of defense-related genes 
that become activated only upon pathogen or insect attack (Verhagen et al., 2004; Pozo et 
al., 2008). This phenomenon is called defense priming and provides the plant with a cost-
efficient protection mechanism (Martinez-Medina et al., 2016). In contrast, Arabidopsis 
roots show substantial transcriptional changes upon WCS417 colonization (Verhagen et 
al., 2004; Zamioudis et al., 2014; Zamioudis et al., 2015; Stringlis et al., 2018a). The root-
specific transcription factor MYB72 and the MYB72-dependent β-glucosidase BGLU42 
were identified as essential components of ISR signaling, as mutants myb72 and bglu42 are 
unable to mount WCS417-ISR (Van der Ent et al., 2008; Segarra et al., 2009; Zamioudis et 
al., 2014). Overexpression of BGLU42 led to constitutive disease resistance in Arabidopsis 
(Zamioudis et al., 2014), highlighting the important role of the MYB72-BGLU42 module in 
the onset of ISR. However, in contrast to BGLU42, overexpression of its regulator MYB72 
did not confer constitutive disease resistance (Van der Ent et al., 2008), suggesting that co-
expression of MYB72 with one or more additional factors is required for the onset of ISR.

Interestingly, MYB72 is also activated in iron-starved Arabidopsis roots (Colangelo 
and Guerinot, 2004; Buckhout et al., 2009; Palmer et al., 2013). In fact, WCS417-induced 
genes in Arabidopsis roots largely overlaps with the genes set that are in responses to iron 
deficiency, suggesting that the onset of rhizobacteria-ISR shares components of the iron 
deficiency response (Zamioudis et al., 2015; Verbon et al., 2017). MYB72 was shown to act 
redundantly with its closest paralog MYB10 to maintain the survival of plants growing in 
alkaline soil with limited iron availability (Palmer et al., 2013). Under iron deficiency, MYB72 
regulates the biosynthesis of coumarins and the subsequent excretion to root exterior 
(Zamioudis et al., 2014; Stringlis et al., 2018b; Chapter 3). These coumarins are synthesized 
via the key enzyme FERULOYL-COA 6’-HYDROXYLASE1 (F6’H1) in the phenylpropanoid 
pathway (Figure S1) and secreted via the ABC transporter PDR9 into the rhizosphere, where 
they aid in iron mobilization or uptake (Rodríguez-Celma et al., 2013; Fourcroy et al., 2014; 
Schmid et al., 2014; Schmidt et al., 2014; Tsai and Schmidt, 2017b; Rajniak et al., 2018; Tsai 
et al., 2018). Iron acquisition facilitated by coumarins likely include three steps: 1) chelation 
and mobilization of Fe(III) from the soil environment by coumarins, which makes Fe(III)-
coumarin complex available for the FERRIC REDUCTASE OXIDASE 2 (FRO2); 2) reduction of 
Fe(III) to Fe(II) by FRO2 reductase; 3) transport of Fe(II) by IRON REGULATED TRANSPORTER 
1 (IRT1) across the plasma membrane into the root interior (Fourcroy et al., 2016; Tsai and 
Schmidt, 2017b). Alternatively, coumarins may partly contribute to the accumulation of Fe(II) 
in the root environment via their reduction activity (Tsai and Schmidt, 2017b). Whereas the 
coumarin scopolin is the most dominant MYB72-dependent metabolite inside the roots, its 
aglycone scopoletin is prevalent in root exudates (Stringlis et al., 2018b; Chapter 3). BGLU42 
was shown to catalyze the deglycosylation of scopolin after which the product scopoletin 
is excreted into the rhizosphere (Zamioudis et al., 2014; Stringlis et al., 2018b; Chapter 3).

Both scopolin and scopoletin have selective antimicrobial activity in vivo (Kai et al., 2006; 
Grosskinsky et al., 2011; Sun et al., 2014; Chezem et al., 2017; Stringlis et al., 2018b; Chapter 
3). In the rhizosphere of Arabidopsis, these coumarins play a role in root microbiome 
assembly where several bacterial and fungal genera were differentially affected in 



Eff ects of fl uid loading in aSAH

77

Ch
a

pter 4

abundance on coumarin-excreti ng and non-excreti ng root systems (Stringlis et al., 2018b; 
Chapter 3). WCS417 and the ISR-inducing Pseudomonas capeferrum strain WCS358 were 
both shown to be insensiti ve to the anti microbial acti vity of scopoleti n (Stringlis et al., 
2018b; Chapter 3). This led to the hypothesis that WCS417 and other ISR-inducing microbes 
induce the producti on of coumarins to outcompete neighboring microbes and enhance 
root niche establishment, therewith benefi tti  ng both partners in this benefi cial plant-
microbe interacti on (Stringlis et al., 2018b; Chapter 3).

Although colonizati on of Arabidopsis roots by WCS417 results in the acti vati on of 
MYB72 and BGLU42 gene expression (Zamioudis et al., 2014; Zamioudis et al., 2015) and 
the visually detectable producti on of F6’H1-dependent fl uorescent compounds by the 
colonized roots (Stringlis et al., 2018b; Chapter 3), the exact nature of the metabolites 
that are produced in Arabidopsis roots in response to colonizati on by WCS417 are to date 
unknown. Therefore, in this study we set out to investi gate the WCS417-induced metabolic 
changes in Arabidopsis roots. To this end we analyzed extracts of WCS417-colonized and 
non-colonized Arabidopsis roots by metabolite fi ngerprinti ng using ultra-performance 
liquid chromatography - electrospray ionizati on - ti me-of-fl ight - mass spectrometry (UPLC-
ESI-TOF/MS). We found that WCS417 induced the producti on of the coumarins scopolin, 
scopoleti n and esculin. Moreover, we found that colonized roots produce a range of other 
metabolites, including glucosinolates and fatt y acids with predicted roles in plant immune 
responses. Collecti vely, the results give novel insight into the chemical signals that play a 
role in the interacti on between plants and the model ISR-inducing rhizobacterium WCS417.

reSuLtS

Metabolite fingerprinting of the roots

To identi fy the metabolites that are synthesized in Arabidopsis roots in response to 
colonizati on by the ISR-eliciti ng rhizobacterium WCS417, we compared the metabolomes 
of WCS417-colonized and control roots of both wild-type Col-0 and mutant myb72 plants. 
In the wild-type plants, MYB72 was signifi cantly induced by WCS417 at 2 d aft er inoculati on 
(Figure 1A), indicati ng the molecular initi ati on of ISR and the coumarin metabolic pathway 
(Zamioudis et al., 2014; Zamioudis et al., 2015). We then used UPLC-ESI-TOF/MS to analyze 
the profi les of the root metabolites. In total, we detected 8484 metabolite features from 
the polar phase and 5166 features from the nonpolar phase of Arabidopsis root extracts. 
We selected those metabolite features that diff ered signifi cantly (false discovery rate (FDR) 
corrected P < 0.01) in any comparison of the four treatments, resulti ng in 605 features 
from the polar phase and 893 features from the nonpolar phase, and used them for further 
analysis. A principal component analysis (PCA) of the selected features shows that roots 
colonized by WCS417 are metabolically disti nct from control roots. Their metabolite features 
were separated by the fi rst principal component (PC), which explained most of the variati on 
in both the polar (80.5%) and the nonpolar phase extracti on (82.3%; Figure 1B and 1C). The 
second PC, explaining 9.4% of the total variati on in the polar phase extracti on (Figure 1B) 
and 6.5% in the nonpolar phase extracti on (Figure 1C), separated Col-0 and myb72 roots 
from each other, suggesti ng a clear genotype eff ect on the root metabolome. Moreover, 
the genotype diff erences are spati ally more distant in WCS417-colonized than in control 
roots (Figure 1B and 1C), suggesti ng that colonizati on of the roots by WCS417 increases the 
metabolic dissimilarity between Col-0 and myb72 roots.
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figure 1. effect of colonization by WCS417 on metabolite profiles in the roots of Col-0 and myb72. 
(a) MYB72 expression in Arabidopsis roots in response to WCS417 colonization. Transcript levels 
were normalized to that of reference gene PP2AA3 (At1g13320). The data shown are means of 3 
biological replicates. Error bars represent SEM. The asterisk indicates significant difference (Two-
tailed t test; P < 0.05). (B) Principal component analysis (PCA) of root metabolites of the polar 
phase extraction and (C) nonpolar phase extraction from WCS417-colonized and control roots of 
Col-0 and myb72. Root material was analyzed by metabolite fingerprinting. PCA plots represent the 
filtered dataset of metabolite features with a P < 0.01 corrected by false discovery rate (FDR). (d) 
One-dimensional self-organizing maps (1D-SOMs) of the dataset presented in (B). (e) 1D-SOMs of 
the dataset presented in (C). The top panel in (d) and (e) shows the intensity of individual features 
and the bottom panel shows the clusters representing the average intensity of all features in each 
cluster. Color key indicates the range of signal intensities. The data shown are obtained from 3 
biological replicates. C: Col-0; M: myb72; C+: Col-0 colonized by WCS417; M+: myb72 colonized by 
WCS417.

We then utilized one-dimensional self-organizing maps (1D-SOMs) to cluster the intensity 
patterns and to visualize signal intensities of each metabolite feature. The metabolite 
features from both polar phase and nonpolar phase extractions were organized into 10 
distinct clusters (Figure 1D and 1E). For most metabolite feature clusters, the average 
intensity clearly responded to WCS417 colonization, reflecting either a decrease (clusters 
1-3 in both the polar and nonpolar phases) or an increase (clusters 5-10 in both the polar 
and nonpolar phases) in abundance (Figure 1D and 1E). Like in the PCA (Figure 1B and 1C), 
in the 1D-SOMs analysis the effect of WCS417 colonization on the metabolite profiles was 
more pronounced than the effect of plant genotype (Figure 1D and 1E). Nonetheless, cluster 
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4 in both the polar and nonpolar phase represent a group of metabolite features with 
higher intensity in wild-type compared to the myb72 mutant irrespecti ve of colonizati on 
(Figure 1D and 1E). The producti on of these metabolites apparently depends on MYB72, 
but their producti on does not respond to WCS417-mediated MYB72 acti vati on. Moreover, 
there are clusters that respond to rhizobacteria colonizati on in a MYB72-dependent 
manner. The intensiti es of the metabolite features that are represented by cluster 8 (polar 
phase) and cluster 10 (nonpolar phase) are higher upon colonizati on by WCS417, but only 
in the myb72 mutant (Figure 1D and 1E). Apparently, MYB72 acti vati on suppresses the 
producti on of these metabolites in wild-type plants in response to WCS417. In contrast, 
the intensiti es of the metabolite features represented by polar-phase cluster 10 are higher 
upon colonizati on only in wild-type Col-0 plants (Figure 1D), suggesti ng that the producti on 
of these metabolites is induced in response to WCS417-mediated MYB72 acti vati on. Taken 
together, these results show that WCS417 colonizati on induces signifi cant changes in the 
Arabidopsis root metabolome, and that MYB72 aff ects part of these changes. 

WCS417 affects diverse metabolic pathways in Arabidopsis roots

To investi gate the changes of the root metabolome upon WCS417 colonizati on, we 
compared the root metabolome in colonized and control roots of Col-0 in more detail. In 
this comparison, fi ltering the data with an FDR corrected P < 0.05 resulted in a metabolite 
profi le that consisted of 453 features from polar phase and 855 features from nonpolar 
phase extracti ons. The metabolite features from both polar and nonpolar phase extracti ons 
were organized into 15 clusters by means of 1D-SOMs (Figure 2A). In the WCS417-
colonized roots, metabolite features of clusters 1-6 in both the polar and nonpolar phase 
extracti ons showed lower intensiti es than in the control roots (Figure 2A), indicati ng that 
the metabolites represented by these clusters are produced in lower quanti ti es in response 
to the colonizati on by WCS417. Metabolite features of clusters 7-15 in both the polar 
and nonpolar phase extracti ons showed higher intensiti es in the colonized roots (Figure 
2A), indicati ng that the metabolites represented by these features are produced in higher 
quanti ti es in response to WCS417 colonizati on.

We then used the exact mass informati on of the metabolite features with decreased and 
increased intensiti es in colonized roots to annotate them by using the A. thaliana reference 
database in the Kyoto Encyclopedia of Genes and Genomes (KEGG). A set enrichment 
analysis (SEA) was performed to identi fy KEGG pathways that are signifi cantly enriched 
or repressed. Of the metabolite features that were signifi cantly depleted in colonized 
roots, only 14 polar-phase and 11 nonpolar-phase features could be mapped into KEGG 
pathways, which proved insuffi  cient for SEA. Nonetheless, of the metabolite features that 
were enriched in WCS417-colonized roots, 75 polar-phase features could be mapped to 63 
KEGG pathways. Of these, 21 pathways were signifi cantly enriched upon root colonizati on 
by WCS417 (Figure 2B; polar phase extracti on). Of the nonpolar-phase features that were 
enriched in WCS417-colonized roots, 100 features could be mapped to 75 KEGG pathways, 
among which 3 pathways were signifi cantly enriched upon root colonizati on (Figure 2B; 
nonpolar phase extracti on).

WCS417-stimulated metabolome shows signatures of immune-related metabolic 
pathways

Although all identi fi ed metabolite features need validati on by MS2 analysis, metabolic 
responses of Arabidopsis roots to colonizati on by WCS417 were tentati vely identi fi ed. Among 
the enriched WCS417-induced metabolic pathways, glucosinolate biosynthesis (KEGG entry: 
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map00966) and fatty acid metabolism (KEGG entry: map00591, linoleic acid metabolism; 
KEGG entry: map00073, cutin, suberin and wax biosynthesis; KEGG entry: map00592, alpha-
linolenic acid metabolism) have been implicated in plant innate immune responses (Burow 
and Halkier, 2017; Lim et al., 2017). Fatty acids actively participate in multiple layers of the 
plant immune system, contributing to basal immunity and the regulation of induced immune 
responses (Kachroo and Kachroo, 2009). Two unsaturated fatty acids, linoleic acid (18:2) and 
alpha-linolenic acid (18:3), which are associated with enhanced resistance against fungal and 
bacterial pathogens (Lim et al., 2017), are also significantly enriched upon root colonization 

figure 2. effect of colonization by WCS417 on metabolite profiles in roots of Col-0. (a) One-
dimensional self-organizing maps (1D-SOMs) of root metabolites extracted from WCS417-colonized 
and control roots of Col-0. Root material was analyzed by metabolite fingerprinting. 1D-SOMs 
represent the filtered dataset of metabolite features with a P < 0.05 corrected by false discovery 
rate (FDR). The panel shows the intensities of individual features in each cluster. Color key indicates 
the range of signal intensities. The data shown are obtained from 3 biological replicates. (C: Col-0; 
C+: Col-0 colonized by WCS417) (B) Set enrichment analysis (SEA) of mapped KEGG pathways in 
Arabidopsis roots after WCS417 colonization. The table represents the KEGG pathways with P < 
0.05 for multiple testing based on the Benjamini-Hochberg method.
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by WCS417 (Figure 3). Linoleic acid and alpha-linolenic acid are substrates of lipoxygenases 
that can be modifi ed to other oxylipins involved in plant defense, such as JA (Mosblech 
et al., 2009; Wasternack and Feussner, 2018). However, we did not detect any signifi cant 

figure 3. Metabolite profi le of features in immune-related metabolic pathways induced by 
WCS417 colonizati on. The heatmap shows the intensity of the enriched features in each immune-
related KEGG pathway. The values in the cells show the means of the metabolite feature intensiti es 
of 3 biological replicates. Color key indicates the range of signal intensiti es. The cluster No. 
represents the number of the corresponding cluster of each metabolite feature in Figure 1D and 
1E. For a bett er graphical representati on, metabolite features were grouped based on the maximal 
signal intensity of each feature (above or below 1000) in each metabolic pathway. The red asterisk 
indicates metabolite features matching with intermediates in aliphati c glucosinolate biosynthesis. 
The identi fi es of all shown compounds are tentati ve and need validati on by MS2. (C: Col-0; M: 
myb72; C+: Col-0 colonized by WCS417; M+: myb72 colonized by WCS417)
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changes in JA or JA-derivatives in the analysis. Another class of fatty-acid derivatives induced 
upon WCS417 colonization includes cutin, suberin and wax (Figure 3), which participate in 
resistance against multiple biotic and abiotic stresses (Fich et al., 2016; Barberon, 2017). 
Although the overlapping tentative identities of those metabolite features mentioned above 

figure 4. relative intensities of features in the aliphatic glucosinolate pathway induced by 
WCS417 colonization. The bar graphs represent the intensities of metabolite features. The data 
shown are means of 3 biological replicates. The red dots indicate identified metabolite features. 
The identities of all shown compounds are tentative and need validation by MS2. (C: Col-0; M: 
myb72; C+: Col-0 colonized by WCS417; M+: myb72 colonized by WCS417; RT: retention time)
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require further confi rmati on (Figure 3), these results suggest that defense-related metabolic 
pathways are induced in Arabidopsis roots upon colonizati on by WCS417.

Glucosinolates synthesized by Arabidopsis mainly consist of two classes: methionine-
derived aliphati c glucosinolates and tryptophan-derived indole glucosinolates (Sonderby 
et al., 2010; Jørgensen et al., 2015). Here, we found that in WCS417-colonized roots, 
intermediates of aliphati c glucosinolate biosynthesis were signifi cantly more abundant, 
whereas indole glucosinolate biosynthesis intermediates were not found to be aff ected 
by WCS417 colonizati on (Figure 3). Our data resembles previous fi ndings where root 
colonizati on by WCS417 enhances the biosynthesis of aliphati c glucosinolates in the foliar 
ti ssues of Arabidopsis, but not the biosynthesis of indolic glucosinolates (Pangesti  et al., 
2016). Among the WCS417-induced metabolic features matching with the intermediates 
of aliphati c glucosinolate biosynthesis were several features that showed reduced 
accumulati on in WCS417-colonized myb72 roots (Figure 4). These intermediates are part of 
the side chain elongati on and core structure formati on steps for the biosynthesis of short/
long chained glucosinolates (Jørgensen et al., 2015), suggesti ng that MYB72 may play a role 
in regulati ng the biosynthesis of aliphati c glucosinolates. The eff ect of MYB72 on WCS417-
mediated changes in the root metabolite profi le is analyzed in more detail below.

Metabolite features affected by Myb72 upon colonization by WCS417

To identi fy MYB72-dependent changes in the Arabidopsis root metabolome upon WCS417 
colonizati on, we analyzed the root metabolome in colonized roots of Col-0 and myb72 in 
more detail. In this comparison, we detected 20 features from the polar phase extracti on 
and 23 features from the nonpolar phase extracti on that diff ered between the treatments 
with an FDR-corrected P < 0.05 (Figure 5). Functi onal annotati on of the metabolite features 
resulted in 19 features that matched with markers in the KEGG databases. However, SEA 
on these metabolite features did not yield any signifi cantly enriched KEGG pathways. We 
then scanned through all 19 features for metabolite candidates of parti cular interest. One 
feature (retenti on ti me: 2.6673; corrected m/z: 477.2857) was tentati vely identi fi ed as 
18-deoxycytochalasin H, with a markedly higher intensity in colonized roots of myb72 than 
Col-0 (Figure 5). This compound is also produced by the plant-benefi cial fungus Trichoderma 
harzianum (Montero-Barrientos et al., 2010; Chen et al., 2015). To what extent the detected 
plant metabolite is similar to fungal 18-deoxycytochalasin H is currently unknown and 
further validati on of the compound is required. Another feature (retenti on ti me: 4.7963; 
corrected m/z: 330.2772), tentati vely identi fi ed as α-monopalmiti n, also has markedly 
higher intensity in WCS417-colonized roots of myb72 than Col-0 (Figure 5). Monopalmiti n 
was recently proven to be an essenti al fatt y acid supplied to arbuscular mycorrhizal fungi 
in arbusculated cells through ABCG transporters (Luginbuehl et al., 2017). The observati on 
that the metabolite features pointi ng to 18-deoxycytochalasin H and monopalmiti n are both 
produced at higher levels in WCS417-colonized myb72 roots, suggests that their producti on 
in WCS417-colonized Col-0 roots is suppressed in a MYB72-dependent manner. Again, the 
identi ti es of these two compounds sti ll need to be validated.

Coumarins are induced by WCS417 in Arabidopsis roots

MYB72 is an important regulatory protein in both rhizobacteria-elicited ISR and in responses 
to iron defi ciency (Colangelo and Guerinot, 2004; Van der Ent et al., 2008; Palmer et al., 
2013; Zamioudis et al., 2014; Zamioudis et al., 2015). Thus, we investi gated if changes 
that were reported for the Arabidopsis root metabolome incited by iron starvati on were 
also observed in response to colonizati on by WCS417. Coumarin biosynthesis is one of the 
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most notable metabolic changes in plant roots when experiencing iron deficiency (Tsai and 
Schmidt, 2017b; Stringlis et al., 2018b; Chapter 3). The biosynthetic route of coumarins in 
Arabidopsis roots is depicted in Figure S1. We indeed detected and validated increased 
production of the dominant iron-deficiency-induced coumarins scopolin, scopoletin, and 
esculin in WCS417-colonized roots (Figure 6A). However, while the biosynthesis of these 
metabolites is severely impaired in roots of myb72 mutants when exposed to conditions of 
iron deficiency (Stringlis et al., 2018b; Chapter 3), we found no effect of MYB72 on scopolin, 
scopoletin and esculin production in response to colonization of the roots by WCS417 (Figure 
6A). These results suggest that in response to WCS417 colonization, coumarins are either 
produced via a MYB72-independent biosynthetic route, or that MYB72 acts in concerted 
action with other regulators, such as its paralog MYB10 (Palmer et al., 2013).

Apart from increased coumarin production, the tricarboxylic acid (TCA) cycle is also 
strongly induced under conditions of iron deficiency, leading to enhanced production of 
TCA cycle intermediates such as citrate, malate and succinate (Thimm et al., 2001; Schmidt 

figure 5. Metabolite profile of features with significantly different intensities in WCS417 colonized 
of Col-0 and myb72. The heatmap shows the intensity of all features in polar and nonpolar phase 
extractions. The values in the cells show the means of 3 biological replicates. Color key indicates the 
range of signal intensities. For a better graphical representation, metabolite features were grouped 
based on the maximal signal intensity of each feature (above or below 1500) in nonpolar phase 
extraction. The purple color indicates that the value is outside the defined range. The cluster No. 
represents the number of corresponding cluster of each metabolite feature in Figure 1D and 1E. The 
identities of all shown compounds are tentative and need validation by MS2. (C: Col-0; M: myb72; C+: 
Col-0 colonized by WCS417; M+: myb72 colonized by WCS417; RT: retention time)
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et al., 2014; Stringlis et al., 2018b, Chapter 3). We found that colonizati on by WCS417 also 
increased the levels of citrate, malate and succinate in the roots of Col-0 (Figure 6B). The 
increased levels of the TCA cycle intermediates were also observed in the roots of myb72 
aft er colonizati on by WCS417, suggesti ng that these metabolites are not regulated by MYB72 
(Figure 6B). Yet another metabolite frequently found associated with the root response 
to iron defi ciency is the plant hormone auxin (Chen et al., 2010). Under iron defi ciency, 
the auxin level in Arabidopsis roots increases and positi vely regulates downstream iron 
defi ciency responses through the bHLH transcripti on factor FIT, which in turn regulates 
MYB72 acti vity (Chen et al., 2010; Sivitz et al., 2012; Brumbarova et al., 2015). We identi fi ed 
two metabolite features matching with indole-3-acetaldehyde (IAAld) and 2-oxoindole-3-
aceti c acid (oxIAA; Figure 6C). Both IAAId and axIAA are important components in Trp-
dependent indole-3-aceti c acid (IAA) metabolism (Ljung, 2013). IAAld acts as a precursor 
of IAA, while oxIAA is the major degradati on product of IAA (Won et al., 2011; Novak et 

figure 6. eff ect of colonizati on by WCS417 on iron defi ciency-related metabolites in roots of 
Col-0 and myb72. (a) Signal intensiti es of scopolin, scopoleti n and esculin, (B) Tricarboxylic acid 
(TCA) cycle intermediates citrate, malate and succinate and (C) metabolite features matching with 
indole-3-acetaldehyde (IAAld) and 2-oxoindole-3-aceti c acid (oxIAA). The identi ti es of all shown 
compounds in (a) and (B) were confi rmed by retenti on ti me comparison with internal databases. 
The identi fi es of all shown compounds in (C) are tentati ve and need validati on by MS2 and 
consequently their intensiti es were not analyzed stati sti cally. The data shown are obtained from 3 
biological replicates. Error bars represent SEM. The lett ers indicate signifi cant diff erence (One-way 
ANOVA followed by Tukey’s test; P < 0.05). (C: Col-0; M: myb72; C+: Col-0 colonized by WCS417; M+: 
myb72 colonized by WCS417; RT: retenti on ti me)
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al., 2012). Increased intensities of IAAld and oxIAA in WCS417-colonized roots of wild-type 
Arabidopsis suggest enhanced auxin metabolism in response to rhizobacterial colonization 
(Figure 6C). This is consistent with previous findings that Arabidopsis roots display 
enhanced auxin-dependent growth responses after colonization by WCS417 (Zamioudis 
et al., 2013; Stringlis et al., 2018a). Interestingly, the increased intensity of IAAld was not 
observed in the myb72 mutant (Figure 6C), suggesting a possible involvement of MYB72 in 
this auxin response. However, the identities of IAAld and oxIAA still need to be confirmed. 
Collectively, these results indicate that root metabolites induced by WCS417 colonization 
partly resemble those observed in roots under conditions of iron deficiency, including 
coumarins, intermediates from the TCA cycle and auxin metabolism. 

diSCuSSion

WCS417 stimulates production of coumarins in Arabidopsis roots

In this study, we investigated Arabidopsis root metabolic changes in response to 
colonization by the ISR-eliciting rhizobacterium WCS417, and the involvement of the 
root-specific transcription factor MYB72 in these changes. Previously, we demonstrated 
that the transcriptional response of Arabidopsis roots to colonization by WCS417 shows a 
significant overlap with that of roots of iron-starved seedlings (Zamioudis et al., 2015). This 
transcriptional overlap contained many genes with roles in the biosynthesis and excretion 
of iron-mobilizing coumarins , including F6’H1 (Rodríguez-Celma et al., 2013; Schmid et al., 
2014), MYB72 and MYB10 (Palmer et al., 2013; Stringlis et al., 2018b; Chapter 3), S8H (Rajniak 
et al., 2018; Tsai et al., 2018), CYP82C4 (Rajniak et al., 2018), BGLU42 (Zamioudis et al., 2014), 
and PDR9 (Fourcroy et al., 2014; Zamioudis et al., 2014). Hence, we anticipated to identify 
coumarins in the metabolite profile of WCS417-colonized roots. Indeed, the levels of the 
coumarins scopolin, scopoletin and esculin were significantly increased in roots colonized 
by WCS417. However, while their production in roots of in vitro-grown, iron-starved myb72 
plants is almost fully blocked (Stringlis et al., 2018b; Chapter 3), we here found that myb72 
and Col-0 roots accumulated similar levels of scopolin, scopoletin and esculin in response 
to colonization by WCS417 (Figure 6A). This suggests that in response to WCS417, coumarin 
biosynthesis in roots functions independently of MYB72. However, under specific conditions, 
the closest paralogue of MYB72, MYB10, can act redundantly with MYB72, therewith masking 
the regulatory role of MYB72 in coumarin biosynthesis. This is exemplified by the fact that 
the myb72myb10 double mutant is unable to survive in alkaline soils, where iron availability 
is very low, while the single mutants myb72 and myb10 show wild-type phenotypes (Palmer 
et al., 2013). In line with this, we previously found only minor compositional differences 
between the Arabidopsis root microbiomes of Col-0 and myb72 plants grown under low-
iron conditions in a natural soil (Stringlis et al., 2018b; Chapter 3). By contrast, mutant f6’h1, 
which is completely impaired in coumarin biosynthesis and does not display the WCS417-
induced fluorescent phenolic compound accumulation that is visible in colonized Col-0 roots, 
assembled a significantly distinct root microbiome in the low-iron natural soil (Stringlis et 
al., 2018b; Chapter 3). Collectively, these results indicate that colonization of the roots by 
WCS417 stimulates the biosynthesis of the coumarins scopolin, scopoletin and esculin. 
However, due to redundancy with MYB10, our data are not conclusive about the role of 
MYB72 in this process. For this, the metabolite profiles of the roots of the single and double 
mutants myb72, myb10, and myb72myb10 should be analyzed in response to colonization by 
WCS417, preferably alongside those of mutant f6’h1. 
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WCS417 stimulates tCA cycle intermediates in Arabidopsis roots

Iron defi ciency induces the producti on of TCA cycle intermediates in many plant species, 
including Arabidopsis (Zocchi, 2006; Li et al., 2008; López-Millán et al., 2009; Rellan-Alvarez 
et al., 2010; Vigani, 2012; Stringlis et al., 2018b; Chapter 3). Here we found that colonizati on 
by WCS417 signifi cantly increases the levels of three TCA cycle intermediates, citrate, 
malate and succinate in Arabidopsis roots (Figure 6B), again confi rming that root responses 
to WCS417 colonizati on largely overlap with responses to iron starvati on (Zamioudis et al., 
2015). Increased TCA cycle intermediates under iron defi ciency are proposed to functi on 
in modifying the root environment due to their strong acidity, thus increasing the iron 
availability in the soil environment to facilitate iron uptake (Vigani, 2012). Recently, citrate 
was shown to be an eff ecti ve priming agent in Arabidopsis, conferring enhanced resistance 
against the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pst; Balmer et al., 
2018). Besides boosti ng plant immunity, TCA cycle intermediates are also implicated in the 
chemical communicati on between roots and rhizobacteria. In response to foliar infecti on 
by Pst, malate is secreted by Arabidopsis roots into the rhizosphere. The ISR-inducing 
rhizobacterium Bacillus subti lis FB17 was shown to be recruited by malate, resulti ng in 
enhanced protecti on against Pst (Rudrappa et al., 2008b; Lakshmanan et al., 2012). Malate 
can specifi cally chemoatt ract this benefi cial strain and promote its biofi lm formati on on 
Arabidopsis roots (Rudrappa et al., 2008b). The abovementi oned examples suggest that TCA 
cycle intermediates in WCS417-colonized Arabidopsis roots may functi on either as signaling 
molecules involved in adapti ve plant responses to abioti c or bioti c stresses, or as chemical 
cues that can promote the establishment of benefi cial plant-microbe associati ons.

WCS417 stimulates defense-related glucosinolates in Arabidopsis roots

In additi on to the coumarins and TCA cycle intermediates, we found that WCS417 sti mulates 
many other metabolic features in the roots of wild-type plants. Systemati c analysis of these 
metabolite changes through SEA showed that defense-related metabolite intermediates of 
the glucosinolate biosynthesis pathway and fatt y acid metabolism are enriched in WCS417-
colonized Arabidopsis roots (Figure 2 and 3). Glucosinolates are essenti al plant defense 
compounds that act against pathogens or insect herbivores (Bednarek et al., 2009; Clay et 
al., 2009; Muller et al., 2010). In Arabidopsis roots, indole glucosinolates are essenti al for 
bacterial MAMP-induced depositi on of callose (Millet et al., 2010), a cell wall-strengthening 
defense mechanism that helps to prevent pathogen ingress (Luna et al., 2010). We detected 
many metabolite features matching precursors of aliphati c glucosinolates, whereas 
intermediates of indole glucosinolates biosynthesis were not detected (Figure 3 and 4). 
WCS417 was previously found to suppress the expression of the genes that are involved 
in indole glucosinolates biosynthesis (Millet et al., 2010; Zamioudis, 2012; Stringlis et 
al., 2018a). In line with our fi ndings, root colonizati on by WCS417 strongly induces the 
producti on of anti -insect aliphati c glucosinolates in foliar ti ssue, while biosynthesis of indole 
glucosinolates was repressed (Pangesti  et al., 2016). Although the role of WCS417-induced 
aliphati c glucosinolate producti on in roots is unknown and a direct eff ect of glucosinolates 
on bacteria has never been reported, a transgenic Arabidopsis line producing an exogenous 
glucosinolate assembled a signifi cantly altered root microbial community (Bressan et 
al., 2009), suggesti ng a role of this class of glucosinolates in shaping root microbiome 
compositi on. In analogy to the selecti ve anti microbial acti vity of coumarins (Stringlis et al., 
2018b; Chapter 3), it is tempti ng to speculate that aliphati c glucosinolates have a similar 
role in root microbiome assembly. Moreover, glucosinolate transporters may relocate root-
produced glucosinolates to foliar ti ssues where they can be eff ecti ve against microbial 
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pathogens and insect herbivores (Nour-Eldin et al., 2012; Jørgensen et al., 2015; Pangesti 
et al., 2016).

WCS417 stimulates defense-related fatty acid metabolites in Arabidopsis roots

Our metabolite profiling also pointed to a number of fatty acid metabolites in WCS417-
colonized roots (Figure 2 and 3). Unsaturated fatty acids are associated with disease resistance 
in multiple plant species. Colonization of bean roots by the ISR-inducing rhizobacterium 
Pseudomonas putida BTP1 significantly reduced Botrytis cinerea disease symptoms, which 
correlated with the stimulation of lipoxygenase activity and with increased levels of linoleic 
acid and linolenic acid (Ongena et al., 2004). In Arabidopsis, linoleic acid and linolenic acid 
are involved in the defense response that is induced by avirulent strains of the bacterial leaf 
pathogen P. syringae, in which they play a role in regulating NADPH oxidase activity required 
for the generation of reactive oxygen intermediates (Yaeno et al., 2004). Unsaturated fatty 
acids also contribute to plant defense as they are the main substrates for the biosynthesis 
of JA (Mosblech et al., 2009; Wasternack and Feussner, 2018). JA is a major plant defense 
hormone involved in both WCS417-mediated ISR and the regulation of iron deficiency 
responses (Pieterse et al., 1998; Van der Ent et al., 2009; Maurer et al., 2011). However, we 
did not find any JA or JA-derivatives in WCS417-colonized roots, which is consistent with the 
fact that WCS417-elicited ISR does not rely on enhanced biosynthesis of JA in the absence of 
invaders (Pieterse et al., 2000; Verhagen et al., 2004). In view of the fact that WCS417-ISR is 
associated with priming for enhanced JA-dependent defenses (Verhagen et al., 2004; Pozo 
et al., 2008), it is tempting to speculate that the increased levels of linoleic acid and linolenic 
acid in WCS417-colonized roots may constitute a metabolic pool of JA precursors for the 
enhanced pathogen-induced JA biosynthesis and the subsequent potentiated expression of 
defense-related genes upon attack.

Besides metabolites that are involved in defense responses, we also found higher levels 
of metabolites implicated in the biosynthesis of cutin, suberin and wax in WCS417-colonized 
roots. Cutin and wax are important physical barriers against pathogens as well as many 
other environmental stresses, but are mostly functional in aboveground plant parts (Fich et 
al., 2016). Suberin lamellae in the root endodermis are thought to play a major role in the 
acquisition of nutrients, including iron (Barberon, 2017). Together with the Casparian strip, 
suberin lamellae on the endodermal cells form a dynamic layer that seals the endodermis 
and regulates the transport of water and nutrients going in and out of the root interior. 
However, whether WCS417-mediated changes in suberin metabolism are functional in this 
plant-beneficial microbe interaction is currently unknown.

role of Myb72 in WCS417-induced metabolic changes

MYB72 is essential for ISR, as myb72 mutants are incapable of mounting ISR in response to 
colonization of the roots by WCS417 (Van der Ent et al., 2008). Some of the MYB72-regulated 
metabolites produced in response to WCS417 may therefore either be functional in systemic 
signaling within the plant or important for the communication between the plant roots 
and the beneficial bacteria prior to the onset of ISR. Despite the possible redundancy with 
MYB10 in our experimental setup (see above), we did find a number of MYB72-dependent 
changes in root metabolite features in response to WCS417 colonization (Figure 5 and 6). 
Unfortunately, many of these metabolite features could not be precisely identified, as they 
did not match with markers in any of the databases. A notable MYB72-regulated metabolite 
feature that we could identify was monopalmitin. Monopalmitin was more abundant in 
WCS417-colonized roots of myb72 plants, suggesting that its production was suppressed via 
MYB72 in WCS417-colonized roots of Col-0 (Figure 5). Recently, monopalmitin was found to 
be a dominant carbon source provided by legume plants to sustain arbuscular mycorrhizal 
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fungi (Luginbuehl et al., 2017). When supported by a host plant, Arabidopsis can be infected 
by mycorrhizal fungi, albeit that this interacti on is not a functi onal symbiosis and even 
results in growth repression of the plant (Veiga et al., 2013; Cosme et al., 2018). Because 
monopalmiti n might also functi on in providing other members of the plant-associated 
microbiome with a carbon source, the down-regulati on of monopalmiti n biosynthesis by 
MYB72 might limit this nourishment to prevent that specifi c members of the microbiome 
become problemati cally abundant. Another feature was tentati vely identi fi ed as 
18-deoxycytochalasin H, a natural product derived from an ISR-eliciti ng fungus T. harzianum 
(Montero-Barrientos et al., 2010; Chen et al., 2015). Cytochalasin has been widely used in 
the study of acti n dynamics, due to its inhibitory eff ect on acti n polymerizati on (Cooper, 
1987). However, the relati onship between MYB72 and deoxycytochalasin is not known yet 
and the genuine identi ti es of the features require validati on.

In summary, this study shows that root colonizati on by WCS417 considerably aff ects 
the root metabolome of Arabidopsis. Besides the producti on of coumarins and TCA cycle 
intermediates, we also identi fi ed defense-related aliphati c glucosinolates and fatt y acid 
metabolites as being sti mulated upon colonizati on of the roots by WCS417. However, our 
experimental setup was inconclusive about the role of MYB72 in the regulati on of the 
WCS417-sti mulated metabolites. Future research will be focused on unraveling the role 
of the diff erent components of the coumarin biosynthesis pathway, including MYB72, 
MYB10, and BGLU42 in the regulati on of WCS417-induced coumarin biosynthesis and their 
putati ve functi on in the onset of ISR. In additi on, we will further validate the identi ti es of 
the selected metabolite features and test hypotheses on their putati ve role in the chemical 
communicati on between plant roots and benefi cial rhizobacteria.

MAteriALS And MethodS

Plant growth conditions

Wild-type Arabidopsis thaliana accession Col-0 and mutant myb72-2 (Van der Ent et al., 
2008) were used in this study. Arabidopsis seeds were surface sterilized for 4 h in a bell 
jar containing a beaker fi lled with 100 ml bleach and 3.2 ml 37% HCl. Surface-sterilized 
seeds were left  in the fl ow cabinet for an additi onal 2 h to clear the chlorine gas. For all 
experiments, Arabidopsis seeds were transferred to 4°C for a 2-d strati fi cati on period before 
being moved to climate-conditi oned plant growth chamber. 

Arabidopsis seeds were sown on square Petri dishes (20 x 20 cm) containing 50 ml agar-
solidifi ed Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) supplemented 
with 0.5 g l-1 of MES monohydrate and 5 g l-1 of sucrose. The pH of the MS medium was 
adjusted to 5.7 by adding droplets of 1 M KOH. The plates were placed in a plant growth 
chamber simulati ng short-day conditi ons (21°C, 10 h light/14 h dark, light intensity 100 
μmol m-2 s-1). Aft er 5 d, Arabidopsis seedlings were transferred to new square Petri dishes 
containing 50 ml agar-solidifi ed modifi ed Hoagland medium (5 mM KNO3, 2 mM MgSO4, 2 
mM Ca(NO3)2, 2.5 mM KH2PO4, 70 μM H3BO3, 14 μM MnCl2, 1 μM ZnSO4, 0.5 μM CuSO4, 10 
μM NaCl, 0.2 μM Na2MoO4, 4.7 mM MES, 50 μM Fe(III)EDTA) supplemented with 14.7 g l-1 
of sucrose, as described (Stringlis et al., 2018b; Chapter 3). The pH of Hoagland medium was 
adjusted to 5.5 with KOH.

Bacteria cultivation and inoculation

The rhizobacterial strain P. simiae WCS417 (Berendsen et al., 2015) was grown on King’s 
B agar medium (King et al., 1954) supplemented with 150 μg ml-1 of rifampicin at 28°C for 
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16 h. Then the bacterial cells were scraped off the plates and suspended in 10 mM MgSO4. 
Bacterial suspensions were pelleted by centrifugation (3500 g for 5 min), gently washed and 
resuspended in 10 mM MgSO4. This pellet-wash-resuspend step was repeated 3 times and 
then the bacteria suspension was adjusted to a final OD660 of 0.1. For bacterial inoculation 
on Arabidopsis roots, 10 μl of the suspension was inoculated directly below the hypocotyls 
of 17-d old Arabidopsis seedlings (Zamioudis et al., 2015).

root sample collection

Root material for quantitative real-time PCR and metabolites fingerprinting analysis was 
collected as described (Stringlis et al., 2018b; Chapter 3). In brief, at 2 d after bacteria 
inoculation, the seedlings were cut with a scalpel at the root-hypocotyl junction to separate 
the roots from the shoots. To remove excess of adhering microbes and wash away exudates 
at the exterior, Arabidopsis roots were washed for three times in Milli-Q water (5 sec each 
time), dried on tissues and then snap frozen in liquid nitrogen and stored at -80°C.

Quantitative real-time pCr

Total RNA was extracted from Arabidopsis roots as described (Onate-Sanchez and Vicente-
Carbajosa, 2008) with slight modifications. DNase treatment was performed using DNase 
I (Thermo Scientific, Waltham, MA USA). Subsequently, cDNA was synthesized using 
SuperScript III Reverse Transcriptase (Thermo Fisher Scientific Inc., Waltham, MA). All 
steps were performed according to the manufacturer’s instructions. PCR reactions were 
performed in optical 384-well plates (Applied Biosystems, Foster City, CA) with an ABI 
PRISM® 7900 HT sequence detection system, using SYBR® Green (Applied Biosystems, Foster 
City, CA) to monitor the synthesis of double stranded DNA. The thermal profile used was: 2 
min at 50°C, 10 min at 95°C for initial denaturation; 40 cycles of 15 s at 95°C, 1 min at 60°C. 
Amplicon dissociation curves were recorded after cycle 40 by heating from 60 to 95°C with a 
ramp speed of 1°C per min. Transcript levels were calculated relative to the reference gene 
At1g13320 (Czechowski et al., 2005) using the 2−ΔCt method (Schmittgen and Livak, 2008). 
The expression levels of MYB72 and At1g13320 were determined using the gene-specific 
primers that are listed as follows: Forward 5’-ACGAGATCAAAAACGTGTGGAAC-3’ and reverse 
5’-TCATGATCTGCTTTTGTGCTTTG-3’ for MYB72; forward 5’-TAACGTGGCCAAAATGATGC-3’ 
and reverse 5’-GTTCTCCACAACCGCTTGGT-3’ for At1g13320.

Metabolite fingerprinting

For metabolite fingerprinting of the root samples, 100 mg of homogenized root material 
were extracted by two-phase-extraction in methyl-tert-butyl ether using a previously 
described protocol (Matyash et al., 2008; Floerl et al., 2012). The polar extraction phase was 
dried under a nitrogen stream and resuspended in a mixture of methanol/acetonitrile/water 
(15:15:100, v/v/v), while the nonpolar extraction phase was dried and resuspended in 100 
μl of chloroform/methanol/water (60:30:4.5, v/v/v). The metabolite fingerprinting analysis 
was performed using Ultra Performance Liquid Chromatography (UPLC, ACQUITY UPLC 
System, Waters Corporation, Milford, USA) coupled with a photo diode array detector and 
an orthogonal time-of-flight mass spectrometer (TOF-MS, LCT Premier, Waters Corporation, 
Milford, USA) as described (König et al., 2014). Data acquisition was performed by using the 
MassLynx software (MassLynx V4.1 SCN779, Waters Corporation, Milford, USA) in centroid 
data format. Data deconvolution (peak picking and alignment) was performed using the 
MarkerLynx software (Waters Corporation, Milford, MA).
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Metabolite data analysis

Metabolite data analysis was performed using the soft ware MarVis-Suite 2.6 (Marker 
Visualizati on, htt p://marvis.gobics.de) for marker visualizati on, fi ltering, clustering, and 
functi onal analysis (Kaever et al., 2015). For marker visualizati on, the intensity patt erns 
of the high-quality metabolite features were clustered by means of one-dimensional self-
organizing-maps (1D-SOMs). Aft er normalizati on, sample aggregati on was performed on 
mean values and marker scaling by the Euclidean norm (2-norm). Clusters with intensity 
patt ern of interest in the respecti ve experimental conditi ons were selected. Features 
represented by these clusters were putati vely identi fi ed by an automated database search 
within a mass deviati on of 5 mDa: AraCyc (htt p://www.arabidopsis.org), MetaCyc (htt p://
metacyc.org) and KEGG (htt p://www.genome.jp/kegg). Principal component analysis plots 
were generated by using datasets of signifi cantly enriched features in polar and nonpolar 
phase extracti on. Metabolite set enrichment analysis was entry-based, using the cumulati ve 
hypergeometric distributi on. The pathway-specifi c P-values were adjusted for multi ple 
testi ng based on the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). The 
identi ti es of the marker metabolites scopolin, scopoleti n, esculin, citrate, malate and 
succinate were confi rmed by retenti on ti me comparison with internal databases.
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Pseudomonas simiae WCS417 transcriptome 
changes triggered by root exudates reveal 

a role for coumarins in plant-rhizo-
bacteria communication

SuPPLeMentAL dAtA

figure S1. biosynthetic pathway of coumarins in Arabidopsis roots. Under iron deficiency, the 
root transcription factor FIT (FER-like iron deficiency-induced transcription factor) is activated 
(Colangelo and Guerinot, 2004). FIT regulates the expression of F6’H1, which encodes Feruloyl-
CoA 6’-Hydroxylase1, the key enzyme in coumarin biosynthesis (Rodríguez-Celma et al., 2013; 
Schmid et al., 2014). F6’H1 catalyzes the conversion of the intermediates of phenylpropanoid 
metabolism into scopoletin, and possibly also esculetin. Scopoletin is then hydroxylated by 
scopoletin 8-hydroxylase (S8H) into fraxetin (Rajniak et al., 2018; Tsai et al., 2018). Fraxetin can 
be further oxidized into sideretin by a cytochrome P450 enzyme encoded by CYP82C4 (Rajniak 
et al., 2018). Meanwhile, the corresponding glucosides of those coumarins are synthesized via as 
yet unknown glucosyltransferases and stored inside plant cells (Tsai and Schmidt, 2017b). FIT also 
regulates the expression of other transcription factors including MYB72 and MYB10, both of which 
act redundantly to regulate the early iron deficiency regulatory network (Palmer et al., 2013). 
F6’H1 is likely regulated by MYB72/MYB10 (Stringlis et al., 2018b; Chapter 3). A MYB72-dependent 
β-glucosidase, BGLU42, may function specifically in the hydrolysis of scopolin and is required for 
the excretion of scopoletin into root exterior (Zamioudis et al., 2014; Stringlis et al., 2018b; Chapter 
3). Apparently, more β-glucosidases remain to be identified for the other glycosylated coumarins. 
Finally, coumarins are exuded into root exterior via the ABC transporter PDR9 (Fourcroy et al., 
2014; Ziegler et al., 2017). Black dashed arrows indicate predicted relationship and question marks 
indicate enzymes unidentified in Arabidopsis or coumarins.
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aBstraCt
Pseudomonas simiae WCS417 is a root-colonizing bacterium with well-established plant-
benefi cial eff ects on a range of plant species, including the model plant Arabidopsis 
thaliana. Upon colonizati on of Arabidopsis roots, WCS417 triggers an induced systemic 
resistance (ISR) that is eff ecti ve against a broad spectrum of pathogens. The onset of 
WCS417-ISR shows similariti es with the iron defi ciency response, as both responses are 
associated with the producti on and exudati on of Feruloyl-CoA 6’-Hydroxylase1 (F6’H1)-
dependent coumarins. These coumarins mobilize iron from the soil environment and can 
have a selecti ve anti microbial acti vity that impacts microbiome assembly in the rhizosphere. 
Being highly coumarin-tolerant, WCS417 induces the excreti on of these compounds likely to 
improve its own niche establishment and in return provide growth and immunity benefi ts for 
the host. To investi gate the possible semiochemical functi on of F6’H1-dependent coumarins 
in the mutualisti c interacti on between WCS417 and Arabidopsis roots, we analyzed the 
transcriptome of WCS417 growing in root exudates of iron-deprived Arabidopsis Col-0 and 
f6’h1 plants. We found that coumarins signifi cantly aff ect the expression of 439 bacterial 
genes. WCS417 genes with functi ons related to transport and metabolism of carbohydrates, 
amino acids, and nucleoti des were induced, while genes with functi ons related to cell 
moti lity, the bacterial mobilome, and energy producti on and conversion were repressed. 
Most strikingly, genes related to fl agellar biosynthesis were down-regulated by F6’H1-
dependent coumarins in the root exudates. These results suggest that coumarins functi on in 
the rhizosphere as semiochemicals in the communicati on between the roots and mutualists 
such as WCS417. It is tempti ng to speculate that these metabolites repress bacterial moti lity 
to sti mulate the onset of biofi lm formati on on the root surface and at the same ti me reduce 
fl agellin producti on to avoid the acti vati on of root immune responses.

introduCtion
Plants oft en form benefi cial associati ons with diverse members of their root microbiome 
(Oldroyd et al., 2011; Bulgarelli et al., 2013; Pieterse et al., 2014). Plant roots acti vely release 
carbon-rich root exudates into the rhizosphere that can be either nutriti ous or deleterious to 
rhizosphere microbes, thus acti vely shaping the root microbiome (Sasse et al., 2018; Stringlis 
et al., 2018b; Yuan et al., 2018; Zhalnina et al., 2018; Chapter 3). Specifi c benefi cial members 
of the root microbiome can enhance the plant immune system by eliciti ng an induced 
systemic resistance (ISR) against pathogens and herbivorous insects (Berendsen et al., 2012; 
Pieterse et al., 2014). Diff erent components of the ISR signaling pathway have been revealed 
using the model system Pseudomonas simiae WCS417 (hereaft er WCS417) on Arabidopsis 
thaliana (hereaft er Arabidopsis; Pieterse et al., 1996; Van Wees et al., 1997; Pieterse et al., 
1998; Pozo et al., 2008; Van der Ent et al., 2008; Zamioudis et al., 2014). The root-specifi c 
transcripti on factor MYB72 and the MYB72-dependent β-glucosidase BGLU42 emerged as 
key regulators in the onset of ISR (Van der Ent et al., 2008; Segarra et al., 2009; Zamioudis 
et al., 2014). Although overexpression of MYB72 failed to confer ISR, overexpression 
of its downstream target BGLU42 led to consti tuti ve disease resistance, highlighti ng the 
importance of the MYB72-BGLU42 module in ISR (Van der Ent et al., 2008; Zamioudis et 
al., 2014). Interesti ngly, root transcriptome analysis in response to WCS417 revealed the 
up-regulati on of a substanti al set of genes that are also up-regulated when plants are grown 
under conditi ons of iron defi ciency, even though the WCS417-colonized plants were grown 
under iron-suffi  cient conditi ons (Zamioudis et al., 2015). The overlapping gene set includes 
MYB72 and BGLU42, but also genes encoding key enzymes in the biosynthesis of iron-
mobilizing coumarins (Tsai and Schmidt, 2017b), suggesti ng that WCS417 hijacks the iron 
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deficiency during the onset of ISR (Zamioudis et al., 2014; Zamioudis et al., 2015; Verbon et 
al., 2017). MYB72 acts together with its paralog MYB10 for the survival of plants growing in 
iron-limited alkaline soil (Palmer et al., 2013). Under such iron deficient conditions, MYB72 
regulates the production of coumarins and their subsequent release into the rhizosphere 
(Zamioudis et al., 2014; Stringlis et al., 2018b; Chapter 3). These iron-mobilizing fluorescent 
phenolic compounds are synthesized via FERULOYL-COA 6’-HYDROXYLASE1 (F6’H1) in the 
phenylpropanoid pathway and secreted by the iron deficiency-regulated ABC transporter 
PDR9 to facilitate root iron acquisition (Rodríguez-Celma et al., 2013; Fourcroy et al., 2014; 
Schmid et al., 2014; Schmidt et al., 2014; Tsai and Schmidt, 2017b; Rajniak et al., 2018). The 
most abundant MYB72-dependent metabolites inside and outside the roots are coumarin 
scopolin and its aglycone scopoletin, respectively (Stringlis et al., 2018b; Chapter 3). 
β-glucosidase BGLU42 was shown to catalyze the deglycosylation of scopolin to scopoletin, 
which is subsequently excreted to the root exterior (Zamioudis et al., 2014; Stringlis et al., 
2018b; Chapter 3).

Besides their iron-mobilizing capacity, scopolin and scopoletin also possess antimicrobial 
activity. They are also produced upon pathogen attack, and aid in the inhibition of pathogen 
growth (Kai et al., 2006; Grosskinsky et al., 2011; Sun et al., 2014; Chezem et al., 2017). In 
the rhizosphere, coumarins can have a selective effect on the composition of the microbial 
community. Mutant Arabidopsis f6’h1 plants assembled a distinct root microbiome 
compared to wild-type plants, suggesting a role for F6’H1-dependent coumarins in shaping 
the root microbiome (Stringlis et al., 2018b; Chapter 3). We found that two ISR-eliciting 
rhizobacteria, WCS417 and Pseudomonas capeferrum WCS358, are highly tolerant to the 
antimicrobial effect of scopoletin (Stringlis et al., 2018b; Chapter 3). Moreover, we found 
that colonization by WCS417 induces the production of these coumarins in Arabidopsis 
roots (Chapter 4). Hence, we postulated that WCS417 induces the production and excretion 
of antimicrobial coumarins to improve its own niche establishment and in return provide 
growth and immunity benefits for the host. The constant chemical dialogue between roots 
and microbes is essential for the establishment and maintenance of mutually beneficial 
associations, such as those formed by rhizobia and mycorrhizal fungi with their hosts 
(Oldroyd, 2013). Here, we hypothesized that coumarins can act as semiochemicals that are 
excreted by the plant roots to communicate with free-living mutualists, such as WCS417. 
In order to test this hypothesis, we employed RNA sequencing to decipher bacterial 
transcriptional responses to F6’H1-dependent coumarins in Arabidopsis root exudates. We 
found a large set of WCS417 genes to be regulated by F6’H1-dependent root exudates. 
The functions of the up-regulated genes pointed to roles in transport and metabolism 
of carbohydrates, amino acids, and nucleotides, while the down-regulated genes were 
associated with functions such as flagellar biosynthesis that affects not only motility but 
also recognition by the host immune system. Our results provide novel insight into the role 
of coumarins as semiochemicals in plant-beneficial microbe interactions.

reSuLtS

f6’h1-dependent coumarins induce transcriptional changes in WCS417

Previously, we found that coumarins are produced by Arabidopsis roots in response to 
root colonization by WCS417 and under iron deficiency (Stringlis et al., 2018b; Chapters 3 
and 4). Here we utilized root exudates of iron-starved Arabidopsis seedlings to identify the 
bacterial transcriptional responses to coumarins. Seedlings of wild-type Col-0 and mutants 
myb72 and f6’h1 that are impaired in coumarin biosynthesis, were pre-grown for 7 days in 
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liquid Hoagland medium with or without supplemented iron and subsequently incubated 
for three days in Milli-Q water to collect root exudates. In line with previous fi ndings, only 
iron-deprived Col-0 seedlings exuded fl uorescent compounds (indicati ve for the presence of 
the fl uorescent coumarins, including scopoleti n), while myb72 and f6’h1 did not (Figure 1A). 
To test the eff ect of MYB72/F6’H1-dependent coumarins on WCS417 growth, we inoculated 
the root exudates of iron-starved Col-0, myb72 and f6’h1 with WCS417. Aft er a 16-h growth 
period, we observed a ~2500-fold increase in bacterial populati on densiti es in all exudates 
tested (Figure 1B). This suggests that MYB72/F6’H1-dependent coumarins do not signifi cantly 
aff ect growth of this rhizobacterium, which is in line with the previously described tolerance 
of WCS417 to the coumarin scopoleti n (Stringlis et al., 2018b; Chapter 3).

To investi gate the eff ect of MYB72/F6’H1-dependent coumarins on WCS417 gene 
transcripti on, we exposed WCS417 for 1 h to the root exudates of iron-starved Col-0, myb72 
and f6’h1 seedlings, aft er which the bacteria were collected for RNA sequencing (RNA-seq) 
analysis. The genome of WCS417 contains 5545 coding genes (Berendsen et al., 2015), of 
which 5414 expressed genes were detected in our data set with an expression of at least 1 
read count in all samples (Dataset S1). We then normalized the read counts for each gene to 
“transcripts per million” (TPM; Dataset S2), which is a normalized expression unit that also 
takes gene length into account (Li et al., 2010). The TPM data was then used in a principal 
component analysis (PCA) to obtain an overview of the eff ect of MYB72/F6’H1-dependent 
coumarins on gene transcripti on in WCS417 (Figure 1C). The fi rst principal component (PC), 
explaining 33.93% of the total variati on, clearly separates one divergent myb72 sample 
from the other samples. The second PC, explaining 27.12% of the total variati on, separates 

figure 1. WCS417 transcriptome responds to f6’h1-dependent coumarins in root exudates. (a) 
Accumulati on of fl uorescent phenolic compounds in root exudates collected from Col-0, myb72, 
and f6’h1 seedlings that were pre-grown in Hoagland medium with (+Fe) or without (-Fe) iron. 
Photos of fl uorescence were taken under UV light (365 nm). (B) Growth of WCS417 in root exudates 
collected from Col-0, myb72, and f6’h1 seedlings that were pre-grown in Hoagland medium 
without iron. The data shown are means of 5 biological replicates. Error bars represent SEM. 
Lett ers indicate stati sti cally signifi cant diff erences (Two-way ANOVA followed by Tukey’s test, P 
< 0.05). (C) Principal component analysis (PCA) of transcripts per million (TPM) counts of all 5545 
WCS417 genes obtained from RNA sequencing results of the WCS417 transcriptome in responses 
to root exudates from iron-starved Col-0, myb72, and f6’h1 seedlings. (d) Heatmap and hierarchical 
clustering of TPM retrieved from 439 diff erenti ally expressed genes (DEGs) that are aff ected by 
F6’H1-dependent root exudates. TPM were centered and scaled. DEGs and Arabidopsis genotypes 
were organized according to hierarchical clustering using complete linkage method.
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bacterial samples grown in root exudates from different plant genotypes. The close distance 
between bacterial samples grown in root exudates from Col-0 and myb72 suggests that the 
genotype-dependent effect in PC2 is largely attributed to F6’H1 activity (Figure 1C).

We then compared the transcriptomes of bacteria grown in root exudates of Col-0 and 
f6’h1 and identified 439 differentially expressed genes (DEGs) with false discovery rate 
(FDR) below 0.05 (Dataset S3). From these 439 DEGs, 285 genes were up-regulated and 181 
genes were down-regulated by F6’H1-dependent root exudates. Figure 1D shows a heatmap 
and the hierarchical clustering of the 3 replicate expression profiles of the 439 F6’H1-
dependent DEGs of WCS417 in response to root exudates from Col-0, myb72 and f6’h1. 
The Col-0 exudate-induced profiles clearly differ from those induced by the f6’h1 exudates. 
The comparison between transcriptomes of bacteria growing in the root exudates of Col-
0 and myb72 resulted in only 2 MYB72-dependent DEGs, which were both up-regulated 
in response to Col-0 root exudates. These two DEGs, encoding an alcohol dehydrogenase 
(Locus tag: PS417_RS27420) and a GMC family oxidoreductase (Locus tag: PS417_RS27425), 
were also F6’H1-dependent. Hierarchical clustering of the TPM counts retrieved from all 439 
F6’H1-dependent DEGs indicates that WCS417 also responds differently to root exudates 
derived from iron-starved Col-0 and myb72 plants (Figure 1D). However, one of the myb72 
samples differs markedly from all other samples and likely interferes with the identification 
of MYB72-dependent DEGs. Nonetheless, our results clearly indicate that F6’H1-dependent 
coumarins in root exudates have a significant impact on the transcriptional profile of 
WCS417.

biological functions represented by WCS417 degs affected by f6’h1-dependent 
coumarins

To gain insight into the biological functions affected by coumarins, we analyzed which 
biological functions are overrepresented among the 439 DEGs of WCS417 affected by F6’H1-
dependent root exudates. We analyzed the overrepresentation of functions using two 
methods. First, we functionally annotated the genome of WCS417 and performed a gene 
ontology (GO) term enrichment analysis. GO terms are generally defined by one of three 
categories: biological process, cellular component and molecular function (Table 1). Among 
the 258 up-regulated genes in response to F6’H1-dependent coumarins in the root exudates, 
8 biological processes, 2 cellular components and 14 molecular functions were found to be 
overrepresented with a P-value < 0.05 (Table 1). Among the 181 down-regulated genes by 
F6’H1-dependent coumarins, 6 biological processes, 1 cellular component and 8 molecular 
functions were found to be overrepresented (Table 1). Most of the enriched GO terms were 
unique for either up- or down-regulated genes, with the exception of GO:0003333 (amino 
acid transmembrane transport), that was enriched in both the up-regulated and down-
regulated genes (Table 1).

Secondly, we analyzed the expression of the F6’H1-dependent DEGs that could be 
assigned to clusters of orthologous groups (COG). COG and GO term enrichment analysis 
are similar but not mutually exclusive. By combining these two approaches we aimed for 
a more comprehensive and reliable profile of functions affected by F6’H1-dependent root 
exudates. COG assignment is based on phylogenetic classification of proteins and each 
COG category represents a broad functional category containing a cluster of proteins that 
are functionally related (Tatusov et al., 2001; Galperin et al., 2015). The COG annotation 
of WCS417 DEGs was retrieved from published data (Cole et al., 2017). We examined the 
expression of those DEGs that could be assigned to COG categories. Of the 439 DEGS regulated 
by F6’H1-dependent root exudates, 383 DEGs were found with a valid COG annotation, 
which covered most of the COG categories present in the COG annotation of the WCS417 
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genome (Figure 2A; Dataset S4). Both up- and down-regulated DEGs were identi fi ed in 
most COG categories, except for three COG categories. DEGs associated with the cell cycle 
control, cell division, chromosome parti ti oning, and with the extracellular structures were 
exclusively up-regulated, whereas those associated with the mobilome such as prophages 
and transposons were down-regulated (Figure 2A). We then performed an enrichment 
analysis to identi fy bacterial functi ons that are signifi cantly induced or repressed (Figure 
2B). In the 235 up-regulated DEGs, we found 3 overrepresented COG categories: 1) 
Carbohydrate transport and metabolism; 2) Amino acid transport and metabolism, and 
3) Nucleoti de transport and metabolism, suggesti ng that F6’H1-dependent coumarins in 

table 1. Gene ontology (GO) terms enrichment analysis of diff erenti ally expressed genes (DEGs)  of 
WCS417 in response to root exudates from iron-starved Col-0 and f6’h1 plants1.

1 Overrepresented GO terms were identi fi ed in both up- and down-regulated DEGs that were responsive to 
F6’H1-dependent coumarins in the root exudates. Table represents GO terms with a P-value < 0.05. Listed are 
the number of identi fi ed genes in the set of DEGs relati ve to all genes in the WCS417 genome that are assigned to 
each GO term. Up-/down-regulated DEGs are WCS417 genes with a signifi cantly higher/lower level of expression 
(FDR < 0.05) in response to root exudates from Col-0, in comparison to the response to root exudates from f6’h1.
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the root exudates induce these functions in WCS417. In the 148 down-regulated DEGs, we 
also found 3 overrepresented COG categories: 1) Cell motility; 2) Mobilome: prophages, 
transposons and 3) Energy production and conversion, suggesting that F6’H1-dependent 
coumarins repress these functions in WCS417.

figure 2. Cog category analysis of differentially expressed genes (degs) of WCS417 in response 
to root exudates from iron-starved Col-0 and f6’h1 plants. (a) Expression levels of selected 
differentially expressed genes (DEGs) in responses to root exudates derived from Col-0 and f6’h1 
under iron deficiency. Up/down-regulated DEGs are WCS417 genes with a significantly higher/
lower level of expression (FDR < 0.05) in response to root exudates from Col-0, in comparison to the 
response to root exudates from f6’h1. DEGs with a valid annotation of clusters of orthologous groups 
(COG) were selected. In log2-fold change, positive values mean that the genes are up-regulated 
and negative values mean that the genes are down-regulated by F6’H1-dependent coumarins in 
the root exudates. Different colors of the bars correspond to different COG categories. (B) COG 
enrichment analysis of selected DEGs in responses to root exudates derived from Col-0 and f6’h1 
under iron deficiency. Overrepresented COG categories (P-value < 0.05) were identified in both 
up- and down-regulated DEGs by F6’H1-dependent coumarins. Listed are the number of identified 
genes in the set of DEGs relative to all genes in the WCS417 genome that are assigned to each COG 
category.
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F6’h1-dependent coumarins repress bacterial cell motility required for root 
colonization 

Cole and co-workers completed a genome-wide identi fi cati on of plant root colonizati on-
related genes in WCS417 using randomly barcoded transposon mutagenesis sequencing 
and identi fi ed a total of 358 genes that are colonizati on-related (Cole et al., 2017). Of 
these, 115 genes positi vely aff ect the root colonizati on capability of WCS417, whereas 243 
genes negati vely aff ect root colonizati on capability (Cole et al., 2017). We compared the 
genes that were diff erenti ally expressed in response to F6’H1-dependent root exudates 
with these colonizati on-related genes (Figure 3A). Amongst the 115 genes that positi vely 
aff ect root colonizati on of WCS417, 10 genes were up-regulated and 17 genes were 
down-regulated by F6’H1-dependent coumarins in the root exudates (Figure 3A and 3B). 
The 10 DEGs that were induced are associated with 5 COG categories, among which only 
the categories “Carbohydrate transport and metabolism” and “Amino acid transport and 
metabolism” were found to be overrepresented (Figure 3B and 3D). The 17 signifi cantly 
repressed DEGs are associated with 5 COG categories, among which only ‘Cell moti lity’ was 
overrepresented (Figure 3B and 3D). Of the genes that negati vely aff ect the root colonizing 
capability of WCS417, 14 genes were up-regulated and 9 genes were down-regulated by 
F6’H1-dependent coumarins (Figure 3A and 3C). The 14 induced DEGs are associated with 
6 COG categories, among which the categories “Cell wall/membrane/envelope biogenesis” 
and, again, “Carbohydrate transport and metabolism” were found overrepresented (Figure 
3C and 3D). The 9 repressed DEGs were associated with 5 COG categories, but none of 
these COG categories were overrepresented (Figure 3C and 3D). The genome-wide 
identi fi cati on of root colonizati on-related genes revealed that “Carbohydrate transport and 
metabolism” and “Cell moti lity” are two common functi onal categories that are associated 
with colonizati on capability of WCS417 (Cole et al., 2017). Our data indicates that F6’H1-
dependent coumarins in the root exudates aff ect bacterial carbohydrate transport and 
metabolism both positi vely as well as negati vely. Moreover, 13 genes that are involved in 
cell moti lity and required for colonizati on were exclusively repressed (Figure 3B), indicati ng 
that F6’H1-dependent coumarins may have a negati ve eff ect on bacterial cell moti lity.

The clear negati ve eff ect of F6’H1-dependent coumarins on cell moti lity-related gene 
expression in WCS417, prompted us to take a closer look at the expression and annotati on 
data of all the 22 DEGs in response to F6’H1-dependent root exudates that were assigned 
to the cell moti lity COG category (Table 2). In the genome of WCS417, there are 139 genes 
that are associated with cell moti lity, among which 31 genes have positi ve and 6 genes 
have negati ve eff ects on root colonizati on (Cole et al., 2017). The 19 genes that were down-
regulated by F6’H1-dependent coumarins, include 1 gene involved in cellulose biosynthesis 
(bcsQ, encoding a cobyric acid synthase), 13 genes involved in fl agellar biosynthesis (fl gB, 
fl gD, fl gE, fl gF, fl gG, fl gH, fl gL, fl iS, fl iF, fl iG, fl iH, fl hA and fl hF) and 5 genes involved in 
chemotaxis (Table 2). Interesti ngly, most of the down-regulated DEGs (except fl gF) involved 
in fl agellar biosynthesis were shown to have a positi ve eff ect on the root colonizati on 
capability of WCS417 (Cole et al., 2017; Table 2). The remaining 3 genes that were up-
regulated by F6’H1-dependent root exudates, encode chemotaxis-related proteins (Table 
2). However, those 3 genes are not essenti al for the root colonizati on capability of WCS417 
(Cole et al., 2017). These results indicate that F6’H1-dependent coumarins negati vely aff ect 
cell moti lity of WCS417 by repressing fl agellar biosynthesis.
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figure 3. Comparison of genes affected by f6’h1-dependent root exudates and colonization-
related genes of WCS417. (a) Venn-diagram of overlapping members between F6’H1-affected and 
colonization-related genes. All selected genes have valid annotation of clusters of orthologous 
groups (COG). F6’H1-affected genes are WCS417 genes with a significantly higher/lower level of 
expression (FDR < 0.05) in response to root exudates from Col-0, in comparison to the response to 
root exudates from f6’h1. (B) Expression profile of overlapping genes between F6’H1-affected and 
colonization-positive genes. (C) Expression profile of overlapping genes between F6’H1-affected 
and colonization-negative genes. In log2-fold change of (B) and (C), positive values mean that the 
genes are up-regulated and negative values mean that the genes are down-regulated by F6’H1-
dependent coumarins in the root exudates. Different colors of the bars correspond to different 
COG categories. (d) COG enrichment analysis of selected differentially expressed genes (DEGs) in 
responses to root exudates derived from Col-0 and f6’h1 under iron deficiency. Overrepresented 
COG categories (P-value < 0.05) were identified in both up- and down-regulated DEGs by F6’H1-
dependent coumarins. Listed are the number of identified genes in the set of DEGs relative to all 
genes in the WCS417 genome that are assigned to each COG category.
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table 2. Expression and annotati on data of 22 DEGs in the Cell Moti lity COG category.

1 Up/down-regulated DEGs are WCS417 genes with a signifi cantly higher/lower level of expression (FDR < 0.05) 
in response to root exudates from Col-0, in comparison to the response to root exudates from f6’h1. “+” means 
that the gene positi vely aff ects the root colonizati on capability of WCS417 (Cole et al., 2017). In log2-fold change, 
positi ve values mean that the genes are up-regulated while negati ve values mean that the genes are down-
regulated by F6’H1-dependent coumarins in the root exudates. 

diSCuSSion
Free living rhizobacteria acti vely respond to specifi c components in root exudates that 
either sti mulate or restrain bacterial proliferati on on the roots (Badri et al., 2009; Chagas 
et al., 2018). Arabidopsis roots synthesize and exude fl uorescent coumarins when growing 
under iron defi ciency (Schmid et al., 2014; Zamioudis et al., 2014; Stringlis et al., 2018b; 
Chapter 3), but also in response to colonizati on by the plant-benefi cial rhizobacterium 
WCS417 (Chapter 4). It is likely that WCS417 can perceive those root-derived metabolites 
and rearrange its transcripti onal profi le to adapt to the new environment. Here, we 
investi gated the transcriptomes of WCS417 growing in root exudates of iron-starved Col-0, 
myb72 and f6’h1 plants. Whereas MYB72 plays a role in regulati ng coumarin biosynthesis 
in Arabidopsis growing under iron defi ciency (Stringlis et al., 2018b; Chapter 3), F6’H1 is 
absolutely required for their producti on (Schmid et al., 2014). Although F6’H1-dependent 
root exudates strongly aff ected the bacterial transcriptome, our RNA sequencing results 
suggest that the eff ect of MYB72-dependent coumarins on bacterial responses is much 
less profound (Figure 1C and 1D). This can be explained by the fact that either the deviant 
myb72 sample negated the eff ect of MYB72-dependent coumarins in the stati sti cal analysis, 
or MYB72 can act redundantly with its paralog MYB10 (Palmer et al., 2013), resulti ng in less 
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profound effects on coumarin biosynthesis in myb72 than in f6’h1 (Stringlis et al., 2018b; 
Chapter 3). The only two MYB72-dependent DEGs were also F6’H1-dependent. However, 
the function of these two DEGs in WCS417 biology cannot be easily distilled from their 
annotation as an alcohol dehydrogenase and a GMC family oxidoreductase, respectively.

To increase our understanding of the bacterial coumarin-responding genes, we 
performed GO term enrichment analysis and, in parallel, identified overrepresented COGs. 
Both strategies used to identify bacterial functions that are activated in response to F6’H1-
dependent root exudates, brought forward that especially genes involved in the transport 
and metabolism of carbohydrates and amino acids, and genes involved in bacterial motility 
were overrepresented among the DEGs. A recent genome-wide study demonstrated that 
most genes that are required for WCS417 colonization of Arabidopsis roots, are involved 
in carbohydrate metabolism or cell motility (Cole et al., 2017). Here, we found that F6’H1-
dependent root exudates had a negative effect on the expression of 19 genes involved in 
cell motility (Table 2), 13 of which were found to be required for root colonization (Cole et 
al., 2017). Most of these 13 genes function in flagellar biosynthesis (Table 2). The flagellum 
is an important bacterial organelle required for multiple bacterial functions, such as 
movement, chemotaxis, adherence and host immune modulation (Rossez et al., 2015). The 
flagella of the rhizobacterial strain Pseudomonas defensor WCS374 were also demonstrated 
to be required for efficient colonization of potato roots (De Weger et al., 1987). Among 
the 13 flagellar biosynthesis genes, flhA and flhF are considered as the flagellar master 
regulators in multiple bacterial species including Pseudomonas putida MK1 (Pandza et al., 
2000; Kusumoto et al., 2006; Salvetti et al., 2007; Schuhmacher et al., 2015), suggesting that 
the negative effect of coumarins on bacterial cell motility likely results from transcriptional 
regulation of flhA and flhF. 

Although the 13 cell-motility-related genes that are repressed in response to F6’H1-
dependent root exudates are required for colonization by WCS417, this does not necessarily 
imply that F6’H1-dependent root exudates negatively affect the root colonization 
capability. Likely motility is important in initial stages of the colonization process, when 
motility is required to move towards the root, whereas the impact of F6’H1-dependent 
root exudates occurs only when WCS417 have reached a quorum and induce coumarin 
production by Arabidopsis roots (Stringlis et al., 2018b; Chapter 3 and 4). Intriguingly, the 
flagellin of WCS417 is a potent elicitor of root immune responses in Arabidopsis (Stringlis 
et al., 2018a; Chapter 2). Thus, down-regulation of flagellin production by F6’H1-dependent 
root exudates may be a strategy of WCS417 to avoid triggering root immune responses. 
This is supported by the fact that live WCS417 cells are potent suppressors of flg22-induced 
immune responses (Millet et al., 2010; Stringlis et al., 2018a; Chapter 2).

In addition to cell motility, biofilm formation is also crucial for long-term root colonization 
(Danhorn and Fuqua, 2007). Plant-associated rhizobacteria, including pathogenic and 
beneficial pseudomonads, can form dense biofilms on the root surface (Danhorn and Fuqua, 
2007; Rudrappa et al., 2008a). Components in root exudates have been shown to regulate 
the bacterial biofilm formation process. For example, maize root exudates can promote the 
biofilm formation of plant-beneficial Bacillus amyloliquefaciens SQR9 (Zhang et al., 2015). 
When under pathogen attack, malic acid secretion by roots can promote biofilm formation 
of B. subtilis FB17 strain on Arabidopsis roots (Rudrappa et al., 2008b). Cell motility is 
conditionally required for the initiation of biofilm formation, since biofilm formation always 
starts with bacterial cell attachment to a surface (Danhorn and Fuqua, 2007; Belas, 2014). 
In Pseudomonas fluorescens WCS365, mutants that are defective in flagellar biosynthesis 
were also found defective in biofilm formation (O’Toole and Kolter, 1998). Nonetheless, it 
is generally accepted that the inhibition of motility can promote the formation of biofilm 
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at some point and there are several examples of how this switch in lifestyle is molecularly 
enforced through negati ve feedback loops (Gutt enplan and Kearns, 2013). For example, 
EpsE, an operon that is essenti al for biofi lm formati on, also functi ons in the inhibiti on of 
cell moti lity of B. subti lis (Blair et al., 2008). Thus, the repression of bacterial cell moti lity by 
F6’H1-dependent root exudates might be part of a bacterial moti lity-to-biofi lm transiti on, 
that is required for successful root colonizati on.

Carbohydrate metabolism was also found to be involved in biofi lm formati on of many 
bacterial species under diff erent environmental conditi ons (O’Toole et al., 2000; Wen and 
Burne, 2002; Jeff erson, 2004; Wu et al., 2014). In Pseudomonas aeruginosa, the mutati on 
in the global carbon metabolism regulator Crc caused a defect in type IV pilus biosynthesis, 
which eventually led to the inability of biofi lm formati on (O’Toole et al., 2000). In the 
human pathogen Haemophilus infl uenzae, it was found that anti bioti c treatment sti mulated 
biofi lm-formati on by acti vati ng carbohydrate metabolism (Wu et al., 2014). We indeed 
found that F6’H1-dependent root exudates strongly induced bacterial carbohydrate 
transport and metabolism (Figure 2), supporti ng the hypothesis that F6’h1-dependent 
coumarins sti mulate biofi lm formati on.

Alternati vely, the functi on of coumarins in the establishment and maintenance of benefi cial 
associati on between WCS417 and Arabidopsis roots may not rely on enhanced expression 
of colonizati on features, but rather on relati vely high tolerance of WCS417 to coumarins 
(Stringlis et al., 2018b; Chapter 3), therewith providing WCS417 with a selecti ve advantage 
over coumarin-sensiti ve root microbiota resulti ng in enhanced niche establishment. 
However, the root colonizati on capability of WCS417 on the roots of Arabidopsis mutants 
that are defecti ve in coumarin biosynthesis, such as f6’h1, are not assessed yet. Considering 
the anti microbial acti viti es of coumarins (Kai et al., 2006; Grosskinsky et al., 2011; Sun et al., 
2014; Chezem et al., 2017), enhanced coumarin producti on in responses to WCS417 might 
be a strategy of plants supporti ng the populati on of this mutualist.

Collecti vely, this study showed that coumarins in root exudates functi on as 
semiochemicals that induce transcripti onal changes in the plant-benefi cial rhizobacterium 
WCS417. The nature of the coumarin-induced transcripti onal changes surfaced several 
putati ve mechanisms, including eff ects on fl agellar biosynthesis that could aid in the 
mobility-to-biofi lm transiti on and evasion of host immunity. Future research will be 
focused on experimental validati on of the theories that emerged from this study to shed 
new light on the role of the identi fi ed bacterial features in the establishment of benefi cial 
plant-microbe associati ons.

MAteriALS And MethodS

Plant growth conditions

Wild-type Arabidopsis thaliana accession Col-0 and mutants myb72-2 (Van der Ent et 
al., 2008) and f6’h1-1 (Schmid et al., 2014) were used in this study. Mutant f6’h1-1 was 
kindly provided by Dr. Jürgen Zeier (Heinrich Heine University, Düsseldorf, Germany). For 
experiments performed in vitro, seeds were surface sterilized for 4 h in a bell jar containing 
a beaker fi lled with 100 ml bleach and 3.2 ml 37% HCl. Surface sterilized seeds were left  in 
the fl ow cabinet for an additi onal 2 h to clear the chlorine gas. Arabidopsis seeds were sown 
on square Petri dishes fi lled with 50 ml agar-solidifi ed Murashige and Skoog (MS) medium 
(Murashige and Skoog, 1962) supplemented with 0.5 g l-1 of MES monohydrate and 5 g l-1 
of sucrose. The pH of MS medium was adjusted to 5.7 by adding droplets of 1 M KOH. The 
plates were transferred to 4°C for a 2-d strati fi cati on aft er which they were moved to a 
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climate chamber simulating short-day condition (21°C, 10 h light/14 h dark, light intensity 
100 μmol m-2 s-1). After 5 d, Arabidopsis seedlings were transferred to square Petri dishes 
filled with 50 ml agar-solidified modified Hoagland medium (5 mM KNO3, 2 mM MgSO4, 2 
mM Ca(NO3)2, 2.5 mM KH2PO4, 70 μM H3BO3, 14 μM MnCl2, 1 μM ZnSO4, 0.5 μM CuSO4, 10 
μM NaCl, 0.2 μM Na2MoO4, 4.7 mM MES, 50 μM Fe(III)EDTA) supplemented with 14.7 g l-1 of 
sucrose, as described (Stringlis et al., 2018b; Chapter 3). The pH of Hoagland medium was 
adjusted to 5.5 with KOH.

root exudates collection

To collect root exudates, 14-d-old Arabidopsis seedlings were transferred to Petri dishes with 
a diameter of 14.5 cm. Each Petri dish contained 70 ml modified liquid Hoagland medium 
without Fe(III)EDTA and 280 seedlings. Plates were moved back to the climate chamber. 
After 7 d, 21-d-old Arabidopsis seedlings were rinsed 5 times in Milli-Q water, transferred 
to new Petri dishes containing 70 ml Milli-Q water, and placed back in the climate chamber. 
After 3 d, root exudates were collected by filtering the solution in which the seedlings had 
been incubated through 0.2 μM Millipore filters (Merck KGaA, Darmstadt, Germany). The 
production of fluorescent phenolic compounds was visualized under UV light (365 nm).

Bacteria cultivation and inoculation

The bacterial strain P. simiae WCS417 (Berendsen et al., 2015) was inoculated on agar-
solidified King’s B medium (King et al., 1954)  supplemented with 150 μg ml-1 of rifampicin. 
Bacteria were incubated at 28°C for 16 h. Then the bacteria were scraped off the plates and 
suspended in 10 mM MgSO4. The bacterial suspension was pelleted by centrifugation at a 
speed of 3500 g for 5 min, gently washed and resuspended in 10 ml 10 mM MgSO4. This 
pellet-wash-resuspend step was repeated 3 times and the bacterial suspension was then 
concentrated to a final OD660 of 1.

For experiments to determine bacterial growth, live bacteria were inoculated in 96-
well microtiter plates. Each well contained 200 μl of root exudates with an initial bacteria 
density at OD660 of 10-5. Plates with bacteria were then moved to the climate chamber. 
Bacterial densities were assessed at 0 and 16 h after inoculation by diluting and plating the 
dilution series of bacterial cultures on agar-solidified KB plates supplemented with 150 μg 
ml-1 of rifampicin. The plates were incubated at 28°C for 24 h after which the number of 
colony-forming units (cfu) were counted. For experiments to collect bacterial samples for 
RNA sequencing, live bacteria were inoculated in 50-ml Falcon tubes. Each tube contained 
10 ml root exudates with an initial bacterial density at OD660 of 0.15. Tubes with bacteria 
were incubated in a shaker with a speed of 100 rpm min-1 at 21°C.

Bacteria sample collection

After 1 h of cultivation in root exudates, 1 ml of the bacterial culture was taken and mixed with 
2 ml RNAprotect® Bacteria Reagent (QIAGEN, Venlo, The Netherlands). Bacterial samples 
were mixed immediately by vortex for 5 s and incubated for 5 min at room temperature 
according to instructions described in RNAprotect® Bacteria Reagent Handbook (QIAGEN, 
Venlo, The Netherlands). Bacterial suspensions were pelleted by centrifuging at a speed of 
5000 g for 10 min and the pellet was stored at -80°C before usage.

cdnA Library preparation
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Total bacterial RNA was isolated using RNeasy Mini Kit (QIAGEN, Venlo, The Netherlands). 
Lysozyme (Sigma-Aldrich, Inc., St. Louis, MO) was used in the enzymati c lysis step and 
QIAGEN RNase-Free DNase Set (QIAGEN, Venlo, The Netherlands) was used in the on-column 
DNase digesti on step. All abovementi oned steps were performed according to instructi ons 
described in RNAprotect® Bacteria Reagent Handbook (QIAGEN, Venlo, The Netherlands). 
The quality of total RNA was analyzed using Agilent RNA6000 Nano Kit (Agilent Technologies, 
Waldbronn, Germany). Ribosomal RNA in 5 μg of total RNA was depleted using Ribo-Zero kit 
for bacteria (Illumina, San Diego, CA). RNA purifi cati on was performed using RNeasy MinElute 
Column (QIAGEN, Venlo, The Netherlands) according to instructi ons described in Ribo-Zero 
Magneti c Kits User Guide (Illumina, San Diego, CA). The quality and quanti ty of rRNA-
depleted total RNA was analyzed using the Agilent RNA6000 Pico Kit (Agilent Technologies, 
Waldbronn, Germany). Library preparati on was performed using TruSeq Stranded mRNA LT 
Sample Prep Kit (Illumina, San Diego, CA), with 12 ng of rRNA-depleted total RNA, according 
to manufacturer’s instructi ons. The standard adapters provided by Illumina (Illumina, San 
Diego, CA) were used in the adapter ligati on step. Agencourt AMPure kit (Beckman Coulter 
Brea, CA, USA) was used in the PCR clean-up step. The quality of cDNA library was analyzed 
using Agilent High Sensiti vity DNA Kit (Agilent Technologies, Waldbronn, Germany). The 
quanti ty of cDNA library was measured with QubitTM 3 Fluorometer with Qubit™ dsDNA BR 
Assay Kit (Thermo Fisher Scienti fi c Inc., Waltham, MA).

rnA sequencing

Sequencing of the cDNA libraries was performed using a NextSeq500 platf orm in a single-
end run with a read length of 75 bp (Utrecht Sequencing Facility, Utrecht, The Netherlands). 
FastQC (version 0.11.5, htt ps://www.bioinformati cs.babraham.ac.uk/projects/fastqc/) 
soft ware was used to check the quality and Trimmomati c (version 0.32) soft ware was 
used to trim the reads (Bolger et al., 2014). Kallisto (version 0.43.1) soft ware was used to 
quanti fy the abundance of transcripts (Bray et al., 2016) based on the coding sequences of 
WCS417 retrieved from Nati onal Center for Biotechnology Informati on (htt ps://www.ncbi.
nlm.nih.gov). From the Kallisto output, the transcripts per million (TPM) counts were used 
in a principal component analysis (PCA) and esti mated counts were used in a diff erenti al 
analysis. The diff erenti al analysis was performed using the DESeq2 (version 1.18.1) package 
in RStudio (version 1.1.383, R version 3.4.4) soft ware and genes with a false discovery rate 
(FDR) < 0.05 were selected as diff erenti ally expressed genes (DEGs) for further analysis (Love 
et al., 2014). Functi onal annotati on of the genome of WCS417 was performed using Annie 
(version 1.0, htt p://genomeannotati on.github.io/annie) soft ware. Enrichment analysis of 
DEGs was performed using the phyper functi on in R. Clusters of orthologous group of DEGs 
were retrieved from previously published data (Cole et al., 2017).

statistics

Analysis of variance in all experiments was performed using GraphPad Prism 7 (GraphPad 
Soft ware, La Jolla, CA).
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the following data sets are available upon request.

dataset S1. Estimated counts of 5545 coding genes of P. simiae WCS417 in responses to root exudates 
derived from Col-0, myb72 and f6’h1 plants growing under iron deficiency.

dataset S2. Transcripts per million of 5545 coding genes of P. simiae WCS417 in responses to root 
exudates derived from Col-0, myb72 and f6’h1 plants growing under iron deficiency.

dataset S3. 439 differentially expressed genes (DEGs) of P. simiae WCS417 in responses to root 
exudates derived from Col-0 and f6’h1 plants growing under iron deficiency. Dataset is organized 
according to the log2-fold change.

dataset S4. 383 differentially expressed genes (DEGs) that are associated with clusters of orthologous 
groups (COG) of P. simiae WCS417 in responses to root exudates derived from Col-0 and f6’h1 plants 
growing under iron deficiency. Dataset is organized according to the COG category and then to the 
log2-fold change. Data was retrieved from published data (Cole et al., 2017).
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There is an urgent need for novel strategies to increase crop producti vity and to feed the 
ever-growing populati on on Earth using the limited amount of arable land available to us. 
Root-associated microbiomes are increasingly considered a vital determinant of plant health 
and crop yields (Berendsen et al., 2012; Bulgarelli et al., 2013; Philippot et al., 2013; Turner 
et al., 2013a; Tkacz and Poole, 2015; Raaijmakers and Mazzola, 2016). The fundamental 
basis of root-microbiome interacti ons has consequently received more and more att enti on 
in recent years, as a bett er understanding of microbiome functi oning is thought to drive 
future innovati ons in agriculture. Plant roots form diverse associati ons with members of the 
root microbiome, of which many are proven benefi cial for plant health (Berendsen et al., 
2012; Bulgarelli et al., 2013). Interesti ngly, selected plant growth-promoti ng rhizobacteria 
(PGPR) were found to not only enhance plant growth but also boost the immune responses 
in the enti re plant body against potenti al att acks by pathogens and insects (Pieterse et al., 
2014). This phenomenon, known as induced systemic resistance (ISR), has been extensively 
investi gated and diff erent components of ISR signaling have been revealed using the model 
system Pseudomonas simiae WCS417 (hereaft er WCS417) on Arabidopsis thaliana (hereaft er 
Arabidopsis; Pieterse et al., 1996; Van Wees et al., 1997; Pieterse et al., 1998; Pozo et al., 
2008; Van der Ent et al., 2008; Zamioudis et al., 2014). However, many molecular events in 
the early stages of this benefi cial associati on, such as the communicati on between plant 
roots and free-living rhizobacteria, remain in the dark. In this thesis, we have presented our 
multi -omics approach to decipher the chemical communicati ons during the establishment 
of benefi cial associati ons between roots and members of root microbiome.

root immune suppression by non-invasive beneficial rhizobacteria

Benefi cial microbes need to colonize plant roots or the rhizosphere to confer their benefi cial 
traits on host plants (Lugtenberg and Kamilova, 2009; Pieterse et al., 2014). Like all 
microorganisms, benefi cial microbes are confronted with the sophisti cated plant immune 
system. Patt ern recogniti on receptors (PRRs) can perceive conserved microbe-associated 
molecular patt erns (MAMPs) and initi ate immune signaling (Jones and Dangl, 2006). Many 
benefi cial microbes, including the ISR-eliciti ng WCS417, do elicit immune responses in 
host plant roots, but these oft en become swift ly repressed, likely to facilitate a long-term 
relati onship with the host (Liu et al., 2003; Libault et al., 2010; Millet et al., 2010; Jacobs et 
al., 2011; Stringlis et al., 2018a). Signifi cant progress has been achieved in understanding 
the molecular mechanism of root immune suppression by benefi cial microbes that are 
invading host roots, such as rhizobia and mycorrhizal fungi that are living in symbiosis 
with their hosts (Zamioudis and Pieterse, 2012; Chapter 1). However, much less is known 
about the immune modulati on strategies of non-invasive benefi cial microbes. In chapter 2, 
we investi gated the strategy deployed by non-invasive benefi cial rhizobacteria to subvert 
root immune responses. We screened a Tn5 transposon mutant library of the PGPR strain 
Pseudomonas capeferrum WCS358 (hereaft er WCS358) using an Arabidopsis transgenic line 
carrying a CYP71A12pro:GUS reporter (Millet et al., 2010). Like WCS417, WCS358 is able to 
elicit ISR in many plant species including Arabidopsis (Berendsen et al., 2015). CYP71A12 
is highly expressed in Arabidopsis roots upon PRR-mediated MAMP recogniti on (Denoux 
et al., 2008; Millet et al., 2010). Flg22, the 22-amino acid pepti de epitope of bacterial 
fl agellin, is a widely used syntheti c MAMP that can be recognized by the cognate PRR FLS2 
in Arabidopsis (Felix et al., 1999; Gomez-Gomez and Boller, 2000). We fi rst demonstrated 
that WCS358 can acti vely suppress root immune responses, as pre-inoculati on of WCS358 
blocks fl g22-induced CYP71A12pro:GUS expression. This immune suppressive phenotype 
is mediated by diff usible heat-resistant bacterial signals produced by WCS358. Then 
we demonstrated that the WCS358 genome encodes immunogenic MAMPs that can be 
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recognized by Arabidopsis, as our data shows that Arabidopsis can recognize the synthetic 
flg22 peptide of WCS358 in a FLS2-dependent manner (Figure 1). In the following mutant 
screening assay, we identified 2 mutants, pqqF::Tn5 and cyoB::Tn5, that lost their ability to 
block the flg22-induced CYP71A12pro:GUS expression. Both PqqF and CyoB function in the 
oxidation of glucose, resulting in the production of gluconic acid (GA) and 2-keto gluconic 
acid (2-KGA), and significant acidification of the bacterial growth environment (Figure 1). 
We found that simply lowering the environmental pH is sufficient to block the flg22-induced 
CYP71A12pro:GUS expression, indicating that WCS358 suppresses root immune responses by 
acidifying the root environment via excretion of GA and 2-KGA (Figure 1). 

Modulation of environmental pH is often found associated with fungal pathogenicity 
(Masachis et al., 2016; Vylkova, 2017), but it was not clear how environmental acidification 
contributes to the establishment of beneficial associations between rhizobacteria and 
plant roots. Our data indicate that it is a strategy of beneficial rhizobacteria to suppress 
local root immune responses. Although the pH dependency of immune responses has 
been reported previously, the molecular mechanism remains elusive. Following the 
FLS2-mediated recognition of flg22, a rapid extracellular alkalization process is typically 
observed (Navarro et al., 2004) and acidification of the root exterior may interfere with this 
process, thus preventing downstream immune signaling initiation. Interestingly, apoplastic 
acidification was found to up-regulate many genes that clearly overlap with flagellin-
induced genes in Arabidopsis roots, including defense-related WRKY40 and ERF6 (Lager 
et al., 2010). In another study, however, it was shown that the expression of immune-
responsive marker genes such as FRK1 and WRKY30 in response to flagellin declined along 
with the increased environmental acidity (Lee et al., 2012). Our current data supports a 
suppressive effect of apoplastic acidification on the expression of an immune-responsive 
marker gene, indicating a complicated role of pH in regulating immune responses. The 
constant activation of root immunity has a detrimental effect on the establishment of 
beneficial associations. Therefore, active immune interference might be important for 
successful bacterial colonization. It is known that induction of root immune responses 
adversely affects the rhizobial associations with legumes and colonization by the beneficial 
fungus Piriformospora indica in Arabidopsis roots (Jacobs et al., 2011; Lopez-Gomez et al., 
2012). In line with this, rhizosphere population densities of the pqqF::Tn5 mutant were 
significantly reduced compared to wild-type WCS358, suggesting that effects of the plant 
immune system can extend into the rhizosphere and that modulation of the root immune 
responses affects bacterial rhizosphere colonization. In a recent study, Liu and colleagues 
also identified two genes, morA and spuC, that are required for the beneficial Pseudomonas 
sp. WCS365 to evade plant immune responses in the rhizosphere (Liu et al., 2018). Both 
morA and spuC function in balancing biofilm formation and deletion of either gene resulted 
in impaired rhizosphere fitness (Liu et al., 2018). Besides, we also found that a selection 
of rhizobacteria isolated from the Arabidopsis rhizosphere have distinct effects on flg22-
induced root immune responses. Many soil-borne rhizobacteria seem to share the ability 
to suppress root immune responses, while others act as potent elicitors of root immune 
responses. This raises the question of how plants are able to coordinate their responses 
to the beneficial, commensal and pathogenic microbes that simultaneously occupy the 
rhizosphere. Although there is no doubt that the plant immune system can shape the 
composition and proliferation of certain microbiome members in both root endophytic 
compartments and rhizosphere (Carvalhais et al., 2013; Carvalhais et al., 2015; Lebeis 
et al., 2015; Castrillo et al., 2017; Liu et al., 2017), the temporal and spatial dimensions 
in microbiome compositional shifts, the effect of root immune responses on bacterial 
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functi ons at the strain and community level, and the role of plant immunity in controlling 
microbiome homeostasis require further investi gati on. 

overlapping root responses to rhizobacterial colonization and iron deficiency

Upon successful rhizosphere colonizati on, ISR-eliciti ng PGPRs such as WCS417 and WCS358 
can initi ate transcripti onal changes in plant roots which ulti mately lead to growth promoti on 
and ISR (Pieterse et al., 2014; Verbon and Liberman, 2016). The root-specifi c transcripti on 

figure 1. Chemical communicati on in root-microbiome interacti ons. FLS2, a cell surface-localized 
patt ern recogniti on receptor in Arabidopsis, can recognize bacterial fl agellin molecules. Together 
with a co-receptor BAK1, FLS2-mediated fl agellin recogniti on initi ates immune signaling and lead 
to the biosynthesis of anti microbial camalexin. Both MYB51 (a transcripti on factor) and CYP71A12 
(an enzyme) are key regulators in camalexin biosynthesis. Pseudomonas capeferrum WCS358 
(hereaft er WCS358) and Pseudomonas simiae WCS417 (hereaft er WCS417) are plant-benefi cial 
rhizobacteria that are able to uti lize photosyntheti cally-fi xed carbon exuded by Arabidopsis roots. 
WCS358, and possibly WCS417, produce gluconic acid (GA) and 2-keto gluconic acid (2-KGA) via 
glucose metabolism, in which both pyrroloquinoline quinone (PQQ) and cytochrome bo3 oxidase 
(CYO) parti cipate. The producti on of GA and 2-KGA signifi cantly increases environmental acidity. 
Environmental acidifi cati on suppresses FLS2-dependent defenses in Arabidopsis roots, thereby 
facilitati ng root colonizati on by WCS358. WCS417 is also able to hijack the iron defi ciency responses, 
which leads to coumarin biosynthesis in Arabidopsis roots. Under iron defi ciency, the root 
transcripti on factor FIT is acti vated. FIT regulates the expression of F6’H1, which encodes Feruloyl-
CoA 6’-Hydroxylase1, the key enzyme in coumarin biosynthesis. F6’H1 catalyzes the conversion of 
the intermediates of phenylpropanoid metabolism into scopoleti n. The corresponding glucoside, 
scopolin, is synthesized via as yet unknown glucosyltransferase and stored inside plant cells. FIT also 
regulates the expression of other transcripti on factors including MYB72 and MYB10, both of which 
act redundantly in the regulati on of iron defi ciency responses. F6’H1 is likely regulated by MYB72/
MYB10. A MYB72-dependent β-glucosidase, BGLU42, may functi on specifi cally in the hydrolysis of 
scopolin to scopoleti n and is required for the excreti on of scopoleti n into root exterior. Scopoleti n 
is secreted by the root via the ABC transporter PDR9, and this secreti on signifi cantly aff ects the 
compositi on of the root microbiome. Moreover, scopoleti n negati vely regulates the expression 
of genes involved in fl agellar biosynthesis in WCS417, which may benefi t bacterial moti lity-to-
biofi lm transiti on. Black dashed arrows indicate predicted relati onship and questi on marks indicate 
enzymes unidenti fi ed in Arabidopsis.
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factor MYB72 and the MYB72-dependent β-glucosidase BGLU42 act as key components of 
WCS417-elicited ISR signaling in Arabidopsis, as both myb72 and bglu42 mutants failed to 
mount ISR (Van der Ent et al., 2008; Zamioudis et al., 2014). The fact that overexpression 
of MYB72’s downstream target BGLU42 led to constitutive disease resistance, stresses the 
indispensable role of MYB72-BGLU42 module in ISR (Van der Ent et al., 2008; Zamioudis 
et al., 2014). Intriguingly, a large overlap in transcriptomes was observed between roots 
colonized by WCS417 and roots growing under iron deficiency (Zamioudis et al., 2015). The 
overlapping gene set includes MYB72 and BGLU42, but also genes encoding key enzymes 
in the biosynthesis of phenolic compounds including coumarins (Zamioudis et al., 2014), 
suggesting that WCS417 can hijack iron deficiency responses (Zamioudis et al., 2015; Verbon 
et al., 2017). In alkaline soil where iron availability is extremely low, MYB72 acts together 
with its paralog MYB10 to maintain plant survival (Palmer et al., 2013). MYB72 and BGLU42 
were also found to regulate the production and excretion of fluorescent phenolics in iron-
starved Arabidopsis roots (Zamioudis et al., 2014). Considering that MYB72 plays a dual 
role in the onset of rhizobacteria-elicited ISR and production of phenolics in iron-starved 
Arabidopsis roots, we sought to unravel the identities of these compounds and their roles in 
root-microbiome interactions.

In chapter 3, we utilized metabolite fingerprinting to investigate the metabolic changes 
in Arabidopsis roots growing under iron deficiency. Our data show that Arabidopsis roots 
synthesize and secrete coumarins into the rhizosphere under iron deficiency, consistent 
with other studies (Fourcroy et al., 2014; Schmid et al., 2014; Schmidt et al., 2014; Strehmel 
et al., 2014; Ziegler et al., 2017; Rajniak et al., 2018; Tsai et al., 2018). Root-borne coumarins 
are able to facilitate root iron uptake via reduction and chelation of Fe(III) from the soil 
environment (Tsai and Schmidt, 2017b). We found that scopoletin and its glycosylated 
form scopolin are among the most dominant coumarins in roots and root exudates of 
Arabidopsis plants grown under iron deficiency (Figure 1). Moreover, coumarins, including 
scopolin and scopoletin, are synthesized in a MYB72-dependent manner in Arabidopsis 
roots, as their production was depleted in myb72 mutant, confirming that MYB72 
regulates the production and accumulation of coumarins under iron deficiency (Figure 
1). Interestingly, scopolin accumulated to similar levels in the roots of bglu42 mutant 
and those of Col-0, whereas scopoletin was almost depleted in the root exudates of the 
bglu42 mutant. This shows that BGLU42 functions in the deglycosylation of scopolin to 
scopoletin, which is required for the excretion of scopoletin into rhizosphere (Figure 1). As 
we know that the ISR-eliciting rhizobacteria hijack iron deficiency responses and induce the 
transcription of genes involved in coumarin biosynthesis during the onset of ISR (Zamioudis 
et al., 2015), it was unknown whether Arabidopsis roots actually synthesize coumarins 
in response to the colonization of ISR-eliciting rhizobacteria. In chapter 4, we therefore 
utilized metabolite fingerprinting to analyze the metabolic changes in WCS417-colonized 
Arabidopsis roots. We found that colonization by WCS417 indeed strongly induced the 
production and accumulation of scopoletin, scopolin and esculin in Arabidopsis roots 
(Figure 1). This confirmed that the transcriptionally overlapping responses of Arabidopsis 
roots in response to iron deficiency and to rhizobacteria colonization are indeed reflected 
by the metabolic changes. Additionally, we found accumulation of certain TCA cycle 
intermediates, mainly citrate, malate and succinate, in response to both iron deficiency 
(Chapter 3) and to colonization by WCS417 in Arabidopsis roots (Chapter 4). Interestingly, 
it was recently demonstrated TCA intermediates, including citrate, can induce defense 
priming in Arabidopsis against foliar pathogen infection (Balmer et al., 2018). Moreover, 
disease-induced malate secretions by roots of Arabidopsis plants were involved in the 
recruitment of the ISR-eliciting rhizobacterium Bacillus subtilis FB17 (Rudrappa et al., 
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2008b; Lakshmanan et al., 2012). Therefore, the producti on of TCA cycle intermediates 
in response to colonizati on by WCS417 may boost plant immune responses by priming of 
defense responses, but may also reinforce the colonizati on by WCS417 and thus strengthen 
the mutualisti c relati onship with this benefi cial rhizobacterium. 

Coumarins function as assembly cues for the root microbiome

We have shown in Chapter 3 and 4 that metabolic reprograming of Arabidopsis roots in 
response to iron defi ciency, and to WCS417 colonizati on, results in substanti al accumulati on 
of coumarins. WCS417 and many other Arabidopsis natural microbiome members have 
been shown to acti vate MYB72 (Zamioudis et al., 2015). MYB72 is a key component of 
ISR and coumarin biosynthesis (Van der Ent et al., 2008; Stringlis et al., 2018b; Chapter 
3), and because WCS417 can hijack the root iron defi ciency response (Zamioudis et al., 
2015), we wondered what the impact of these metabolic changes on the root-associated 
microbiome and, more specifi cally, on WCS417 would be. Since coumarins are among the 
most dominant metabolites synthesized by Arabidopsis roots under iron defi ciency (Stringlis 
et al., 2018b; Chapter 3), we investi gated the eff ect of coumarins on root microbiome 
assembly using metagenomic sequencing. Therefore, we assessed the root microbiome 
compositi on of Arabidopsis wild-type Col-0 and mutant f6’h1, which is defecti ve in coumarin 
biosynthesis (Schmid et al., 2014). Due to the anti microbial acti vity of coumarins (Kai et al., 
2006; Grosskinsky et al., 2011; Sun et al., 2014), we expected these compounds to cause a 
compositi onal shift  in the root microbiome. Indeed, f6’h1 assembled a disti nct microbiome 
compared to that of wild-type, in which 22 microbial genera were depleted and 13 genera 
enriched. This indicates that root-produced coumarins can acti vely shape root microbiome 
assembly by sti mulati ng or inhibiti ng specifi c microbial genera (Figure 1). Interesti ngly, 
we found that the ISR-eliciti ng rhizobacteria WCS417 and WCS358 are highly tolerant to 
scopoleti n (Figure 1), while two fungal plant pathogens are sensiti ve. It is likely that, by 
sti mulati ng the MYB72-mediated excreti on of scopoleti n, these ISR-eliciti ng rhizobacteria 
deter at least part of the microbes with which they compete for space and nutrients on 
the root, thereby improving their niche establishment and enabling them to enhance plant 
growth and protecti on.

It is known that the initi ati on of certain symbioti c signaling relies on the constant 
chemical communicati on between roots and microbes (Oldroyd, 2013). For example, in 
rhizobia-legume symbiosis, fl avonoids are released into the rhizosphere by legume roots, 
which are perceived by free-living rhizobia. Transcripti onal reprogramming in rhizobia 
upon percepti on of these fl avonoids results in the rhizobial producti on and secreti on of 
nodulati on factors, which in-turn acti vate symbiosis signaling in the plant roots (Oldroyd, 
2013; Zipfel and Oldroyd, 2017). Considering the fact that coumarins are produced and 
secreted in response to WCS417 but have limited eff ect on the growth of WCS417 in vitro 
(Chapter 3), we hypothesized that coumarins may also act as semiochemicals involved in the 
communicati on between roots and WCS417. Thus, in chapter 5, we investi gated the eff ect 
of coumarins on acti vity of WCS417 using RNA-sequencing. Indeed, we found that WCS417 
drasti cally alters its transcripti onal profi le in responses to F6’H1-dependent root exudates. 
Interesti ngly, enrichment analysis of the functi onal categories of all diff erenti ally expressed 
genes suggested that F6’H1-dependent coumarins also aff ects bacterial functi ons that 
are required for colonizati on of Arabidopsis roots, such as cell moti lity and carbohydrate 
metabolism. We then compared our data to a set of colonizati on-related genes previously 
identi fi ed in WCS417 (Cole et al., 2017), and found that the expression of 13 cell moti lity-
related genes was exclusively repressed by F6’H1-dependent coumarins, while those 13 
genes are required for full colonizati on capability of WCS417. It has been demonstrated 
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that inhibition of cell motility often coincides with a switch to increased biofilm formation 
(Guttenplan and Kearns, 2013), which is necessary for the long-term root colonization of 
many rhizobacteria (Danhorn and Fuqua, 2007; Rudrappa et al., 2008a). It is possible that 
WCS417 can benefit from the inhibition of motility as F6’H1-dependent coumarins would 
be produced only after WCS417 has reached the root in sufficient number to induce the 
expression of F6’H1. However, this hypothesis needs further confirmation. Besides, the 
down-regulated cell motility-related genes are mostly associated with flagellar biosynthesis 
(Figure 1), suggesting that WCS417 actively avoids excessive production of flagella in order 
to evade recognition by the plant and subsequent initiation of root immune responses. Our 
data provides evidence that coumarins are semiochemicals in the communication between 
roots and members of the root microbiome. The picture that emerges from our work is 
that WCS417 is attracted by nutrients in root exudates, thus moving towards the active 
sites of root exudation. The initial gathering of WCS417 cells may induce iron deficiency 
responses in Arabidopsis roots, resulting in enhanced coumarin biosynthesis and secretion 
of scopoletin in the rhizosphere. Altered root exudates potentially repress scopoletin-
sensitive microbes in the same niche, while WCS417 can benefit from the niche occupation 
and start forming biofilm on the root surface as a response to coumarins.

Local immune modulation: roots for iSr?

Besides coumarins and TCA cycle intermediates, we also discovered that intermediates 
of glucosinolate biosynthesis and fatty acid metabolism, two immune-related groups of 
metabolites, are significantly more abundant upon colonization by WCS417 (Chapter 4). 
Glucosinolates in Arabidopsis mainly consist of methionine-derived aliphatic glucosinolates 
and tryptophan-derived indole glucosinolates, both of which are considered plant defense 
compounds (Bednarek et al., 2009; Clay et al., 2009; Muller et al., 2010; Sonderby et al., 
2010; Jørgensen et al., 2015). Interestingly, we detected many metabolites matching 
precursors of aliphatic glucosinolates, but not of indolic glucosinolates. Moreover, it is 
known that WCS417 is able to induce alphatic glucosinolate biosynthesis in systemic 
foliar tissues (Pangesti et al., 2016), and suppress the expression of the genes involved 
in the biosynthesis of indole glucosinolates in Arabidopsis roots, such as MYB51 and 
MYB122 (Millet et al., 2010; Zamioudis, 2012; Frerigmann and Gigolashvili, 2014; Stringlis 
et al., 2018a; Chapter 2). However, the roles of WCS417-induced aliphatic and WCS417-
repressed indole glucosinolate biosynthesis are not clear yet. We speculate that the 
enhanced biosynthesis of aliphatic glucosinolates, which have antimicrobial activity, may 
have a role in root microbiome assembly or are prepared as defense compounds in the 
Arabidopsis roots that can be effectively relocated to protect plants against pathogens 
and insects. Effective glucosinolate transporters required for such relocation have been 
described (Nour-Eldin et al., 2012; Jørgensen et al., 2015). The apparently enhanced fatty 
acids metabolism in WCS417-colonized Arabidopsis roots is likely associated with activation 
of defense responses. Two unsaturated fatty acids, linoleic acid and linolenic acid, which 
are more abundantly produced in WCS417-colonized Arabidopsis roots, are also enriched 
in plant defense responses against Botrytis cinerea and P. syringae (Ongena et al., 2004; 
Yaeno et al., 2004). Interestingly, they are also the main substrates for the biosynthesis of 
JA (Mosblech et al., 2009; Wasternack and Feussner, 2018), a major plant defense hormone 
involved in regulating not only plant immune signaling (Pieterse et al., 2012), but also in 
WCS417-elicited ISR in Arabidopsis (Pieterse et al., 1998; Van der Ent et al., 2009). However, 
we failed to detect any JA or JA-derivatives in our analysis, which is consistent with the fact 
that WCS417-elicited ISR does not enhance JA biosynthesis in Arabidopsis without invaders 
(Pieterse et al., 2000; Verhagen et al., 2004). Possibly, the enhanced fatty acids metabolism 
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in WCS417-colonized roots may contribute to the accumulati on of JA precursors, creati ng a 
reservoir for the subsequent enhanced JA biosynthesis and potenti ated defense responses 
upon att ack.

redundant functioning of Myb72 and Myb10

MYB72 and its close paralog MYB10 emerged as important components in regulati ng iron 
defi ciency responses. They functi on redundantly to maintain plant survival under iron 
defi cient conditi ons, as only the double myb72myb10 mutant failed to survive in alkaline 
soils, while growth of myb72 and myb10 single mutant plants was similar to that of wild-type 
plants (Palmer et al., 2013). During the onset of WCS417-elicited ISR, however, knocking 
out MYB72 suffi  ces to eliminate expression of ISR (Van der Ent et al., 2008). Moreover, we 
found that coumarin biosynthesis was dependent on MYB72 in Arabidopsis roots under 
iron defi ciency (Stringlis et al., 2018b; Chapter 3), whereas in roots colonized by WCS417, 
the producti on of coumarins was not aff ected by the mutati on of MYB72 (Chapter 4), 
indicati ng that MYB72 is conditi onally required for coumarin producti on. Correspondingly, 
aft er inducti on of the iron defi ciency response, we only observed a rather small shift  in the 
relati ve abundance of three genera in the root microbiome of the myb72 mutant, while the 
coumarin biosynthesis mutant f6’h1 showed a more disti nct root microbiome compositi on 
(Stringlis et al., 2018b; Chapter 3), suggesti ng that in this conditi on the presence of MYB10 
may compensate the mutati on of MYB72 in the single myb72 mutant. It appears that under 
specifi c circumstances, a redundant geneti c factor in Arabidopsis, likely to be MYB10, can 
compensate the functi oning of MYB72 in response to colonizati on by WCS417 as well as to 
iron defi ciency. In this thesis, we did not elucidate those specifi c conditi ons but suggest using 
the double mutant myb72myb10 in future studies when either an ISR- or iron-defi ciency-
response negati ve mutant is required. Nonetheless, it would be interesti ng to decipher the 
geneti c regulatory network of MYB72 and MYB10 to understand their exact roles in both ISR 
signaling and the iron defi ciency response. 

Coumarins, TCA cycle intermediates, glucosinolates and fatt y acids were found in 
increased concentrati ons in the Arabidopsis roots colonized by WCS417 (Chapter 4). The 
producti on of these compounds did not depend on MYB72 in our study, however, due to 
possible redundancy with MYB10, our data are not conclusive about the role of MYB72 
in this process. A notable MYB72-aff ected metabolite produced in response to WCS417 
that we could identi fy was monopalmiti n. Monopalmiti n was more abundant in roots 
colonized by WCS417 and even more so in myb72 roots. Although we can only speculate 
about the role of monopalmiti n in the Arabidopsis-WCS417 interacti on, it is a fatt y acid that 
was recently identi fi ed as a dominant carbon source produced by plants to accommodate 
arbuscular mycorrhizal fungi (Luginbuehl et al., 2017). Mycorrhizal fungi cannot form a 
functi onal symbiosis with Arabidopsis roots (Veiga et al., 2013; Cosme et al., 2018), but 
monopalmiti n might also functi on in providing other members of the plant-associated 
microbiome with a carbon source. The down-regulati on of monopalmiti n biosynthesis by 
MYB72 might limit this nourishment to prevent that specifi c members of the microbiome 
become problemati cally abundant. 

Co ncluding remarks

In this study the interplay between the plant root and its microbiome was shown to involve 
both acti ve suppression of root immune responses by benefi cial bacteria and secreti on of 
coumarins by the root that diff erenti ally aff ect growth and acti vity of specifi c members of 
the microbiota. Moreover, these coumarins are involved in shaping the compositi on of the 
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microbial community in the rhizosphere. In response to these coumarins, expression of root 
colonization-related genes in a beneficial bacterium is affected. Our results point to a model 
in which beneficial microbes can interfere with the root immune response to establish 
significant populations in the rhizosphere. Upon perception of specific semiochemicals in 
the root exudates, that are actually induced in the plant upon colonization by the beneficial 
bacterium, the bacteria seem to avoid recognition by the plant by down-regulation 
of MAMPs. Both the plant and the bacteria benefit from this intriguing and complex 
interaction. A thorough understanding of such interactions at the molecular and genetic 
level for both the plant and the microbiome can ultimately lead to the development of 
stable beneficial microbiomes that sustain efficient and durable crop production. Future 
breeding programs can employ this knowledge to develop elite crops that are better able 
to sustain plant-favorable and disease-suppressive microbiomes. Moreover, it should be 
possible to improve the field performance of plant-growth-promoting microbes by using 
those beneficial microbes that are specifically supported by crop plants. Unleashing the 
power of the plant microbiome will prove an important step in improving crop yields whilst 
reducing the environmental damage of chemical fertilizers and pesticides and thus providing 
future food for mankind’s expanding population.
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SAMenvAtting

De gezondheid van een plant wordt in hoge mate bepaald door de microbiële gemeenschap 
die is geassocieerd met de plantenwortel. Naast interacties met micro-organismen die de 
plant kunnen schaden, interacteren planten ook met specifieke groeibevorderende micro-
organismen op hun wortels. Het tot stand komen van dergelijke allianties vereist een 
constante moleculaire dialoog tussen de groeibevorderende microben en hun gastheer. 
Wortelexudaten spelen een belangrijke rol bij het vormen van het wortelmicrobioom, de 
microbiële gemeenschap op de plantenwortel. In dit proefschrift is de interactie tussen 
wortels van de modelplant Arabidopsis thaliana met plantvriendelijke micro-organismen 
onderzocht om een beter zicht te krijgen op de chemische communicatie tussen 
plantenwortels en het wortelmicrobioom.

Het immuunsysteem van de plant kan microbe-geassocieerde moleculaire patronen 
(MAMPs) detecteren en de daarop geïnitieerde afweerreacties kunnen de groei van micro-
organismen beïnvloeden. In hoofdstuk 1 wordt aan de hand van literatuur onderzocht of 
actieve demping van deze afweerreactie door plantvriendelijke microben noodzakelijk is om 
effectief de wortel te kunnen koloniseren. Voor sommige plantvriendelijke rhizobacteriën is 
aangetoond dat ze de door MAMPs  geactiveerde afweerrespons in wortels van Arabidopsis 
kunnen onderdrukken (Millet et al., 2010; Lakshmanan et al., 2012; Stringlis et al., 2018a). 
In hoofdstuk 2, wordt een dergelijke onderdrukking van de immuunrespons door de 
bacterie stam Pseudomonas capeferrum WCS358 (WCS358) bestudeerd. WCS358 kan het 
afweersysteem van de plant versterken en er na kolonisatie van de wortels voor zorgen dat 
alle delen van de plant minder vatbaar worden voor ziekteverwekkers, een fenomeen dat 
bekend is onder de term geïnduceerde systemische resistentie (induced systemic resistance; 
ISR). Tegelijkertijd onderdrukt WCS358 in de wortels de afweerrespons die volgt op toediening 
van flg22, een MAMP dat ook door WCS358 wordt geproduceerd. In dit hoofdstuk werd 
ontdekt dat de bacteriële genen pqqF en cyoB nodig zijn voor de onderdrukking van flg22-
geïnduceerde afweerreactie. De eiwitten PqqF en CyoB zijn beide betrokken bij de oxidatie 
van glucose tot gluconzuur. Door de productie van gluconzuur verlaagt de bacterie de pH 
van het omringende milieu. De verlaging van pH bleek ook voldoende om de afweerrespons 
van de wortel te onderdrukken. Bovendien was een mutant van WCS358 zonder functioneel 
pqqF verminderd in staat de plantenwortel te koloniseren. Deze resultaten tonen aan dat 
WCS358 afweerreacties in de wortel kan onderdrukken door de pH van het wortelmilieu 
te verlagen en suggereren dat onderdrukking van de afweerrespons door plantvriendelijke 
micro-organismen bijdraagt aan kolonisatie van de plantenwortel door deze micro-
organismen. 

MYB72 is een transcriptiefactor met een voor ISR essentiële functie in de plantenwortel. 
Arabidopsis planten die dit eiwit missen of waarin het eiwit niet functioneel is, 
vertonen geen verminderde vatbaarheid voor ziekteverwekkers na kolonisatie door ISR-
veroorzakende micro-organismen.  In de wortels van Arabidopsis is MYB72 ook betrokken 
is bij de synthese van fluorescerende coumarines in reactie op een ijzertekort. Coumarines 
zijn fenolische verbindingen die bij ijzer deficiëntie accumuleren in het wortelexudaat en die 
de beschikbaarheid van ijzer voor de plant verhogen. In hoofdstuk 3 worden deze MYB72-
afhankelijke metabolieten geanalyseerd en hun betrokkenheid bij de assemblage van het 
wortelmicrobioom bestudeerd. Zowel MYB72 als de, ook voor ISR noodzakelijke, beta-
glucosidase BGLU42 zijn betrokken bij de biosynthese van coumarines. In de wortel van 
Arabidopsis is scopoline dominant aanwezig, terwijl scopoletine het dominant coumarine 
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in het wortelexudaat is. In myb72 mutanten zijn deze coumarines nauwelijks aanwezig, 
wat aangeeft dat MYB72 de synthese van deze coumarines reguleert. In bglu42 planten is 
scopoletine afwezig in het exudaat, terwijl scopoline nog wel aanwezig is in de plantenwortel. 
Scopoline is de geglycolyseerde vorm van scopoletine, waarmee het glucosidase BGLU42 
waarschijnlijk verantwoordelijk is voor deze omzetting en dat alleen scopoletine wordt 
gesecreteerd. Hoewel scopoletine sterke antimicrobiële activiteit heeft, zijn de ISR-
veroorzakende rhizobacteriën Pseudomonas simiae WCS417 (WCS417) en WCS358 zeer 
ongevoelig voor deze verbinding. Bovendien rekruteert de coumarine-deficiënte f6’h1-
mutant een significant ander wortelmicrobioom dan wild type planten, wat erop wijst dat 
coumarines de assemblage van het wortelmicrobioom vormgeven.

Door WCS417 veroorzaakte veranderingen in het transcriptoom van Arabidopsis overlappen 
met de veranderingen veroorzaakt door ijzerdeficiëntie (Zamioudis et al., 2015). Echter 
was nog niet duidelijk of veranderingen in metabolietsamenstelling van de wortel in 
reactie op WCS417 en op ijzertekort ook overeenkomsten vertonen. Daarom werd in 
hoofdstuk 4 onderzocht of er na kolonisatie door WCS417 metabole veranderingen in 
wortels van Arabidopsis optreden. Inderdaad bleek WCS417 het wortelmetaboloom sterk 
te beïnvloeden met een verhoogde productie van de coumarines scopoline, scopoletine 
en esculine. Daarnaast werd ook de biosynthese van alifatische glucosinolaten en het 
vetzuurmetabolisme, beide geassocieerd met wortelimmuunreacties, gestimuleerd door 
WCS417.

Coumarinen worden geproduceerd in reactie op zowel ijzer tekort (hoofdstuk 3) als door 
kolonisatie van de wortel door WCS417 (hoofdstuk 4). De verhoogde productie van de 
antimicrobiële coumarines zou indirect kolonisatie door WCS417 kunnen bevorderen, 
aangezien WCS417 relatief ongevoelig is voor de groeiremmende effecten van coumarines. 
De reactie van WCS417 op coumarines was echter nog niet onderzocht. Daarom werd in 
hoofdstuk 5 de transcriptionele respons van WCS417 op coumarines in wortelexudaten van 
Arabidopsis onderzocht. In deze experimenten werd gevonden dat coumarine bevattende 
wortelexudaten het transport en metabolisme van koolhydraten, aminozuren en nucleotiden 
induceren, terwijl celmotiliteit, het bacteriële mobiloom en energieproductie en -conversie 
word onderdrukt. Mogelijk draagt deze respons bij aan de capaciteit van WCS417 om 
wortels te koloniseren.

In hoofdstuk 6 worden de verkregen resultaten besproken in context van bestaande 
literatuur en met het oog op mogelijk vervolgonderzoek.
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