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CHAPTER 1

General Introduction 

Adapted from:
Ahmad S, Gordon-Weeks R, Pickett J, Ton J. 

Natural variation in priming of basal resistance: from evolutionary origin to agricultural 
exploitation. Molecular Plant Pathology 11(6), 817-827 (2010).
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Chapter 1

THE PLANT IMMUNE SYSTEM

Plants are constantly interacting with potentially hostile organisms, such as viruses, 
bacteria, fungi, oomycetes, nematodes, and insects. Over the course of millions of years of 
co-evolution, these plant-microbe interactions have shaped the plant immune system. This 
regulatory system is complex and involves multiple inducible defence mechanisms, which 
are active at different stages of colonization by the plant attacker (Figure 1; Ton et al., 2009). 
To establish a successful parasitic interaction, pathogens and herbivores need to penetrate 
the host tissue. Plant viruses mostly depend on vectors to penetrate plant tissues, but many 
fungi, oomycetes and aphids can penetrate cell walls directly, whereas pathogenic bacteria 
often depend on natural openings, such as stomata or wound sites. At this stage of infection, 
a rapid closure of the stomata can form a first pre-invasive defence barrier (Melotto et 
al., 2008). After successful entry of the plant tissue, plant attackers often face an early-
acting, post-invasive defence barrier that is marked by localized defence responses, such 
as the accumulation of reactive oxygen species, defence gene induction and deposition of 
callose-rich papillae (Eulgem et al., 1999; Flors et al., 2005; Torres et al., 2006). Upon further 
colonization, plants undergo a large-scale transcriptional and metabolic reprogramming 
that coincides with the biosynthesis of defence regulatory hormones, such as salicylic acid 
(SA) or jasmonic acid (JA), and complementary long-distance signals to regulate a broad 
spectrum of local and systemic defence mechanisms (Heil and Ton, 2008).

The default mode of the plant immune system: non-host resistance 
The most common type of disease resistance in plants is non-host resistance, which is 
effective against a very wide range of attackers and provides the most effective form of 
plant defence (Mysore and Ryu, 2004). Non-host resistance can result from the fact that 
the host plant simply does not provide the right environment for the attacking pathogen. 
However, in addition to this passive form of non-host resistance, research over the past 
decade has uncovered that non-host resistance also relies on active inducible defence 
mechanisms (Lipka et al., 2005). This non-host defence response is typically activated by 
conserved microbial features, such as flagellin, chitin, glycoproteins or lipopolysaccharides, 
which are referred to as “pathogen-associated molecular patterns” (PAMPs, synonymously 
called MAMPs for “microbe-associated molecular patterns”). Defence responses to 
herbivores can be triggered by herbivore-associated molecular patterns (HAMPs; Mithoefer 
and Boland, 2008), but are more commonly triggered by the perception of endogenous 
plant elicitors that are released upon tissue damage, which are called damage-associated 
molecular patterns (DAMPs; Heil, 2009; Heil et al., 2012). Much about the perception 
machinery of HAMPs remains unknown (Mithoefer and Boland, 2008). PAMPS and DAMPS 
are thought to be recognised by plasma membrane-localised pattern-recognition receptors 
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Figure 1: Induced plant defence is a multi-layered phenomenon involving a multitude of defence 
mechanisms that are activated at different stages of the plant-microbe interaction. Upon first 
contact with a microbial pathogen, plants can express pre-invasive defence mechanisms. A well-
known example is the rapid closure of stomata upon recognition of pathogen-associated molecular 
patterns (PAMPs). When the invading pathogen is capable of penetrating into the host tissue, it faces 
a second layer of inducible plant defences.  This relatively early post-invasive defence is marked by 
accumulation of reactive oxygen species (ROS), often directly followed by deposition of callose-rich 
papillae. If the attacking pathogen is able to suppress and/or evade this early post-invasive defence 
barrier, it will encounter a third layer of inducible defences. This relatively late post-invasive defence is 
associated with the activation a wide range of defence mechanisms that are under control by de novo 
produced signalling hormones, such as salicylic acid. Late post-invasive defence is also associated with 
the generation of vascular long-distance signals that can prime systemic plant parts against upcoming 
pathogen attack. Red cells indicate defence-expressing cells and orange cells indicate those that are 
being successfully parasitized. The figure is adopted from Ton et al. (2009).

(PRRs; Gomez-Gomez and Boller, 2000; Scheer and Ryan, 2002; Huffaker et al., 2006; Miya 
et al., 2007). Although immune response triggered by these defence elicitors are commonly 
referred to as PAMP-triggered immunity (PTI), the term ‘pattern-triggered immunity’ would 
be more appropriate as it more collectively reflects responses to PAMPs, MAMPs, DAMPs 
and HAMPs. The PTI response is associated with a wide range of quickly activated defence 
mechanisms, such as localized callose deposition, reactive oxygen species accumulation and 
single cell death responses (Schwessinger and Zipfel, 2008).
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Co-evolution between virulent pathogens and plant immunity “zigzags” between basal 
resistance and effector-triggered immunity
As mentioned above, PTI is a nonspecific defence response and is able to stop the majority 
of hostile microbes. Virulent pathogens, however, have evolved the ability to suppress PTI 
through the use of pathogen effectors (Jones and Dangl, 2006). This effector-triggered 
susceptibility (ETS) reduces the efficiency of the plant immune response to basal resistance, 
which is insufficient to provide effective protection against disease. To counteract ETS, selected 
plant varieties have evolved resistance (R) proteins, which can detect pathogen effectors 
directly, or can guard the targets of pathogen effectors, thereby indirectly recognizing the 
activity of effectors (McDowell and Woffenden, 2003). Activation of R proteins often gives 
rise to a hypersensitive response (HR) that can block virulent pathogens at relatively early 
stages of infection. This so called effector-triggered immunity (ETI) is extremely effective 
against biotrophic pathogens and has, therefore, been studied extensively over the past 
decades.  However, a major limitation of ETI is that it only protects against specific races 
of biotrophic pathogens (Lukasik and Takken, 2009), whereas it can be ineffective or even 
disease-promoting in response to necrotrophic pathogens (Kliebenstein and Rowe, 2008). 
Moreover, avirulent biotrophs are under constant selective pressure to break ETI, which 
limits the durability of this defence strategy. Pathogens can break ETI by evolving alternative 
effectors that suppress ETI, or that are no longer recognized by R proteins (Abramovitch 
et al., 2006; Fu et al., 2007; Cui et al., 2009; Houterman et al., 2009). Consequently, ETI is 
reverted to basal resistance, thereby imposing further selection pressure on the host plant 
to evolve improved R proteins that are capable of recognising the newly evolved effectors. 
The resulting arms race between plants and their (a)virulent pathogens manifests as an 
on-going oscillation in the effectiveness of plant defence and is referred to as the “zigzag” 
model (Jones and Dangl, 2006).

PRIMING OF DEFENCE: AN ALTERNATIVE DEFENCE STRATEGY TO COPE WITH BIOTIC 
STRESS

Although ETI can be extremely effective against biotrophic pathogens, plants can also 
counteract pathogens through a sensitization of their basal immune system. This priming of 
defence causes a faster and stronger induction of defensive mechanisms upon subsequent 
attack (Conrath et al., 2006; Frost et al., 2008). Priming of defence, also known as 
sensitization of defence, is a physiological state that enables plants to respond to a low 
level of environmental stress in a more efficient manner (Conrath, 2011). Similar to PTI, 
priming of defence is effective against a broad spectrum of plant attackers, suggesting that 
primed resistance is at least partially based on an augmented expression of PTI mechanisms. 
However, some forms of defence priming have also been shown to reduce lesion formation 
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by avirulent pathogens (Ross, 1961; Hoffland et al., 1996), suggesting that priming can 
boost both PTI and ETI mechanisms. Since basal resistance has been defined as the sum of 
resistance by PTI and ETI, minus the susceptibility by ETS (Jones and Dangl, 2006), priming 
of defence can best be defined as an augmented capacity to express basal resistance 
mechanisms (Figure 2A). If the augmented basal defence response precedes the delivery of 
pathogen effectors, priming can provide full immunity against otherwise virulent pathogens 
(Figures 2B). Indeed, this has been reported for some forms of chemically-induced priming 
(Zimmerli et al., 2000; Conrath et al., 2006). In most cases, however, primed defence 
expression slows down the colonisation by virulent pathogens to a larger extent than 
basal resistance (Conrath et al., 2006). Most priming-inducing stimuli can trigger defence 
mechanisms directly if applied in higher doses. For instance, relatively high soil-drench 
concentrations of beta-aminobutyric acid (BABA) trigger PR-1 gene induction directly in 
Arabidopsis, whereas lower concentrations of BABA merely prime the induction of PR-1 
(Van Hulten et al., 2006). Furthermore, transient induction of direct defence can give rise 
to longer-lasting priming of defence (Bruce et al., 2007; Heil and Ton, 2008). Hence, many 
induced resistance phenomena are based on a combination of direct defence and priming 
and their relative contribution depends on the dose of the resistance inducing stimulus and 
the time point after induction.

Biologically induced priming of defence
Priming of defence can be induced by various biological agents and is often expressed in plant 
parts distal from the initial site of stimulation. For example, localised attack by pathogenic 
microbes can elicit a broad-spectrum systemic acquired resistance (SAR) response that is 
associated with priming of defence responses (Kohler et al., 2002; Conrath et al., 2006; Jung 
et al., 2009; Conrath, 2011). SAR is triggered by localised pathogen attack and develops in 
uninfected distal parts of the plant as against a broad spectrum of pathogens (Durrant and 
Dong, 2004). During this process, leaves/tissue under pathogen attack produce a systemic 
signal which is transported to uninfected distal plant parts, where it primes the tissues 
for SA-dependent defences (Jung et al., 2009). The 1st systemic study of SAR in Nicotiana 
benthamiana demonstrated that the phenomenon lasts for up to 20 days after primary 
infection (Ross, 1961). Studies in the following decades have mostly focused on the onset of 
SAR, which requires accumulation of plant stress hormone, SA and an intact NPR1 protein 
(Durrant and Dong, 2004). More recent studies have revealed that SAR establishment 
requires additional signals, which precede systemic accumulation of SA, such as jasmonates 
(Truman et al., 2007) and indole-derived metabolites (Truman et al., 2010). The exact nature 
of the mobile SAR signal, however, remains debatable, even within the same Arabidopsis-
based pathosystem (Attaran et al., 2009). Apart from MeSA (Vlot et al., 2008), glycerolipids 
(Chaturvedi et al., 2008), azelaic acid (Jung et al., 2009), and glycerol-3-phosphate (Chanda 
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Figure 2: Priming of basal resistance provides protection against virulent pathogens. (A) Basal 
resistance against virulent pathogens results from a residual level of host defence after defence 
suppression by disease-promoting pathogen effectors (blue arrows). Priming of basal resistance 
leads to a faster and stronger induction of basal defence mechanisms, providing enhanced resistance 
against the invading pathogen. In most cases, priming of basal resistance cannot prevent the delivery 
of pathogen effectors entirely, and thereby only slows down the introgression of the pathogen 
(‘moderately primed defence response’). However, if the primed defence response precedes the 
delivery of pathogen effectors, this defence strategy can prevent pathogen infection and provide 
full protection against otherwise virulent pathogens (‘strongly primed defence response’). Red plant 
cells indicate the expression of basal defence mechanisms. (B) The ‘zigzag’ model describes basal 
resistance as the sum of pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) 
and weak effector-triggered immunity (ETI) minus effector-triggered susceptibility (ETS) (Jones and 
Dangl, 2006). Apart from newly evolved R proteins that recognize effectors or their activities, ETS can 
be counteracted by the priming of defence, causing faster and stronger induction of basal defence 
mechanisms after pathogen attack. A moderately primed defence response merely augments the PTI/
ETI response, but would still allow ETS to take place (shown in orange), whereas a strongly primed 
defence reaction can prevent ETS entirely (shown in red).

et al., 2011) have been reported to act as mobile signals. As a possible explanation for this 
controversy, Liu et al. (2011) recently suggested that SAR is mediated by an interaction 
between two mobile signals: MeSA and a complex formed between the lipid transfer protein 
DIR1 and glycerolipid and/or lipid derivatives. Hence, the signalling pathways controlling 
systemic defence priming during SAR are mediated by complex signalling networks.
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 Selective non-pathogenic root-colonizing microbes can induce systemic defence 
priming as well (Van Wees et al., 2008). The resulting disease resistance is commonly 
referred to as induced systemic resistance (ISR). For instance, non-pathogenic rhizobacteria 
can prime Arabidopsis against a wide range of plant pathogens, like bacteria, oomycetes, 
fungi, viruses and even herbivores (Pieterse et al., 1996; Ton et al., 2002; Van Wees et al., 
2008). A more recent example by (Verhagen et al., 2010) showed that beneficial bacteria 
such as Pseudomonas fluorescens CHA0 and Pseudomonas aeruginosa 7NSK2 mediate 
ISR in grapevine through potentiating oxidative burst and phytoalexin production (i.e. 
resveratrol and viniferin) after attack by Botrytis cinerea. Arbuscular micorhizal fungi (AMF) 
can also induce defence priming in plants (Pozo and Azcón-Aguilar, 2007; Pozo et al., 2009). 
The interaction between Arabidopsis and Pseudomonas fluorescens WCS417r has served 
as a biological model system to study the signalling transduction pathways controlling ISR. 
Research on this model system revealed P. fluorescens WCS417r–mediated ISR in Arabidopsis 
requires responsiveness to jasmonate and ethylene (ET) and is dependent on NPR1 (Pieterse 
et al., 1998). A transcriptome analysis for P. fluorescens WCS417r-inducible genes led to the 
identification of the ISR responsive transcription factor gene MYB72 (Verhagen et al., 2004). 
Subsequent analysis of mutant lines in MYB72 revealed that this transcription factor gene 
plays a critical role for the early signalling events leading to elicitation of the systemic signal 
(Van der Ent et al., 2008). The same authors reported that P. fluorescens WCS417r–mediated 
priming in Arabidopsis thaliana against Hyaloperonospora arabidopsidis, an oomycete 
pathogen that is unaffected by JA- and ET-dependent defences (Thomma et al., 1998; Ton et 
al., 2002), is based on priming of callose deposition, which requires intact abscisic acid (ABA) 
signalling (Van der Ent et al., 2009).
 Apart from defence priming against pathogens, systemic defence priming can also 
be effective against herbivore attack. When plants are subjected to damage by herbivorous 
insects, they emit a complex blend of airborne chemical signals, known as volatile organic 
compounds (VOCs). VOCs serve primarily to attract natural enemies of the herbivore 
(Turlings and Ton, 2006), but they have also been shown to induce defence priming in 
systemic tissues and even neighbouring plants (Engelberth et al., 2004; Heil and Silva 
Bueno, 2007; Ton et al., 2007; Heil and Ton, 2008). Three green leaf volatiles, (Z)-3-hexenal, 
(Z)-3-hexen-1-ol, and (Z)-3-hexenyl acetate, in particular have been linked to elicitation of 
defence priming by herbivore-induced VOCs (Engelberth et al., 2004). VOC-induced priming 
augments JA-inducible defences (Frost et al., 2008). Interestingly, however, only a sub-set 
of JA-dependent genes is responsive to priming by VOCs in maize (Ton et al., 2007). The 
latter observation suggests that priming-inducing VOCs target specific components in the JA 
response pathway.
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Chemically induced defence priming
Induced resistance by pathogens, rhizobacteria and herbivores can be mimicked by 
selective chemical agents (Oostendorp et al., 2001). Table I lists an overview of publications 
reporting defence priming in response to exogenous application of chemical compounds. 
In addition to the pathogen-, herbivore-, or damage associated patterns triggering the 
above-mentioned biological priming responses, defence priming can also be mimicked by 
endogenous plant signalling metabolites, such as  JA,  SA, and functional analogues thereof 
(Kauss et al., 1994; Mur et al., 1996; Kohler et al., 2002). Treatment with thiamine (Vitamin 
B1) has been reported to prime Arabidopsis, causing augmented accumulation of hydrogen 
peroxide (H2O2), callose-rich papillae, and PR-1 transcript following pathogen infection 
(Ahn et al., 2007). Recently, cytokinins have emerged as another plant-endogenous priming 
signal. These plant hormones control specification of cells, maintenance of meristematic 
cells, shoot formation and development of plant vasculature, but recent evidence suggests 
that these compounds also regulate defence in plants (Choi et al., 2011). Interestingly, the 
defensive targets of cytokinins seem to depend on the plant species under investigation. 
Whereas cytokinins prime for JA-controlled defences in poplar (Dervinis et al., 2010), they 
prime for SA-dependent gene expression in Arabidopsis (Choi et al., 2011), and they were 
recently reported to control pathogen-induced biosynthesis of JA- and SA-independent 
phytoalexins in tobacco (Großkinsky et al., 2011). Finally, azelaic acid has been shown to 
act as a long-distance priming signal during the onset of SAR. Upon exogenous application, 
this dicarboxylic acid primes Arabidopsis for SA-dependent defences and confers systemic 
resistance against P. syringae (Jung et al., 2009).
 There are also xenobiotic chemicals that can trigger defence priming in plants. For 
instance, the chemical Probenazole (PBZ; 3-allyloxy-1,2-benzisothiazole-1,1-dioxide), which 
is the active ingredient in Oryzemate, has been used widely in Asia to induce resistance in 
rice against Magnaporthe grisea. Its mode of action relies on enhanced biosynthesis of SA 
(Yoshioka et al., 2001; Iwai et al., 2007), which by itself serves as an endogenous priming signal. 
PBZ is metabolised by plants into saccharin (1,2-benzisothiazole-1,1-dioxide), a compound 
that is best known for its application as an artificial sweetener. However, saccharin can also 
induce resistance in plants against various diseases (Oostendorp et al., 2001; Boyle and 
Walters, 2006; Srivastava et al., 2011). In barley, saccharin induces resistance to powdery 
mildew fungus, which is associated with priming of cinnamyl alcohol dehydrogenase activity 
(Walters et al., 2008). Another xenobiotic chemical capable of inducing resistance through 
defence priming is BABA. Application of this non-protein amino acid protects against an 
exceptionally broad spectrum of plant diseases (Jakab et al., 2001), including crop diseases 
that are difficult to control by conventional strategies of disease management, such as late 
blight disease (Liljeroth et al., 2010). BABA is active at relatively low concentrations and acts 
in an enantiomer-specific manner (Cohen, 2002). These findings suggest that BABA mimics 
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an endogenous plant signalling metabolite, or that it activates a plant regulatory protein 
controlling multiple immune responses simultaneously. Indeed, research on BABA-induced 
defence priming in Arabidopsis revealed that BABA not only mimics SAR-related priming 
of SA-dependent defences, but it also primes for pathogen-induced deposition of callose-
containing papillae (Zimmerli et al., 2000; Ton et al., 2005). This priming of cell wall defence 
functions independently of SA and JA, but requires intact biosynthesis and perception of the 
plant hormone ABA (Ton and Mauch-Mani, 2004; Van der Ent et al., 2009)

Table I. Chemicals that trigger priming of defence in plants after exogenous application. 

Chemical Stimulus Primed defence response Plant Species Reference 
Benzothiadiazole 

(BTH)
PAL gene induction Arabidopsis (Kohler et al., 2002)

Probenazole SA-inducible genes Rice (Iwai et al., 2007)

Saccharin Cinnamyl alcohol dehydro-
genase activity

Barley (Boyle and Walters, 2006)

Beta amino butyric 
acid (BABA)

SA-inducible genes and 
callose deposition  

Arabidopsis (Zimmerli et al., 2000; Ton 
and Mauch-Mani, 2004)

Thiamine 
(Vitamin B1)

ROS accumulation, cal-
lose deposition, and SA-

induced expression

Arabidopsis (Ahn et al., 2007)

Cytokinins SA-inducible genes Arabidopsis (Choi et al., 2011)

JA-inducible genes Poplar (Dervinis et al., 2010)

Scopoletin and Capsidiol Tobacco (Großkinsky et al., 2011)

Azelaic acid SA-inducible genes Arabidopsis (Jung et al., 2009)

Quercetin ROS accumulation, callose 
deposition, and PR1 gene 

induction

Arabidopsis (Jia et al., 2010)

Molecular mechanisms of priming
In contrast to research on innate plant defences that are directly responsive to pathogens 
and herbivores, the majority of research on priming of defence has remained limited to a 
description of the phenomenon after treatment with resistance-inducing agents, along with 
an assessment of its effectiveness in terms of disease resistance (Conrath et al., 2006; Frost 
et al., 2008). Only a few research groups have begun to address the mechanistic basis of 
defence priming (Conrath, 2011). Consequently, there are still many open questions about 
defence priming in plants, particularly with respect to the signalling mechanisms controlling 
the onset and long-term maintenance of the phenomenon. 
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 enhanced accumulation of signalling proteins. One common hypothesis postulates 
that priming is based on an increased accumulation of inactive defence signalling proteins, 
thereby providing enhanced defence signalling capacity (Conrath et al., 2006). Subsequent 
exposure to environmental stress would then lead to a faster and stronger defence 
signalling cascade, ultimately resulting in the augmented defence response. Indeed, SAR-
related priming is associated with an increased accumulation of two inactive MAP protein 
kinases, MPK3 and MPK6, which show enhanced kinase activity upon secondary stress 
application (Beckers et al., 2009). Simultaneously, a genome-wide profiling of transcription 
factor (TF) genes was performed, which demonstrated that induction of ISR-related priming 
is associated with augmented expression of JA-regulatory TF genes (Van der Ent et al., 
2009). The same study showed that BABA-induced priming was associated with enhanced 
expression of WRKY transcription factor genes, which encode transcription factors that 
regulate SA-induced defence gene transcription (Van Verk et al., 2011). Although enhanced 
accumulation of defence-related signalling TFs can contribute to a faster and stronger 
transcriptional activation of defence genes after pathogen attack, these signalling proteins 
typically have a limited half-life. Hence, their enhanced accumulation after application of 
a single priming stimulus does not provide a satisfactory explanation for the long-lasting 
nature of priming phenomena. 
 epigenetic mechanisms. A recent study showed that SAR-related priming in 
Arabidopsis is associated with post-translational changes of histone H3 and H4 tails at gene 
promoters of defence-regulatory transcription factor genes (Jaskiewicz et al., 2011). Although 
these chromatin modifications were monitored relatively shortly after SAR induction, such 
epigenetic regulatory mechanism provides an attractive explanation for the long-lasting 
nature of the priming phenomenon. Indeed, recent evidence demonstrated that priming 
is an epigenetic phenomenon. Three independent research groups demonstrated that the 
primed defence state in Arabidopsis can be transmitted to following generations from iso-
genic plant lines (Luna et al., 2012; Rasmann et al., 2012; Slaughter et al., 2012). Moreover, 
expression of trans-generational priming of SA-dependent defence genes was associated 
with chromatin remodelling at the corresponding gene promoters (Luna et al., 2012), 
whereas priming of JA-dependent defence requires intact biogenesis of small interfering 
RNAs (Rasmann et al., 2012).  
 glycolylation of secondary metabolites. It is also conceivable that secondary 
metabolites contribute to long-lasting priming of defence. The chemical defence capacity 
of plants can be enhanced by an increased accumulation of inactive defence metabolite 
conjugates, such as glucosinolates and plant hormone-glucosides. Consequently, pathogen- 
or wounding-induced activity of hydrolytic glucosidase enzymes would lead to a faster and 
greater release of active aglycone metabolites.  
 signalling cross-talk. Priming can also result from a shift in the cross-talk balance 



19

General introduction

between defence signalling pathways. For instance, suppression of the SA-dependent 
pathway by mycorrhizal fungi results in a potentiation of JA-dependent defences (Pozo and 
Azcón-Aguilar, 2007), while trans-generational priming of the SA response in Arabidopsis 
coincides with a repression of JA response (Luna et al., 2012) Interestingly augmented levels 
of JA have been associated with primed callose deposition in grapevine against Plasmopara 
(Hamiduzzaman et al., 2005). Similarly priming of papillae formation was observed in the 
roots of mycorrhiza-infected tomatoes with Phytophthora (Cordier et al., 1998). These 
observations point to a mechanism by which suppression of the SA-response results in a 
beneficial side effect: systemic priming of JA-dependent defences and callose deposition. 
 reduced scavenging capacity of reactive oxygen species. Several recent studies 
have pointed to an important role of reactive oxygen species (ROS) in priming of defence. 
Thiamine (vitamin B1) induces resistance against Pseudomonas syringae pv. tomato 
DC3000 (PstDC3000), which is associated with hydrogen peroxide (H2O2)-dependent 
priming of defence genes and callose deposition (Ahn et al., 2007). Vitamin B2 (riboflavin) 
induces a phenotypically similar resistance response that is associated with priming of 
ROS production, callose deposition and SA-inducible genes (Zhang et al., 2009). The plant 
secondary metabolite quercetin has also been demonstrated to induce SA- and NPR1-
dependent resistance against PstDC3000, which is associated with augmented deposition 
of ROS, callose, PR1 and PAL gene transcripts (Jia et al., 2010). A recent study by Mukherjee 
et al. (2010) provided a plausible mechanism for ROS-dependent regulation of priming. The 
authors performed a phenotypic analysis of different alleles of the ascorbic acid deficient 
mutant vtc1 and demonstrated that the enhanced disease resistance of this mutant is 
based on priming of pathogen-induced accumulation of ROS, SA and NPR1 gene transcripts 
(Mukherjee et al., 2010). The authors suggested that the reduced ROS scavenging capacity 
of vtc1 causes constitutive priming of pathogen-induced H2O2, thereby causing augmented 
SA accumulation and enhanced defence induction.

Costs & benefits of priming
The full development of an inducible defence response requires energy and, therefore, 
involves costs on growth and reproduction. Apart from allocation costs, costs can also arise 
from toxicity of the defence to the plant’s own metabolism, or when the defence response 
affects the plant’s interaction with beneficial organisms (Heil, 2002). It is commonly accepted 
that plants only express inducible defences if the benefits (i.e. protection against the 
attackers) outweigh the associated costs (Heil, 2002; Walters and Boyle, 2005). Van Hulten 
et al. (2006) conducted a laboratory study to compare the costs and benefits of defence 
priming versus direct induction of defence in Arabidopsis. By using low doses of BABA to 
induce priming and high doses of either BABA or BTH to induce defence expression directly, 
it was found that priming is associated with relatively minor costs on plant growth and seed 
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set. Moreover, the protective benefits of priming outweighed its costs under conditions of 
high disease pressure. It was thus concluded that priming is a cost-efficient defence strategy 
in disease-imposing environments. Interestingly, the outcome of this laboratory study 
was subsequently tested under agronomical field conditions by Walters et al. (2008), who 
subjected saccharin-primed barley to varying degrees of disease by the hemi-biotrophic 
fungus Rhynchosporium secalis and monitored fitness levels by plant growth and grain 
yield. As predicted, primed plants displayed significantly higher fitness than un-primed 
plants, thereby extending our laboratory demonstration that priming is a beneficial defence 
strategy in hostile environment.

PLANT DEFENCE STRATEGIES AND THEIR ADAPTIVE VALUES IN HOSTILE 
ENVIRONMENTS

Naturally occurring plant species can often be sub-divided into genetically distinct geographic 
varieties. Although these so-called ecotypes are similar enough to be considered as one 
species, they differ genetically in some traits due to variant selection pressures from their 
environments of origin. In this context, plant defence strategies can have adaptive values 
that vary according to the environmental conditions (Figure 3).
 The concept that priming of defence provides benefits in hostile environments 
suggests that plants in these environments are under pressure to evolve a constitutively 
enhanced responsiveness of basal defence mechanisms. Since priming protects against a 
wide variety of diseases and pests (Conrath et al., 2006), this selection pressure would be most 
pronounced under pressure by a wide range of different pathogens and herbivores (Figure 
3; strategy A). There are, however, alternative defence strategies that could provide similar 
or even greater benefits, depending on the nature of the environment. For instance, PAMPs 
from plant-beneficial microbes have been demonstrated to trigger defensive responses (Van 
Loon et al., 2008), suggesting that plants with primed defence responsiveness to PAMPs 
may risk compromising their interaction with plant-beneficial micro-organisms. Indeed, 
various studies have reported negative impacts of SA-dependent resistance on rhizobial 
and mycorrhizal symbioses with legumes (Stacey et al., 2006; Jin et al., 2009; Faessel et 
al., 2010). Hence, there could be a counteracting selection against constitutive priming to 
maintain associations with mycorrhiza or N-fixing bacteria. Therefore, an increased ability 
to attract and interact with micro-organisms that are capable of suppressing pathogens 
directly through nutrient competition or antibiosis (Handelsman and Stabb, 1996; Weller 
et al., 2002), could be an alternative defence strategy in hostile environments (Figure 3; 
strategy B). In support of this, Rudrappa et al. (2008) demonstrated that Arabidopsis can 
attract disease-suppressing rhizobacteria through exudation of L-malic acid, which is 
further boosted by aboveground infection by P. syringae pv. tomato. Secondly, priming 
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rarely provides complete protection against one pathogen or pathogen race, whereas ETI 
typically does. Hence, ETI would be more efficient in environments with disease pressure 
from one predominant pathogen species (Figure 3; strategy C). Thirdly, although priming 
is less costly than direct induction of defence, it is still associated with minor costs under 

Figure 3: Model of plant defence strategies and their adaptive values under different biotic stress 
conditions. Plants in environments with relatively high disease pressure from a wide array of different 
attackers benefit from constitutive priming of basal resistance mechanisms, which provide broad-
spectrum protection against pests and diseases (strategy A). However, this defence strategy may 
affect the plant’s ability to associate with plant-beneficial microbes, such as mycorrhizae, N-fixing 
bacteria or plant-growth promoting rhizobacteria. In this situation, plants would benefit more from 
an increased ability to attract and associate with plant-beneficial microbes with disease-suppressing 
traits (strategy B). Plants in environments with a constant pressure from one dominant biotrophic 
pathogen benefit from effector-triggered immunity (ETI; strategy C). ETI can be broken and give rise 
to an ongoing “zigzag” evolution, as described by Jones and Dangl (2006). Inducible defence priming 
upon perception of stress-indicating signals provides a cost-efficient adaptation to environments 
with variable degrees of disease pressure (strategy D). Because priming of defence and induction of 
defence are both associated with costs on plant growth and reproduction, a relatively un-responsive 
immune system would be beneficial in environments with relatively low disease pressure (strategy E).
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conditions of low disease pressure (Van Hulten et al., 2006). Consequently, plants exposed 
to variable levels of disease pressure would benefit from an inducible priming response 
(Figure 3; strategy D). As variable degrees of disease pressure are the reality in many natural 
plant environments, priming mainly manifests as an inducible resistance response. Finally, 
the selection for any of the above defence strategies is likely to be influenced by the plant’s 
abiotic environment. For example, the plant hormone ABA not only controls tolerance to 
abiotic stress, but also plays a multifaceted role in the fine-tuning of resistance to diseases 
and pests (Ton et al., 2009).
 Most plants are capable of expressing combinations of different defence strategies. 
The importance of each of these strategies depends on the environment. For instance, many 
plant-beneficial micro-organisms have the ability to protect plants through a combination 
of direct disease suppression and induction of defence priming in the host plant (ISR; 
Van Wees et al., 2008; Zamioudis and Pieterse, 2011). Colonisation by these microbes 
causes a constitutive level of systemic priming that is phenotypically similar to genetically 
acquired priming, thus combining the advantages of two defence strategies: direct disease 
suppression by plant-beneficial microbes and constitutive defence priming. Furthermore, 
the expression of one defence strategy can give rise to induction of another. For example, 
localised expression of PTI results in the development of SAR (Mishina and Zeier, 2007), 
which is largely based on priming of defence (Jung et al., 2009; Kohler et al., 2002).

Natural selection for constitutively primed basal resistance? 
Although the above examples justify the general conclusion that natural variation in 
responsiveness of basal resistance mechanisms is prevalent, this does not necessarily prove 
that hostile environments select for constitutively primed immune systems. In order to 
demonstrate that constitutive defence priming has evolved from inducible priming under 
constant levels of disease pressure, more evidence is required from both the molecular 
level and the plant community level (Shindo et al., 2007). For instance, patterns of single 
nucleotide polymorphisms in alleles contributing to natural variation in basal resistance 
could provide indications of past selective pressures. If the degree of nucleotide diversity 
deviates from the estimated diversity under neutral selection, this could be interpreted 
as evidence for environmental selection pressures. Typically, reduced levels of nucleotide 
polymorphisms indicate selective sweeps, during which newly evolved gene variants 
outcompete others (Nielsen, 2005). On the other hand, enhanced levels of nucleotide 
polymorphisms suggest balancing selection, which maintains ancient genetic variation 
(Mitchell-Olds and Schmitt, 2006). Although these methods provide useful indications for 
past selective forces on genes, fitness assays under different disease pressures would still 
be necessary to establish what gene variants provide which adaptive phenotypes. As was 
outlined by Holub (2007), a major challenge for the future is to apply currently available 
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genetic resources for Arabidopsis (i.e. fully genotyped recombinant mapping populations 
or association mapping populations) to field experimentation. For instance, Arabidopsis 
mapping populations in which defence traits segregate could be grown under different 
field conditions with varying degrees of disease pressure by one or multiple pathogens 
and/or herbivores. Subsequent fitness evaluation may reveal defence-regulating QTLs that 
provide selective benefits under specified environmental conditions. With more and more 
Arabidopsis accessions being genome-sequenced, another promising approach arises from 
genome-wide association mapping approaches, which are based on associations between 
phenotypes and DNA sequence variants within individuals or isogenic populations (Nordborg 
and Weigel, 2008; Atwell et al., 2010). Particularly if defence phenotypes can be related to 
ecological stress parameters from the accessions’ geographical origins, this technique has 
the potential to assign measurable ecological significance to defence regulatory alleles.

SECONDARY DEFENCE METABOLITES: BIOSYNTHETIC ORIGINS AND CHEMICAL 
CLASSIFICATION

Irrespective of the type of resistance response expressed in plants, secondary metabolites 
are ubiquitous “tools” in plant defence. Figure 4 provides a generic overview of the 
biosynthesis pathways involved in the production of defence secondary compounds in plants. 
Unlike primary metabolites, which play a role in the process of photosynthesis, respiration, 
solute transport, nutrient assimilation and differentiation, secondary metabolites have no 
recognised role in plant processes that are essential for growth. The distribution of secondary 
metabolites across the plant kingdom is diverse and varies between plant species and taxa. 
Based on chemical structure, plant secondary metabolites can be divided into four major 
groups: terpenes, phenolics, nitrogen- and sulphur-containing compounds and oxyilipins. 
Figure 4 shows a generic overview of the different biochemical pathways controlling these 
plant compounds.

Terpenes 
This class of metabolites is immensely diverse and includes more than 30,000 lipophilic 
compounds (Kennedy and Wightman, 2011). Their structure includes one or more 5-carbon 
isoprene (C5H8) units, which are synthesized in plants by both the mevalonate and dexy-d-
xylulose pathways (Rohmer, 1999). Classifications of terpenoids are based on the number 
of isoprene units they contain. Hemiterpenes incorporate 1 isoprene unit, monoterpenes 
incorporate 2 units, sesquiterpenes incorporate 3 units, diterpenes incorporate 4 units, 
sesterpenes comprise 5 units, triterpenes include 6 units, and tetraterpenes incorporate 8 
units. Terpenes exhibit a broad range of ecological roles in the plant kingdom. Their roles 
include antimicrobial properties, attraction of pollinator, parasitoic or predator insects, and 
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Phenolics
Approximately 10,000 plant secondary metabolites are known to contain phenolic ring 
structures (Kennedy and Wightman, 2011). These are derivatives of the pentose phosphate 
pathway, the shikimate pathway, and the phenylpropanoid pathway. Structurally, natural 
phenolic compounds from plants have at least 1 aromatic hydrocarbon ring with one or more 
hydroxyl groups attached. Phenolics range from simple low molecular weight compounds 
like phenylpropanoids, coumarins, and benzoic acid derivatives, to more complex structures 
like flavanoids, stilbenes, and tannins. Phenolics play diverse roles in plant defence, such 
as responding to bacteria/fungal attack, providing scent/colour/flavour to attract beneficial 
insects/deter herbivores, and acting as semiochemicals during interactions with plant-
beneficial microbes (Treutter, 2006).

Sulphur and Nitrogen containing secondary metabolites 
This is a large group of secondary metabolites containing more than 15,000 molecules. They 
include alkaloids, cyanogenic glucosides, and non-protein amino acids. S- and N-containing 

Figure 4: A simplified scheme of the major biosynthetic pathways controlling plant secondary 
metabolites with representative examples and structures from each class. Secondary metabolites 
are derived from different pathways: the shikimate pathway, the malonic acid pathway, mavalonic 
acid pathway, the MEP/DOXP (2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate) 
pathway, and the oxylipin pathway. Based on structural characteristics, the resulting secondary 
metabolites can be divided into four main classes: nitrogen (N) - and sulphur (S) containing compounds, 
phenolic compounds, terpenes, and oxylipins.

activities as allelopathic chemicals (De Almeida et al., 2010; Martino et al., 2010).
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metabolites are biosynthesised from common amino acids. For example, N-containing 
alkaloids are usually synthesized from aspartic acid, lysine, tyrosine and tryptophan 
(Facchini, 2001) These compounds play important roles in plant-pest interactions in different 
plant families , such as Brassicaceae, Alliaceae and Asteraceae (Burow et al., 2008). Two 
well-known examples of S- and N-containing defence metabolites are glucosinolates in 
Brassicaceae and the Alliins in Alliaceae (Burow et al., 2008). S- and N-containing secondary 
metabolites offer an array of defence compounds that activate direct and/or indirect 
defences against a broad range of harmful microbes/insects.

Oxylipins
Oxylipins encompass a large family of oxygenated metabolites that are derived from fatty 
acids. Oxylipins are best known for their role in plant defence signalling pathways (Blée, 
2002), and are produced by oxidation of fatty acids, mainly linolenic acid and linoleic acid, 
followed by secondary modification (Vicente et al., 2011). The oxylipin biosynthesis pathway 
converts linoleic acid or linolenic acid into hydroperoxide substrates, such as 9-HPOD 
(hydroperoxy-octadecadienoic acids), 9-HPOT (hydroperoxy-octadecatrienoic acids), 13-
HPOT and 13-HPOD. These compounds are subsequently utilized by different pathway 
branches that are under control by HPL-hydroperoxide lyase, AOS-allene oxide synthase, 
DES-divinyl synthase, and P0X-peroxygenase, respectively (Figure 4). The AOS pathway 
generates the plant defence hormone JA, which is essential for activation of direct and 
indirect defences against necrotrophic pathogens and insects (Pozo et al., 2005). In addition 
to jasmonates, the oxylpin pathway produces antimicrobial leaf aldehydes or divinyl ethers 
and herbivore-induced volatiles, such as green leaf volatiles (Liavonchanka and Feussner, 
2006).

SECONDARY DEFENCE METABOLITES: FUNCTIONAL CLASSIFICATION

The function of secondary metabolites in plant defence ranges from direct to indirect. 
Metabolites can act directly as anti-proliferative agents for pathogenic microorganisms 
(González-Lamothe et al., 2009). Secondary metabolites can also act as feeding deterrents 
against herbivores, during which the metabolites offer a bitter taste, or are directly toxic to 
the herbivore  (Michael, 2003). On the other hand, secondary metabolites can contribute to 
plant defence indirectly, by stimulating the interaction with disease-suppressing organisms. 
This form of defence includes certain tritrophic interactions, where herbivore-infested plants 
emit volatile metabolites that attract natural enemies of the attacking herbivore (Turlings 
and Ton, 2006). Volatile metabolites also function to attract pollinating insects, which by 
themselves can have an herbivory-suppressing effect (Tautz and Rostas, 2008).
 On the basis of their activity, secondary defence metabolites can roughly be 
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divided into three general classes: phytoanticipins and phytoalexins, which contribute to 
direct defence, and semiochemicals, which function in indirect defence. Phytoanticipins 
are constitutively produced and are commonly stored in the inactive glycosulated form, 
whereas phytoalexins are inducible defence metabolites that are synthesised de novo upon 
pathogen and/or insect attack (VanEtten et al., 1994). As is demonstrated in chapters III and 
IV of this thesis, some secondary metabolites fulfil multiple tasks in plant defence.

Phytoalexins 
Phytoalexins are low molecular weight secondary metabolites with antimicrobial properties 
and are synthesized in plants in response to environmental stress. Phytoalexins are widely 
distributed among crop species, have broad-spectrum antimicrobial effects, and are 
commonly used as biochemical markers for expression of plant defence (Ahuja et al., 2012). 
Camalexin (3-thiazol-2-yl-indole) is the major phytoalexins in Arabidopsis and is derived from 
tryptophan. Depending on attacking pathogen, different signalling pathways are involved in 
the activation of camalexin biosynthesis (Heck et al., 2003; Denby et al., 2005; Rowe et 
al., 2010). Camalexin biosynthesis itself is regulated via a MAPK signalling cascade (Ren et 
al., 2008; Xu et al., 2008). Mao et al., (2011) demonstrated that induction of camalexin 
is controlled by a MPK3- and MPK6-dependent signalling cascade via phosphorylation of 
the WRKY33 transcription factor, which in turn binds to the promoter of the camalexin 
biosynthesis gene PAD3. Camalexin is effective against broad range of biotrophic and 
necrotrophic fungi and oomycetes (Glazebrook et al., 1997; Van Baarlen et al., 2007; Sanchez-
Vallet et al., 2010; Schlaeppi et al., 2010), but is not effective against hemi-biotrophic P. 
syringae bacteria and generalist insects, such as Myzus persicae and Spodoptera littoralis 
(Ahuja et al., 2012). While only two phytoalexins are known to be induced by pathogens in 
Arabidopsis (camalexin and rapalexin A; Pedras and Adio, 2008)), the range of phytoalexins 
found in crops is typically more diverse. Phytoalexins have been studied in Brassicaceae, 
Fabaceae, Solanaceae, Vitaceae and Poaceae. The most recent are kauralexins and zealexins 
from Zea mays (Huffaker et al., 2011; Schmelz et al., 2011).

Phytoanticipins 
In contrast to phytoalexins, which are induced in response to environmental stress, 
phytoanticipins are present in pre-existing quantities. These low-molecular weight 
compounds are present either in their active aglycone form, or they are converted into 
an inactive form by glucosyltransferase activity. Phytoanticipons encompass a diverse 
group of secondary metabolises and can be annotated to several structural groups, such as 
terpenoids (e.g. sclareol, episclareol), N- and S-containing metabolites (e.g. benzoxzenone, 
glucosinolate) and aromatics (e.g. sakuranetin). Some compounds can be classified as both 
phytoalexins and phytoanticipins, such as the flavanone sakuranetin. This compound is 
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constitutively produced in blackcurrant leaves, but is pathogen-inducible in rice leaves after 
infection (Kodama et al., 1988).
 Glucosinolates are N- and S- containing indolic phytoanticipins that are 
exclusively found in Brassicaceae. Upon tissue damage, glucosinolates are hydrolysed by 
endogenous β-thioglucoside glucohydrolases, also known as myrosinases, which results in 
the accumulation of toxic metabolites, such as isothiocyanates, thiocyanates and nitriles 
(Halkier and Gershenzon, 2006). Glucosinolates can be directly toxic, but their activity is 
mostly based on deterrence of plant attackers, including mammals, birds, insects, mollusks, 
nematodes, bacteria and fungi (Halkier and Gershenzon, 2006).
 The most abundant class of phytoanticipins in Poaceae are benzoxazinones 
(BXs). These phenolic compounds have broad-spectrum defence activity against insects, 
nematodes, bacteria and insects (Niemeyer, 1988, 2009). Their biosynthesis originates from 
indole and is mostly under developmental control, which leads to accumulation of less 
inactive BX-glucosides in the vacuole (Frey et al., 2009). BX-glucosides are hydrolysed by 
β-glucosidases upon tissue disruption, which leads to the release of biocidal aglycone BXs 
(Nikus and Jonsson, 1999).

Semiochemicals
Semiochemicals are naturally produced low molecular weight compounds used as signals 
in communication between organisms. Based on their effects, they can be divided into: 
pheromones (chemical cues used for intra-species communication), kairomones (chemcials 
used for host identification and location), allomones (defence secretions which only 
serve the producing organism itself) and allelochemicals (signalling chemicals used for 
communication between individuals of different species). Semiochemicals can be volatile 
or non-volatile. Volatile semiochemicals can act over long distances, while non-volatile 
semiochemicals more likely act over shorter ranges (Romeis and Zebitz, 1997). Plant-
derived semiochemicals can originate from wide range of biosynthetic pathways, but 
predominantly come from the lipoxygenase and isoprenoid pathways. Well know examples 
of above-ground semiochemicals are monoterpenes, such as (E)-ocimene, sesquiterpenes, 
such as germacrene D, (E)-β-farnesene, and the aromatic compounds methyl salicylate. The 
emission of volatile semio-chemicals signals is not restricted to above-ground plant parts, 
the sesquiterpene (E)-β-caryophyllene was found to be released from maize root upon 
feeding by the Western Corn Rootworm, which can attract entomapathogenic nematodes 
(Rasmann et al., 2005).
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OUTLINE OF THIS THESIS 

Chapters 2 and 3 address different aspects of plant basal resistance, whereas Chapter 4 
describes the role of a defence-related metabolite during plant-rhizobacteria interactions. 
In Chapter 2, six different Arabidopsis ecotypes were tested for their responsiveness of 
relatively early post-invasive defence (marked by PAMP-induced callose deposition) and 
relatively late post-invasive defence (marked by SA-induced PR-1 induction). This analysis 
revealed considerable natural variation in the responsiveness of these post-invasive 
defence layers. Surprisingly, there was an inverse relationship between early and late-acting 
defence responses amongst these accessions: those that were primed to activate PAMP-
induced callose were relatively un-responsive in their activation of the SA-inducible PR-1 
gene, and vice versa. To explore the genetic basis of this natural variation, we analysed 164 
recombinant inbred lines from a cross between accession Bur-0 and Col-0 and identified 
QTLs influencing both early and late defences. One QTL controlling SA responsiveness was 
found to contribute to basal resistance against P. syringae pv. tomato.  

Chapter 3 describes the role of maize BXs during expression of basal resistance 
against aphids and fungi, using mutants in the first biosynthetic step of BX biosynthesis. 
Mutants in the BX1 gene were more susceptible to cereal aphids and northern blight 
fungus. Treatment with the fungal/insect-derived PAMP chitosan stimulated the conversion 
of 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one-glucoside (DIMBOA-glc) into 
N-O-methylated 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one-glucoside (HDMBOA-glc) 
and DIMBOA, which was particularly pronounced in apoplastic fractions. Furthermore, bx1 
mutants were strongly reduced in chitosan-induced callose, and infiltration with DIMBOA, 
but not HDMBOA-glc, elicited callose deposition. 

In chapter 4, the role of BXs in maize-rhizobacteria interactions is described. 
Chromatographic analysis revealed that DIMBOA is the dominant BX compound in root 
exudates of maize. Growth analysis of the rhizobacterial strain Pseudomonas putida 
KT2440, a competitive colonizer of the maize rhizosphere with plant-beneficial traits, 
revealed that P. putida KT2440 is relatively tolerant to DIMBOA and accelerates DIMBOA 
breakdown. Transcriptome analysis of P. putida KT2440 after exposure to DIMBOA revealed 
increased transcription of genes controlling benzoate catabolism and chemotaxis. Bacterial 
chemotaxis assays confirmed motility of P. putida KT2440 cells towards DIMBOA. Moreover, 
BX-deficient bx1 mutants of maize allowed less bacterial colonization than roots of wild type 
plants when cultivated in soil that had been supplemented with P. putida KT2440 bacteria. 
This difference was also apparent in a competitive (non-sterilised) soil environment, 
demonstrating that DIMBOA acts as a belowground plant semio-chemical, which recruits 
plant-beneficial rhizobacteria from the soil. 

Finally, in Chapter 5, the results of my PhD work are discussed in a context of the 
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latest insights. This Chapter also presents some additional results, which have not been 
presented in the experimental Chapters 2 to 4. 
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ABSTRACT

Basal resistance involves a multitude of pathogen- and herbivore-inducible defence 
mechanisms, ranging from localized callose deposition to systemic defence gene induction 
by salicylic acid (SA) and jasmonic acid (JA). In this study, we have explored and dissected 
genetic variation in the responsiveness of basal defence mechanisms within a selection 
of Arabidopsis accessions. Responsiveness of JA-induced PDF1.2 gene expression was 
associated with enhanced basal resistance against the necrotrophic fungus Plectosphaerella 
cucumerina and the herbivore Spodoptera littoralis. Conversely, accessions showing 
augmented PR-1 induction upon SA treatment were more resistant to the hemi-
biotrophic pathogen Pseudomonas syringae, and constitutively expressed defence-related 
transcription factor (TF) genes. Unexpectedly, accessions with primed responsiveness to SA 
deposited comparatively little callose after treatment with microbe-associated molecular 
patterns. A quantitative trait locus (QTL) analysis identified two loci regulating flagellin-
induced callose and one locus regulating SA-induced PR-1 expression. The latter QTL was 
found to contribute to basal resistance against P. syringae. None of the defence regulatory 
QTLs influenced plant growth, suggesting that the constitutive defence priming conferred 
by these loci is not associated with major costs on plant growth. Our study demonstrates 
that natural variation in basal resistance can be exploited to identify genetic loci that prime 
the plant’s basal defence arsenal.
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INTRODUCTION

The plant immune system governs a wide range of defence mechanisms that are activated 
after recognition of pathogen-associated molecular patterns (PAMPs). This PAMP-triggered 
immunity (PTI) protects the plant against the majority of potentially harmful micro-
organisms (Jones and Dangl, 2006). However, a small minority of virulent pathogens have 
evolved ways to suppress PTI by using effectors that interfere with PTI signalling components 
(Nomura et al., 2005), rendering the host plant susceptible. To counteract this effector-
triggered susceptibility (ETS), plants have co-evolved the ability to recognize and respond 
to these pathogen effectors (Jones and Dangl, 2006). This immune response is dependent 
on specific resistance (R) proteins that can recognize the presence or activity of effectors, 
resulting in effector-triggered immunity (ETI). Pathogens that are resisted by ETI can break 
this immune response by evolving alternative effectors that suppress ETI, or that are no 
longer recognized by the host’s R proteins (Abramovitch et al., 2006; Fu et al., 2007; Cui et 
al., 2009; Houterman et al., 2009). In this situation, ETI is reverted to basal resistance, which 
is too weak to protect against disease, thereby putting the susceptible host plant under 
selective pressure to evolve alternative R proteins. The resulting arms race between plants 
and their (a)virulent pathogens manifests as an ongoing oscillation in the effectiveness of 
plant defence and is referred to as the zigzag model (Jones and Dangl, 2006). 
 PTI, ETI and basal resistance involve multiple defensive mechanisms that are 
activated at different stages of infection. Induced defence can already be active before the 
host tissue is colonized. Rapid closure of stomata can form a first pre-invasive defence barrier 
against bacterial pathogens (Melotto et al., 2006; Melotto et al., 2008). After successful 
entry of the host tissue, plant attackers often encounter early-acting post-invasive defence 
barriers, such as accumulation of reactive oxygen species, followed by depositions of 
callose-rich papillae (Eulgem et al., 1999; Ton et al., 2009; Luna et al., 2011). Upon further 
colonization, plants undergo a large-scale transcriptional reprogramming that coincides with 
the generation of long-distance defence signals and de novo biosynthesis of the regulatory 
plant hormones salicylic acid (SA) and jasmonic acid (Heil and Ton, 2008). This relatively 
late-acting post-invasive defence involves expression of wide range of local and systemic 
defence mechanisms. Hence, induced defence is a multilayered phenomenon that includes 
a wide range of resistance mechanisms, which are regulated by a complex cellular signalling 
network (Pieterse et al., 2009). 
 Arabidopsis thaliana displays substantial natural variation in basal resistance 
against a variety of pathogens, such as Pseudomonas syringae pv. tomato DC3000 (Kover and 
Schaal, 2002; Perchepied et al., 2006; Van Poecke et al., 2007), Erysiphe pathogens (Adam et 
al., 1999), Fusarium graminearum (Chen et al., 2006), Plectosphaerella cucumerina (Llorente 
et al., 2005),  Botrytis cinerea (Denby et al., 2004) and Alternaria brassicicola (Kagan and 
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Hammerschmidt, 2002). Quantitative trait locus (QTL) mapping of this natural variation have 
identified novel regulatory loci. Llorente et al. (2005) revealed that genetic variation in basal 
resistance to P. cucumerina is largely determined by the ERECTA gene, which encodes for a 
LRR receptor like kinase protein. QTL analysis of natural variation in basal resistance against 
Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) has identified various QTLs that 
mapped to genomic regions containing putative R and/or PRR genes (Kover et al., 2005; 
Perchepied et al., 2006). This suggests that natural variation in basal resistance against Pst 
DC3000 is based on differences in the perception of the pathogen. However, downstream 
signal transduction components can contribute to natural variation in basal resistance 
as well. For instance, variation in basal resistance against necrotrophic fungi has been 
reported to originate from accumulation levels of the phytoalexin camalexin (Kagan and 
Hammerschmidt, 2002; Denby et al., 2004), which are due to variations in signalling, rather 
than synthesis per se (Denby et al., 2004). Furthermore, Koornneef et al. (2008) reported 
natural variation between Arabidopsis accessions in the level of cross-talk between SA and 
JA signalling, suggesting that differences in signalling downstream of plant hormones can 
contribute to natural variation in basal resistance. 
 The relative weakness of basal resistance imposes selective pressure on plants 
to evolve alternative defensive strategies (Ahmad et al., 2010). Apart from ETI, plants 
have evolved the ability to enhance their basal defence capacity after perception of 
selected environmental signals. This so-called priming of defence results in a faster and/
or stronger expression of basal resistance upon subsequent attack by pathogenic microbes 
or herbivorous insects (Conrath et al., 2006). Priming is typically induced by signals that 
indicate upcoming stress, such as localised attack by pathogens (Van Wees et al., 1999; 
Jung et al., 2009), or wounding-induced volatiles that are released by neighbouring, insect-
infested plants (Engelberth et al., 2004; Ton et al., 2007). However, there are also examples 
where interactions with plant beneficial microorganisms trigger defence priming, such as 
non-pathogenic rhizobacteria (Van Wees et al., 1999; Verhagen et al., 2004; Pozo et al., 
2008) or mycorrhizal fungi (Pozo et al., 2009). Finally, most biologically induced priming 
phenomena can be mimicked by applications of chemicals, such as low doses of SA (Mur 
et al., 1996), methyl jasmonate (MeJA; Kauss et al., 1994) and β-aminobutyric acid (BABA; 
Jakab et al., 2001). The primed defence state is associated with enhanced expression of 
defence regulatory protein kinases that remain inactive until a subsequent stress stimulus 
is perceived, (Conrath et al., 2006; Beckers et al., 2009). Furthermore, we recently 
demonstrated that induction of rhizobacteria- and BABA-induced priming coincides with 
enhanced expression of defence-regulatory transcription factor (TF) genes (Van der Ent 
et al., 2009). Accumulation of these signalling proteins can contribute to an augmented 
induction of defence-related genes after pathogen attack. 
 Previously, we demonstrated that priming of defence is associated with minor 
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fitness costs when compared to expression of induced defence (Van Hulten et al., 2006). In 
addition, we found that the costs of priming are outweighed by the benefits of protection 
under conditions of disease pressure (Van Hulten et al., 2006). Together, these findings 
suggest that defence priming entails a beneficial defence strategy in hostile environments. 
Accordingly, it can be predicted that selected plant accessions have adapted to hostile 
environments by acquiring a constitutively primed immune system (Ahmad et al., 2010). 
This hypothesis prompted us to investigate whether natural variation in basal resistance of 
Arabidopsis is associated with variation in responsiveness of basal defence mechanisms. To 
this end, we selected six Arabidopsis accessions that had previously been reported to differ in 
basal resistance against Pst DC3000 (Supplementary information Table S1) and tested them 
for basal resistance against different attackers and responsiveness to exogenously applied 
JA, SA, and PAMPs. We show that natural variation in basal resistance against pathogens and 
herbivores is associated with variation in the sensitivity of basal defence responses. Further 
genetic dissection of this variation identified two QTLs controlling PAMP-induced callose 
and one QTL regulating SA-induced defence gene induction and basal resistance against Pst 
DC3000.

MATERIALS AND METHODS

Cultivation of plants, pathogens, and herbivores
Arabidopsis accessions Col-0, Can-0, No-0, Bur-0, Sf-2 and Ws-2 (Supplementary information 
Table S1) from the Nottingham Arabidopsis Stock Centre (UK) were grown in sand for 2 
weeks and subsequently transferred to 60-mL pots containing a compost soil/sand mixture, 
as described previously by Pieterse et al. (1998). Plants were cultivated in a growth 
chamber with an 8-h day (24°C) and 16-h (20°C) night cycle at 60-70% relative humidity 
(RH). Pseudomonas syringae pv. tomato DC3000 (Pst DC3000; Whalen et al., 1991) and  
luxCDABE-tagged P. syringae pv. tomato DC3000 (Pst DC3000-lux; Huckelhoven, 2007) were 
cultured as described by Van Wees et al. (1999) and P. cucumerina was cultured as described 
by Ton and Mauch-Mani (2004). Spodoptera littoralis eggs were provided by Dr. Ken Wilson 
(Lancester University, UK) and reared on artificial diet as described (Shorey and Hale, 1965).

Pseudomonas syringae pv. tomato DC3000 bioassays
Five-week-old plants were inoculated by dipping the leaves in a bacterial suspension 
containing 108 colony-forming units (CFU).mL-1 in 10 mM MgSO4 and 0.01% (v/v) Silwet 
L-77 (Van Meeuwen Chemicals BV, Weesp, the Netherlands), or by pressure infiltration 
of a bacterial suspension containing 5 × 105 colony-forming units.mL-1 in 10 mM MgSO4. 
After inoculation, plants were maintained at 100% RH. At 4 days after dip-inoculation, the 
percentage of diseased leaves per plant was determined (n=35). Leaves were scored as 
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diseased when showing water-soaked lesions surrounded by chlorosis. Bacterial proliferation 
over a 3 day time interval was determined as described by Ton et al. (2005). Colonisation 
by bioluminescent Pst DC3000-lux was quantified at 3 days after dip inoculation, using a 
liquid nitrogen cooled CCD detector (Princeton Instruments, Trenton, NJ, USA) at maximum 
sensitivity. Digital photographs of inoculated leaves were taken under bright light (exposure 
time 0.1 s) and in darkness (exposure time 300 s), using WinView/32 software at fixed black 
and white contrast settings. Bacterial titres in each plant were expressed as the number of 
bioluminescent pixels in their leaves, standardised to the total number of leaf pixels from 
bright light pictures, using Photoshop CS3 software as described previously (Luna et al., 
2011).

Plectosphaerella cucumerina bioassays
Five-week-old plants were inoculated by applying 6-μl droplets containing 5 x 105 spores mL-1 
onto 6 - 8 fully expanded leaves and maintained at 100% RH. Seven days after inoculation, 
each leaf was examined for disease severity. Disease rating was expressed as intensity of 
disease symptoms: I, no symptoms; II, moderate necrosis at inoculation site; III, full necrosis 
size of inoculation droplet, and IV, spreading lesion. Leaves were stained with lactophenol 
trypan blue and examined microscopically as described previously (Ton and Mauch-Mani, 
2004).

Spodoptera littoralis bioassays
Two independent experiments were performed using 3.5- and 5-week-old plants (n = 45), 
divided over three 250 mL-pots per accession. Third-instar S. littoralis larvae of equal size 
were selected, starved for 3 h, weighted and divided between the 6 different accessions 
(4 caterpillars per pot; 12 caterpillars per genotype). After 18 h of infestation, caterpillars 
were re-collected, weighted and plant material was collected for photographic assessment 
of leaf damage. Caterpillar regurgitant was collected by anesthetising caterpillars with CO2 
and gently centrifuging at 800-1000 rpm for 5 minute in 50-mL tubes containing fitted sieves 
to separate the regurgitant from caterpillars.

Statistical analysis of bioassays
Student’s t-tests, χ2 tests, ANOVA, and multiple regression analysis were performed using 
IBM SPSS statistics 19 software (IBM, SPSS, Middlesex, UK).

RNA blot analysis of hormone-induced gene expression 
Plant hormone treatments were performed by dipping the rosettes of 5 to 6-week-old plants 
in a solution containing 0.01 % (v/v) Silwet L-77 and SA (sodium salicylate), JA, or MeJA at 
the indicated concentrations. Plants were placed at 100% RH and leaves from 3 – 5 rosettes 
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were collected at 6 h (for SA) and 4 h (for JA or MeJA) after treatment. RNA extraction, RNA 
blotting, and labelling of specific probes for PR-1 and PDF1.2 were performed as previously 
described by Ton et al. (2002). Equal loading was verified by ethidium bromide staining of 
the gels.

Gene expression assays by reverse transcription-quantitative PCR (RT-qPCR)
Basal TF gene expression profiles in accessions were based on 3 biologically replicate samples, 
each consisting of 3 to 5 rosettes from 5-week-old plants. TF gene expression profiling of 
water- and BABA-treated Col-0 plants were based on 3 similar biologically replicate samples, 
collected at 2 days after soil-drench treatment of 4-week-old plants with water or 80 μM 
BABA. Analysis of PDF1.2 and VSP2 gene induction was based on 3 biologically replicate 
samples, each consisting of 6 leaves of similar age from 3 different plants of 5 weeks old, 
which were collected at the indicated time-points after spraying 0.01 % (v/v) Silwet L-77 
solution with 0, 200, or 500 μM JA, or after mechanical wounding by forceps (1 wounding 
site per leaf), with or without 5 μL caterpillar regurgitant pipetted onto the wounded leaf 
areas. Gene expression analysis of RILs was performed by cultivating 15 – 18 plants of each 
RIL (maximally 20 RILs per screen) along with both parental accessions. Leaves of 4-week-
old plants were sprayed with water, 200 uM JA, or 0.5 mM SA, each supplemented with 
0.01% (v/v) Silwet L-77. At 4 h and 7 h after treatment, 3 biologically replicate samples, 
each consisting of 6 leaves from 3 different plants, were collected for analysis of PDF1.2 
and PR-1 gene expression, respectively. RNA extraction, cDNA synthesis and qPCR reactions 
were performed as described by Van der Ent et al. (2009). Primers were similar as described 
previously (Czechowski et al., 2004; Czechowski et al., 2005), or designed using Primer3 
software (http://frodo.wi.mit.edu/primer3/input.htm) with a Tm between 60.5 and 62, and 
a product size <175 bp. Two technical replicates of each sample were subjected to the qPCR 
reaction. Two technical replicates of each sample were subjected to qPCR reaction. PCR 
efficiency (E) of primer pairs was estimated from data obtained from multiple amplification 
plots using the equation (1+E) = 10slope (Ramakers et al., 2003) and were confirmed to 
consistently provide (1+E) values close to 2 (ranging from 1.92 to 2.0). Transcript levels were 
calculated relative to the reference genes At1G13320 or GAPDH (Czechowski et al., 2005), 
using the 2ΔΔCt method, as described (Livak and Schmittgen, 2001; Schmittgen and Livak, 
2008), or the 2ΔCt method, where ΔCt = Ct (reference gene) - Ct (gene of interest).

Callose assays
Vapour phase sterilised seeds were cultivated in sterile 12-wells plates, containing filter-
sterilised MS medium (without vitamins), supplemented with 0.5 % sucrose and 0.5% MES 
hydrate (pH = 5.7 - 5.8). Seedlings were cultivated under at 16 h / 8 h day/night cycle at 20 
ºC 150 µM.m-2 s-1 light intensity. At day 7, medium was replaced by fresh MS medium and 
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one day later seedlings were treated with 0.01 mM flg22 or 0.01% chitosan. Cotyledons (8 to 
15 from different plants) were collected at 24 h after PAMP treatment, stained with alinine 
blue, and quantified for callose intensity as described by (Luna et al., 2011).

Cluster analysis of TF gene expression profiles
TF gene profiles were analysed using TIGR Multi-experiment Viewer (tmev) software (Saeed 
et al., 2003). Analyses were based on the log-transformed values of the fold inductions of 
each gene, relative to the mean expression value of three independent, un-induced Col-0 
samples. Differences in TF gene expression between accessions were tested for statistical 
significance using a Student’s t-tests, or a non-parametric Wilcoxon Mann-Whitney test 
when values did not follow normal distributions.

QTL mapping analysis
QTL mapping was performed with the Bur-0 x Col-0 core population from INRA Versailles 
Genomic Resource Centre (Bouchabke et al., 2008). This mapping population was genotyped 
with 87 molecular markers at an average genetic marker distance of 4.4 cM (~1.4 Mb) and 
has a global allelic equilibrium of 51.3 % of Col-0 and 48.7 % Bur-0 (http://dbsgap.versailles.
inra.fr/vnat/Documentation/20/DOC.html). GenStat software (12th edition) was used for 
analysis of genetic linkage. Gene expression values (2ΔCt), callose intensities, and rosette 
diameters for each RIL were standardised to corresponding average values from the parental 
accessions in each screen and up-loaded as phenotypic data. After calculation of the genetic 
predictors, an initial genome scan produced candidate QTL positions by simple interval 
mapping, which were used as cofactors in a subsequent genome scan by composite interval 
mapping. A logaritham of odds (LOD) score of 2.94 was used as threshold of significance, 
corresponding to a genome-wide significance of P = 0.05 for normally distributed data.

Comparison of Col-0 and Bur-0 genomic sequences
Genomic polymorphisms between Col-0 and Bur-0 were based on the fully sequenced 
genome of accession Bur-0 (Ossowski et al., 2008) and visualized using polymorph (http://
polymorph.weigelworld.org/).

RESULTS

Natural variation in JA-induced PDF1.2 expression is associated with basal resistance 
against the nectrophic fungus Plectosphaerella cucumerina and the generalist herbivore 
Spodoptera littoralis
Six Arabidopsis accessions were selected on the basis of previously reported natural 
variation in basal resistance (Supplementary information Table S1). To test the response of 
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these accessions to the defence hormone JA, induction of the JA-responsive marker gene 
PDF1.2 was determined at 4 h after treatment with increasing concentrations of MeJA. At 
this early time point, the reference accession Col-0 did not yet show detectable levels of 
PDF1.2 expression upon treatment with 100 μM MeJA, which typically becomes detectable 
on Northern blots around 6 to 8 h after treatment (Koornneef et al., 2008). However, 
accession Bur-0 already showed significant levels of PDF1.2 induction upon treatment with 
100 μM MeJA, whereas all other accessions failed to mount detectable induction of PDF1.2 
(Figure 1a). Hence, accession Bur-0 is primed to activate the PDF1.2 gene upon exogenous 
application of MeJA. 

Figure 1: Natural variation in defence responsiveness to JA between Arabidopsis accessions. (a) 
Northern blot analysis of PDF1.2 gene expression in 5-week-old plants at 4 h after treatment of the 
leaves with increasing concentrations of JA. Equal loading was verified by ethidium bromide staining 
of the gels. (b) Natural variation in basal resistance to the nectrotrophic fungus P. cucumerina. Disease 
severity was scored at 7 days after drop inoculation with 6-μL droplets of 5 x 105 P. cucumerina spores.
mL-1 on leaves of 5-week-old plants. I, no symptoms; II, moderate necrosis at inoculation site; III, full 
necrosis size of inoculation droplet, and IV, spreading lesion. Asterisks indicate statistically significant 
different distributions of the disease classes compared to the reference accession Col-0 (χ2 test; α 
= 0.05; n = 90 leaves). Colonization by the pathogen and cell death was visualized by lactophenol-
trypan blue staining and light microscopy. Photographs show the mildest (left) and most severe (right) 
symptoms observed within each accession. (c) Natural variation in basal resistance to the generalist 
herbivore S. littoralis. Larval weight gain was based on an 18-hour time interval of feeding. Asterisks 
indicate statistically significant differences in weight gain compared to the reference accession Col-0 
(Fisher’s LSD test; α = 0.05; n=10). Photographs show representative levels of feeding damage in leaves 
of similar age. The experiment was repeated with 3.5-week-old plants, yielding similar results.

 If the observed variation in JA responsiveness influences basal resistance, it can be 
expected that accession Bur-0 is more resistant to pathogens or herbivores that are resisted 
by JA-dependent defences. To test this hypothesis, we quantified basal resistance of the 
six accessions to the necrotrophic fungus P. cucumerina, which is resisted by JA-dependent 
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defence mechanisms (Berrocal-Lobo et al., 2002). At 6 days after inoculation of 5-week-
old plants, the accessions showed variation in symptom severity. Amongst all accessions, 
Ws-2 was most severely affected by the pathogen, whereas accession Bur-0 and, to a lesser 
extent, accession Sf-2 were more resistant than Col-0 (Figure 1b). Microscopic analysis of 
lactophenol trypan-blue stained leaves confirmed that the differences in disease symptoms 
are consistent with differences in tissue damage and colonization by the fungus (Figure 1b). 
To examine levels of basal resistance against JA-resisted herbivores, we quantified larval 
weight gain and leaf damage on 5-week-old plants upon 18 h of infestation by Spodoptera 
littoralis, a generalist herbivore that is resisted by JA-controlled defences (Mewis et al., 
2005; Bodenhausen, 2007; Bodenhausen and Reymond, 2007). As is shown in Figure 1c, 
larval growth on accession Bur-0 was the lowest of all combinations and differed statistically 
from the larval growth values on Col-0 plants (Figure 1c). Furthermore, levels of leaf damage 
appeared relatively severe on accessions Ws-2 and Col-0, whereas Can-0, No-0 and Sf-2 
showed intermediate levels of damage. Consistent with the larval weight gain values, 
accession Bur-0 showed the lowest degree of damage by the caterpillars (Figure 1c). The 
caterpillar experiment yielded identical results when repeated with 3.5-week-old plants 
(data not shown), indicating that the variation in herbivore resistance is un-related to 
plant age. Hence, the enhanced responsiveness of accession Bur-0 to JA is associated with 
increased levels of basal resistance against attackers that are controlled by JA-dependent 
defence mechanisms.

Accession Bur-0 is primed to activate ERF1/ORA59-dependent PDF1.2 but is repressed in 
MYC2-dependent induction of VSP2
Induction of PDF1.2 gene expression is regulated by the transcription factors (TFs) ORA59 
and ERF1, which integrate JA- and ET-dependent defence signals (Lorenzo et al., 2003; 
Pre et al., 2008). Conversely, induction of JA-dependent VSP2 is regulated by MYC2, a 
TF that integrates JA- and abscisic acid (ABA)-dependent signals (Lorenzo et al., 2004). 
Both branches of the JA response pathway act antagonistically on each other (Lorenzo 
et al., 2004; Lorenzo and Solano, 2005). To investigate whether the primed PDF1.2 gene 
responsiveness of Bur-0 is caused by a shift in negative cross-talk between ERF1/ORA59- 
and MYC2-dependent signalling branches, we monitored expression of PDF1.2 and VSP2 
in Col-0 and Bur-0 at different time points after application of JA. Again, accession Bur-0 
showed strongly augmented levels of JA-induced PDF1.2 expression in comparison to Col-0 
(Figure 2a). In contrast, expression of VSP2 remained consistently lower in Bur-0 at all-time 
points after JA application. A similar transcription profile was observed after leaf wounding 
and combined treatment of wounding + S. littoralis regurgitant (Figure 2b). The antagonistic 
induction profiles of PDF1.2 and VSP2 indicate that accession Bur-0 is primed to activate the 
ERF1/ORA59-dependent branch of the JA response, but is repressed in the MYC2-dependent 
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JA response. Nevertheless, we did not detect consistent differences in expression levels of 
ORA59, ERF1, or MYC2 between Bur-0 and Col-0 (Supplementary information Figure S1a), 
nor did we find differences in genomic coding sequences of these TF genes (Supplementary 
information Figure S1b). Hence, the differentially regulated JA response in accession Bur-0 is 
caused by modulating factors acting up- or downstream of ORA59, ERF1, or MYC2.

Figure 2: Arabidopsis accession Bur-0 is primed to activate PDF1.2 gene expression, but is repressed 
in VSP2 gene expression.  (a) RT-qPCR analysis of PDF1.2 and VSP2 expression in 5-week-old Col-0 and 
Bur-0 plants at different time points after application of increasing concentrations of JA to the leaves. 
Data presented are average fold-change values (n=3; ± SEM) relative to the mean expression level in 
control-treated Col-0 at 2 hpt. (b) RT-qPCR analysis of PDF1.2 and VSP2 gene expression in 5-week-
old Col-0 and Bur-0 plants at different time points after leaf wounding, or combined treatment of 
wounding and S. littoralis regurgitant. Data presented are average fold-change values (n=3; ± SEM) 
relative to the mean expression level in control-treated Col-0 at 2 hpt.

Natural variation in SA-induced PR-1 expression is associated with basal resistance against 
the hemi-biotrophipc pathogen Pst DC3000 
To assess natural variation in responsiveness to the plant defence hormone SA, the six 
accessions were examined for levels of PR-1 gene induction at 6 h after treatment of the 
leaves with increasing concentrations of SA. In the first experiment, accessions Bur-0, Can-0 
and Sf-2 showed enhanced levels of PR-1 gene induction by SA, whereas accessions Col-
0, No-0 and Ws-2 exhibited relatively moderate levels of PR-1 induction (Figure 3a). In an 
independent second experiment, similar results were obtained for all accessions except No-
0, which showed constitutive PR-1 gene expression in the control group. The latter finding 
is likely caused by the occasional development of spontaneous lesions in No-0 under our 
greenhouse conditions (data not shown). Thus, despite the variable behaviour of accession 
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No-0, these results demonstrate consistent and substantial natural variation in PR-1 gene 
responsiveness to exogenously applied SA.
 To examine whether the observed natural variation in SA responsiveness has an 
effect on basal disease resistance, we evaluated basal resistance against the hemi-biotrophic 
pathogen Pst DC3000, which is resisted by SA-dependent defence mechanisms (Ton et al., 
2002; Glazebrook, 2005). Plants were inoculated by dipping the rosettes into a bacterial 
suspension and examined for disease symptoms and bacterial proliferation. Accessions 
Can-0, No-0, Bur-0, and Sf-2 developed significantly fewer disease symptoms (Figure 3b), 
and allowed less bacterial growth in comparison to accession Col-0 (Figure 3c). Conversely, 
accession Ws-2 allowed higher levels of bacterial growth than Col-0 (Figures 3b and 3c). To 
examine whether these differences are caused by pre-invasive early-acting defence barriers, 
we quantified bacterial proliferation upon pressure infiltration of the leaves. This experiment 
yielded similar differences in bacterial proliferation between the accessions (Supplementary 
information Figure S2), suggesting that the genetic variation in basal resistance to Pst 
DC3000 is based on post-invasive defence mechanisms. Hence, primed SA responsiveness 
of accessions Can-0, Bur-0, and Sf-2 is associated with increased levels of basal resistance to 
Pst DC3000.

Figure 3: Natural variation in defence responsiveness to SA between Arabidopsis accessions. (a) 
Northern blot analysis of PR-1 gene induction in 5-week-old Arabidopsis accessions at 6 h after 
treatment with different concentrations of SA. Equal loading was verified by ethidium bromide 
staining of the gels. (b) Disease symptoms caused by P. syringae pv. tomato DC3000 (Pst DC3000) 
at 4 days after dipping the leaves in a suspension containing 5 × 105 CFU.mL-1. Values represent the 
average percentage of leaves showing chlorotic symptoms per plant (± SEM; n = 25–30). Asterisks 
indicate statistically significant differences compared to reference accession Col-0 (Student’s t-test; α 
= 0.05). (c) Bacterial proliferation of Pst DC3000 over a 3-day time interval after dip-inoculation of the 
leaves. Shown are average values (± SE; n = 5–10). Proliferation was calculated relative to the average 
bacterial titer at 30 min after inoculation (dpi). Asterisks indicate statistically significant differences 
compared to reference accession Col-0 (Student’s t-test; α = 0.05).
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Accessions with primed PR-1 gene responsiveness express enhanced levels of priming-
related TF genes
Previously, we demonstrated that priming of SA-dependent defence upon treatment with the 
chemical priming agent BABA is marked by enhanced expression of 28 defence-regulatory 
TF genes (Van der Ent et al., 2009). Because Can-0, Bur-0, and Sf-2 are primed to respond to 
SA in comparison to Col-0 (Figure 3a), we used RT-qPCR to examine whether this phenotype 
is similarly marked by enhanced expression of TF genes. Out of the 28 TF genes tested, 21, 
23 and 24 genes were significantly enhanced in Can-0, Sf-2 and Bur-0, respectively (p<0.05; 
Figure 4 and supporting information Figure S3). In contrast, accession Ws-2, which exhibited 
similar or reduced SA responsiveness compared to Col-0 (Figure 3a), displayed a mostly 
unaltered or decreased expression of these marker genes (Figure 4). To examine whether 
the basal transcription patterns of the 28 TF genes in accessions Bur-0, Can-0 and Sf2 are 
similar to those of chemically primed Col-0 plants, we used multivariate cluster analysis. As 
expected, the transcription profiles of Bur-0, Can-0 and Sf-1 resembled the BABA-induced 
transcription profile of Col-0 (Supplementary information Figure S3), demonstrating that 
the constitutively primed SA response in these accessions is marked by elevated expression 
of the same set of TF genes that are induced upon chemical defence priming by BABA.

Figure 4: Accessions with primed 
responsiveness to salicylic acid 
(SA) show enhanced transcription 
of priming-related transcription 
factor (TF) genes. Transcriptional 
levels of 28 priming-related TF 
genes, previously identified as 
markers for beta-aminobutyric 
acid (BABA)-induced priming of 
SA-dependent defence (Van der 
Ent et al., 2009). Data presented 
are log-transformed fold-
change values (±SEM) relative 
to the mean expression level 
in accession Col-0. Asterisks 
indicate statistically enhanced 
levels of expression compared to 
Col-0 (Mann–Whitney–Wilcoxon 
test or Student’s t-test; α = 0.05).
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Natural variation in responsiveness of callose deposition to PAMPs
To examine genetic variation in sensitivity of locally expressed defence responses that are 
not directly under control by JA or SA, we quantified callose intensities upon treatment with 
the fungal PAMP elicitor chitosan and the bacterial PAMP elicitor flg22. Seedlings of the 
six accessions were cultivated in a hydroponic growth medium and examined for levels of 
callose deposition at 24 h after mock or PAMP treatment, using a standardised quantification 
method as described previously (Luna et al., 2011). Although all accessions showed a 
statistically significant increase in callose deposition after chitosan treatment, there was 
substantial variation in the intensity of this defence response (Figure 5). On average, Col-
0 and Ws-2 deposited 5-fold more callose than accessions Bur-0, No-0, Sf-2 and Can-0. 
Similar patterns were observed upon treatment with flg22 (Figure 5), with the exception 
of accession Ws-2, which lacked flg22-induced callose due to a dysfunctional FLS2 receptor 
(Gomez-Gomez and Boller, 2000). Interestingly, when comparing natural variation in PAMP-
induced callose to natural variation in SA-induced PR-1 expression (Figure 3), an inverse 
relationship can be noted: accessions with a modest callose response are primed to respond 
to SA, while accessions with a primed callose responsive are relatively un-responsive to SA. 

Figure 5: Natural variation in PAMP-induced callose deposition. Eight-days-old seedlings were treated 
with either 0.1% chitosan or 1µM flg22. After 24 h, cotyledons were stained for callose with analine 
blue. Callose intensities were digitally quantified from photographs by UV epifluorescence microscopy. 
Values represent averages of the relative number of callose-corresponding pixels (n = 15; ± SEM).

Identification of a locus regulating responsiveness of SA-induced PR-1 expression 
To dissect the genetic variation in defence gene responsiveness, we performed QTL 
mapping analysis, using a fully genotyped core population of 164 RILs from a cross between 
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accessions Col-0 and Bur-0 (Simon et al., 2008). For each gene expression screen, 15 to 20 
RILs were cultivated along with the parental accessions, and examined for PDF1.2 or PR-1 
gene expression at 4 h after treatment with 200 µm JA, or 7 h after treatment with 0.5 
mM SA, respectively. At both time-points, leaves from mock treated plants were collected 
to assess basal levels of PDF1.2 and PR-1 expression. Although accession Bur-0 showed 
consistently higher levels of JA-induced PDF1.2 expression than Col-0, this difference 
appeared to be too variable between screens to allow for reliable QTL analysis of the pooled 
data set (data not shown). On the other hand, inter-experiment variation in PR-1 gene 
expression remained marginal. PR-1 expression values in each RIL screen were standardized 
to the averaged value from the parental accessions (Col-0 and Bur-0). Composite interval 
mapping of these standardized values revealed statistically significant linkage between SA-
induced PR-1 expression and a locus at chromosome IV (LOD score = 5.64; Figure 6 and 
Table 1). RILs carrying the Bur-0 alleles at this locus showed higher levels of SA-induced PR-1 
expression than RILs carrying the Col-0 alleles at this locus. This direction indicates either 
a suppressive effect from the Col-0 parent, or a stimulatory locus from the Bur-0 parent 
(Table 1). No genetic linkage was found with levels of basal PR-1 gene expression (Figure 6a). 
Hence, the locus at chromosome IV influences responsiveness of the PR-1 gene to SA, but 
has no influence on basal levels of PR-1 expression. Interestingly, the locus maps closely to 
a cluster of TIR-NB-LRR genes (At4g16860–At4g16990), of which 10 show nonsynonymous 
polymorphisms between Col-0 and Bur-0 (Supplementary information Table S2).The locus 
also maps closely to the highly polymorphic ACD6 gene (At4g14430; Supplementary 
information Table  S2), which was recently identified as a source of natural allelic variation 
causing vegetative growth reduction and SA-dependent disease resistance (Todesco et al., 
2010).

Table 1 Chromosome locations and significance of QTLs influencing the responsiveness of 
SA-induced PR1 expression, PAMP-induced callose, and plant growth.

TRAIT CHROM. CM POSITION 
(BP)

LOD 
SCORE

DIRECTION1

FLG22-INDUCED CALLOSE I 0.0 592,939 3.01 BUR+COL-

FLG22-INDUCED CALLOSE III 34.2 10,995,664 16.22 BUR-COL+

GROWTH III 63.5 22,146,585 3.19 BUR+COL-

GROWTH IV 0.0 641,363 3.76 BUR+COL-

SA-INDUCED PR1 EXPRESSION IV 30.9 8,929,959 5.64 BUR+COL-

1 Bur+Col-: a positive effect from the Bur-0 alleles or a negative effect from the Col-0 alleles; 
Bur-Col+: a negative effect from the Bur-0 alleles or a positive effect from the Col-0 alleles.  
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Figure 6: LOD scores and chromosome positions of QTLs influencing PR-1 gene expression, callose 
deposition, and plant growth. The QTL mapping analysis was based on 164 RILs from a cross between 
accessions Col-0 and Bur-0. (a) QTLs controlling basal and SA-induced PR-1 expression. (b) QTLs 
controlling basal and flg22-induced callose. (c) QTLs controlling plant growth estimated from rosette 
sizes of 4 week-old-plants. The RPP4/SCN1/RPP5 cluster of R genes is indicated at the top. Dotted 
black lines represent threshold levels of statistically significant LOD scores (2.94).

Identification of QTLs regulating responsiveness of flg22-induced callose 
To explore the genetic basis of natural variation in responsiveness of PAMP-induced callose, 
we screened the RIL population for levels of basal and flg22-induced callose. For each 
experiment, callose intensities were standardised to the averaged values from the parental 
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accessions. Composite interval mapping of the pooled data did not revealed genetic linkage 
with basal callose levels in mock-treated seedlings. On the other hand, strong linkage was 
found between flg22-induced callose and a locus at chromosome III (LOD score = 16.22; 
Figure 6). An additional weaker influence was detected at a locus on the top of chromosome 
I (LOD score = 3.01; Figure 6b). The direction of both QTLs suggests opposite effects (Table 1): 
the major-effect QTL at chromosome III mediates a repressive effect from the Bur-0 parent 
or a stimulatory effect from the Col-0 parent, whereas the weaker QTL at chromosome I 
exerts a stimulatory effect from Bur-0 or a repressive effect from Col-0.

QTLs regulating defence responsiveness are not associated with reduced growth
Induction of defence priming is associated with minor costs on plant growth (Van Hulten 
et al., 2006; Walters et al., 2008). To examine whether the constitutive defence priming 
in accession Bur-0 is associated with direct costs on plant growth, we scored rosette sizes 
of the RILs over a growth period of 4 weeks. Two relatively weak QTLs were identified at 
the bottom and top of chromosomes III and IV (LOD scores 3.19 and 3.76, respectively), 
which did not correspond to the QTLs controlling flg22-induced callose or SA-induced PR-1 
expression (Figure 6; Table 1). This indicates that the priming-inducing loci from accession 
Bur-0 are not associated with major costs on plant fitness.

Priming by the SA response locus on chromosome IV boosts basal resistance against Pst 
DC3000
The major callose QTL at chromosome III is based on either a repressive effect by the Bur-
0 alleles, or a stimulatory effect from the Col-0 alleles (Table 1). Because accession Bur-
0 is considerably more resistant against Pst DC3000 than accession Col-0 (Figure 3), it is 
unlikely that this locus contributes to basal resistance against this pathogen. In contrast, the 
direction of the SA response locus at chromosome IV is consistent with a positive effect on 
basal resistance against Pst DC3000. To confirm this, we compared levels of basal resistance 
between five RILs carrying the Bur-0 alleles of the SA response locus, five RILs carrying the 
Col-0 alleles of this locus, and the two parental accessions. Basal resistance assays were 
performed using a bioluminescent luxCDABE-tagged P. syringae pv. tomato DC3000 strain 
(Pst DC3000-lux), which enable in planta quantification of bacterial colonization (Fan 
et al., 2008). At 3 days after dipping the leaves in a bacterial suspension, Pst DC3000-lux 
colonisation in leaves of the Bur-0 lines was consistently lower than in leaves of the Col-
0 lines (Figure 7a). Furthermore, bacterial growth values in all genotypes were inversely 
related to levels of SA-induced PR-1 transcription (Figures 7b and 7c). Multiple regression 
analysis of the bacterial growth values confirmed a statistically significant effect of the SA 
response locus (P < 0.001), whereas variation between lines with similar genotypes for this 
locus had no significant influence on bacterial growth (P = 0.258). These results indicate 
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that constitutive priming of the SA response by the locus on chromosome IV boosts basal 
resistance against Pst DC3000.

Figure 7: Basal resistance against 
Pst DC3000-lux and SA-induced PR1 
expression in 5 RILs with the Col-0 alleles 
of the SA response QTL (lines #15, #17, #62, 
#80 #371), 5 RILs with the Bur-0 alleles of 
this locus (lines #22, #116, #292, #440, 
#511) and the parental accessions Col-0 
and Bur-0. Black and white bars/symbols 
indicate genotypes carrying the Bur-0 and 
Col-0 alleles of the locus, respectively. 
(a) Colonization by Pst DC3000-lux at 3 
days after dip-inoculation of the leaves. 
Bacterial titres were based on in planta 
bioluminescence by the bacteria. Data 
shown represent average values (n=12; ± 
SEM) of bioluminescence-corresponding 
pixels in leaves relative to the number of 
pixels covering total leaf material in each 
plant. (b) Transcriptional levels of PR-1 
expression at 7 h after treatment of the 
leaves with 0.5 mM. Data presented are 
average fold-change values (n=3; ± SEM) 
standardised to the mean expression value 
between Col-0 and Bur-0. (c) Correlation 
between bacterial colonisation and SA-
induced PR-1 expression.

DISCUSSION

Plant resistance to biotic stress largely depends on inducible defence mechanisms. However, 
induced defence can be costly due to allocation of resources or toxicity to the plant’s own 
metabolism. These contrasting benefits provide a classic trade-off between plant defence 
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and development (Heil, 2002; Heil and Baldwin, 2002). Priming of induced defence is 
associated with relatively minor costs, which are outweighed by the benefits of increased 
resistance under conditions of disease pressure (Van Hulten et al., 2006; Walters et al., 
2008). Furthermore, priming provides resistance against a broad spectrum of pathogens 
and herbivores (Conrath et al., 2006; Frost et al., 2008). It is, therefore, plausible that 
selected plant varieties have evolved constitutively primed immune systems to adapt to 
environments that impose constant pressure from a wide range of pathogens (Ahmad et 
al., 2010). In support of this, our present study revealed genetic variation in the sensitivity 
of basal defence reactions amongst naturally occurring Arabidopsis accessions. Genetic 
dissection of this variation identified QTLs that regulates the responsiveness of these basal 
defences (Figure 6; Table 1). Interestingly, none of these QTLs had a detectable influence on 
plant growth (Figure 6), which supports our notion that constitutively primed defence is not 
associated with major fitness costs. 
 Priming of defence can be based on enhanced expression of signalling proteins 
that remain inactive until an environmental stress signal is perceived by the plant (Conrath 
et al., 2006; Beckers et al., 2009). In agreement with this, we previously found that BABA-
induced priming of SA-dependent defence is marked by enhanced expression of a set of 
defence-related TF genes (Van der Ent et al., 2009). In this study, we demonstrated that 
accessions Bur-0, Can-0 and Sf-2 express enhanced responsiveness to SA, are more resistant 
to PstDC3000, and show elevated expression of BABA-inducible TF genes (Figure 4). This 
suggests that the primed defence state of Bur-0, Can-0, and Sf-2 is based on similar signalling 
mechanisms as BABA-induced defence priming. In addition, these results illustrate that the 
set of BABA-inducible TF genes can serve as a marker to identify plants with primed immune 
systems.
 Accessions with primed responsiveness to SA expressed relatively high basal 
resistance against PstDC3000 (Figure 3). Van Leeuwen et al. (2007) reported similar natural 
variation between Arabidopsis accessions in the transcriptional response to exogenously 
applied SA. In this study, we used QTL mapping analysis to dissect this natural variation 
and identified a locus on chromosome IV that contributes to basal resistance against 
PstDC3000 (Figures 6 and 7). Interestingly, this locus maps to a cluster of 9 TIR-NB-LRR 
genes at chromosome IV (Figure 6; Supplementary information Table S2), which includes 
the Leptosphaeria maculans R gene RLM3 (Staal et al., 2008), the Hyaloperonospora 
arabidopsidis R genes RPP4 and RPP5 (Parker et al., 1997; Van Der Biezen et al., 2002), 
and the suppressor of npr1-1, constitutive 1 (SNC1) gene. Mutations in SNC1 have been 
reported to constitutively activate SA-dependent disease resistance (Li et al., 2001; Zhang et 
al., 2003). It is, therefore, tempting to speculate that the non-synonymous polymorphisms 
in between Col-0 and Bur-0 in this gene cluster (Supplementary information Table S2) are 
responsible for the differences in SA-induced PR-1 gene expression and basal resistance 
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against Pst DC3000 between these accessions. Furthermore, natural allelic variation in 
the ACD6 gene (At4g14420) has recently been reported to cause constitutive expression 
of SA-dependent defence and reduced vegetative growth (Todesco et al., 2010). Not only 
does ACD6 map closely to the SA response QTL, accessions Col-0 and Bur-0 also show 10 
non-synonymous polymorphisms in the ACD6, of which four confer biochemically dissimilar 
amino acids (Supplementary information Table S2). However, unlike accession Est-1, Bur-0 
is not reduced in vegetative growth (Figure 6) and does not express SA-dependent defence 
constitutively (Figure 3). It remains, nonetheless, possible that the Bur-0 alleles of ACD6 
constitute a less extreme gene variant that merely primes for SA-dependent defences.
 Jones & Dangl (2006) defined basal resistance as residual resistance that is activated 
by virulent pathogens after defence suppression by disease-promoting pathogen effectors 
(i.e. basal resistance = PTI - ETS + weakened ETI). A recent study by Zhang et al. (2010) 
suggested that basal resistance against PstDC3000 is mostly determined by weakened ETI, 
while PTI has relatively little contribution. In agreement with this, we mapped a regulatory 
locus for SA responsiveness and basal resistance against PstDC3000 to a cluster of ETI-
associated TIR-NB-LRR genes. Furthermore, two previous studies on natural variation in 
basal resistance against PstDC3000 identified QTLs at other genomic regions enriched in 
R and/or PRR genes (Kover et al., 2005; Perchepied et al., 2006). Together, these results 
suggest that natural variation in basal resistance against Pst DC3000 originates from the ETI 
component of basal resistance. Interestingly, accessions with relatively high basal resistance 
to Pst DC3000 deposited comparatively low levels of PAMP-induced callose (Figures 3 & 
5). Moreover, our QTL analysis identified a major callose-promoting locus from the more 
susceptible Col-0 parent (Figure 6; Table 1), suggesting that virulent Pst DC3000 is not 
significantly resisted by PAMP-induced callose. Indeed, other studies have demonstrated 
that Pst DC3000 is extremely efficient in suppressing callose deposition through type III 
effectors (Zhang et al., 2007; Guo et al., 2009; Xiang et al., 2010). In contrast, dissection 
of natural variation in resistance against non-host Pseudomonas syringae pv. phaseolicola 
identified a major influence from the flagellin receptor FLS2 (Forsyth et al., 2010), suggesting 
that PTI has a more prominent role in non-host resistance against P. syringae pathogens. It 
thus seems that natural variation in resistance against virulent P. syringae strains stems from 
ETI-related defence mechanisms, whereas natural variation in resistance against non-host P. 
syringae strains is based on PTI-related defence mechanisms.
 Accession Bur-0 is primed to activate both SA- and JA-dependent defences (Figures 
1 – 3), even though both pathways are mutually antagonistic in Arabidopsis (Koornneef and 
Pieterse, 2008). This phenotype demonstrates that enhanced responsiveness of SA- and 
JA-dependent defences is not affected by the negative cross-talk between both pathways. 
In support with this, Van Wees et al (2000) demonstrated that simultaneous activation of 
rhizobacteria-mediated induced systemic resistance (ISR) and pathogen-induced systemic 
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acquired resistance (SAR), which are based on priming of JA- and SA-dependent defences, 
respectively, yield additive levels of resistance. Interestingly, the primed PDF1.2 response 
of accession Bur-0 to JA or wounding + caterpillar regurgitant coincided with a repressed 
induction of the VSP2 gene (Figure 2). Expression of PDF1.2 and VSP2 mark activities of two 
antagonistically acting branches of the JA response, which are regulated by the transcription 
factors ERF1 and ORA59, and MYC2, respectively (Lorenzo et al., 2003; Lorenzo et al., 2004; 
Pre et al., 2008). The ERF1/ORA59-dependent branch integrates JA and ET signals, whereas 
the MYC2-dependent branch integrates JA and ABA signals (Lorenzo et al., 2003; Anderson 
et al., 2004; Pre et al., 2008). Therefore, the primed PDF1.2 response of Bur-0 indicates 
potentiation of the ERF1/ORA59-dependent JA response (Lorenzo et al., 2004). This branch 
of the JA response has been described to contribute to basal resistance against necrotrophic 
pathogens (Anderson et al., 2004; Lorenzo et al., 2004). Indeed, accession Bur-0 displayed 
enhanced resistance to the necrotrophic fungus P. cucumerina (Figure 1b) and had previously 
been described as more resistant to the necrotrophic fungi B. cinerea and Fusarium 
oxysporum (Llorente et al., 2005). We also showed that Bur-0 is more resistant to feeding by 
the generalist herbivore S. littoralis (Figure 1c). Although Lorenzo et al. (2004) proposed a 
dominant role for the MYC2-dependent JA branch in resistance against herbivory, mutations 
in MYC2 have no consistent effect on basal resistance against S. littoralis (Bodenhausen, 
2007). On the other hand, there is ample evidence that ET synergizes JA-dependent defences 
against herbivores (Von Dahl and Baldwin, 2007). This supports the findings by Van Oosten 
et al. (2008), who demonstrated that ISR-expressing Col-0 plants are primed to activate 
PDF1.2 and display enhanced resistance against Spodoptera exigua. Involvement of ET in 
the JA-responsive phenotype of accession Bur-0 would also explain why we encountered 
high inter-experiment variation in JA-induced PDF1.2 gene expression during our attempted 
QTL mapping of this trait.
 Plants have evolved various strategies to defend themselves against pathogens and 
herbivores. Apart from the well-characterised zigzag evolution towards R protein-mediated 
ETI, there are alternative defence strategies that can be equally effective depending on the 
environmental conditions (Ahmad et al., 2010). Our study has provided genetic evidence 
that selected Arabidopsis accessions have evolved constitutive priming of basal defence 
mechanisms, which can boost resistance against virulent pathogens. Mining for similar 
genetic traits in ancestral crop species will allow for integration of this naturally evolved 
defence strategy in sustainable pest and disease management.
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SUPPLEMENTARY INFROMATION

Figure S1: Transcriptional expression of ORA59, ERF1 and MYC2 and their genomic polymorphisisms 
between accessions Bur-0 and Col-0. (a), RT-qPCR analysis of basal ORA59, ERF1 and MYC2 gene 
expression in 5-week-old Col-0 and Bur-0 plants. Transcription of the TF genes was normalized to 
the expression of GAPDH. Values shown are average expression values from biologically replicate 
samples (n = 6), which were analyzed for statistically significant differences with a Student’s t-test. 
(b), Single nucleotide polymorphisms between Col-0 and Bur-0 in the 3000 bp regions covering the 
genomic sequences of MYC2, ERF1 and ORA59. Black and red letters indicate polymorphic nucleotides 
between Col-0 and Bur-0, respectively. Yellow bars represent open reading frames; blue bars indicate 
un-translated gene regions.
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Figure S2: Natural variation in 
basal resistance to Pst DC3000 
over a 3-day time interval after 
pressure-infiltration of the leaves 
with a bacterial suspension. 
Shows are average values (± SE; n = 
5–10). Proliferation was calculated 
relative to the average bacterial 
titer at 30 min after inoculation 
(dpi). Asterisks indicate statistically 
significant differences compared 
to reference accession Col-0 
(Student’s t-test; α = 0.05).

Figure S3. Cluster analysis of transcription profiles of 28 transcription factor (TF) genes and two 
reference genes (GAPDH and At1g13220) to compare basal transcription profiles in Bur-0, Can-
0, Col-0, Sf-2 and Ws-2 with the transcription profiles from β-aminobutyric acid (BABA)-treated 
Col-0. Leaf material from BABA-primed Col-0 plants was collected at 2 d after soil-drench treatment 
with 80 μ m BABA. Colour intensity of induced (yellow) or repressed genes (blue) is proportional to 
their level of expression. Data represent log-transformed fold-change values relative to the average 
expression value in (untreated) Col-0. Values were subjected to average linkage clustering (Euclidean 
distance).
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Table S1 Arabidopsis thaliana accessions used in this study, their geographical origin, and 
levels of basal resistance to virulent Pseudomonas syringae pv. tomato DC3000.

Accession NASC ID Geographical 
origin

Basal resistance to P. 
syringae1 Reference

Ws-2 N1601 Wassilewskija 
(Russia)

-
-
-

(Ton et al., 1999)
(Ton et al., 2001)

(Zipfel et al., 2004)

Col-0 N1092
Colombia 

(USA) 0 (reference)

Can-0 N1064 Canary Islands 
(Spain) + (Kover and Schaal, 2002)

No-0 N3081 Halle 
(Germany)

0
+

(Kover and Schaal, 2002)
(Kover et al., 2005)

Bur-0 N1028
Burren 

(Ireland) + (Kover and Schaal, 2002)

Sf-2 N1516
San Feliu 

(Spain) + (Kover and Schaal, 2002)

1 - : lower level of basal resistance than accession Col-0

 0: similar level of basal resistance than accession Col-0
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Table S2: Synonymous single nucleotide polymorphisms in the RPP4/SNC1/RPP5 cluster of 
resistance genes and the ACD6 gene between accession Col-0 and Bur-0.
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ABSTRACT

Benzoxazinoids (BXs), such as 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one 
(DIMBOA), are secondary metabolites in grasses. The first step in BX biosynthesis converts 
indole-3-glycerol phosphate into indole. In maize, this reaction is catalysed by either 
Benzoxazineless 1 (BX1), or Indole glycerol phosphate lyase (IGL). The Bx1 gene is under 
developmental control and is mainly responsible for BX production, whereas the Igl gene is 
inducible by stress signals, such as wounding, herbivory, or jasmonates. To determine the 
role of BXs in defence against aphids and fungi, we compared basal resistance between 
Bx1 wild-type and bx1 mutant lines in the igl mutant background, thereby preventing BX 
production from IGL. Compared to Bx1 wild-type plants, BX-deficient bx1 mutant plants 
allowed better development of the cereal aphid Rhopalosiphum padi, and were affected in 
penetration resistance against the fungus Setosphaeria turtica. At stages preceding major 
tissue disruption, R. padi and S. turtica elicited increased accumulation of DIMBOA-glucoside, 
DIMBOA and HDMBOA-glucoside, which was most pronounced in apoplastic leaf extracts. 
Treatment with the defence elicitor chitosan similarly enhanced apoplastic accumulation 
of DIMBOA and 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one (HDMBOA)-glucoside, 
but repressed transcription of genes controlling BX biosynthesis downstream of BX1. This 
repression was also obtained after treatment with the BX precursor indole and DIMBOA, 
but not with HDMBOA-glucoside. Furthermore, BX-deficient bx1 mutant lines deposited 
less chitosan-induced callose than Bx1 wild-type lines, whereas apoplast infiltration with 
DIMBOA, but not HDMBOA-glucoside, mimicked chitosan-induced callose. Hence, DIMBOA 
functions as a defence regulatory signal in maize innate immunity, which acts in addition to 
its well-characterised activity as a biocidal defence metabolite.
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INTRODUCTION

Induced plant defence against pests and diseases encompasses a wide variety of 
mechanisms, ranging from deposition of callose-rich papillae to accumulation of biocidal 
defence metabolites. Defensive metabolites can be synthesised de novo in response to 
microbe or insect attack, such as phytoalexins, but can also be produced constitutively 
and stored as an inactive form in the plant cell. These so-called phytoanticipins can 
be activated by β-glucosidase activity during herbivory, which allows for a very rapid 
release of biocidal aglycone metabolites (VanEtten et al., 1994; Morant et al., 2008). 
Well-characterised examples of phytoanticipins are glucosinolates, (GSs), which can be 
hydrolysed by endogenous β-thioglucoside glucohydrolases, called myrosinases. Although 
GSs have traditionally been associated with defence against herbivores, recent insights 
have revealed that they can also play an important role in resistance against microbes. For 
instance, Bedtnarek et al. (2009) demonstrated in Arabidopsis that early-acting penetration 
resistance against powdery mildew requires biosynthesis of the indolic GS 4-methoxyindol-
3-ylmethylglucosinolate (4MI3G) and subsequent hydrolysis by the atypical myrosinase 
PEN2. Furthermore, penetration resistance of Arabidopsis against Phytophthora brassicae 
depends on the sequential action of the same class of indolic GSs and the indolic phytoalexin 
camalexin (Schlaeppi et al., 2010; Schlaeppi and Mauch, 2010). Interestingly, Clay et al. (2009) 
reported that callose deposition after treatment with the flagellin epitope flg22 requires 
intact biosynthesis and breakdown of 4MI3G. This finding uncovered a novel signalling 
role by indolic GSs in Arabidopsis immunity, but also raises the question of how callose 
deposition is regulated in non-Brassicaceous plants, which do not produce glucosinolates.
 Benzoxazinoids (BXs) are widely distributed phytoanticipins amongst Poaceae. It is 
commonly assumed that BX-glucosides are hydrolysed by plastid-targetted β-glucosidases 
upon tissue disruption, which results in the release of biocidal aglycone BXs (Morant et 
al., 2008). Since their discovery as plant secondary metabolites, many investigations have 
focussed on their role in plant defence against herbivorous insects and pathogens (Niemeyer, 
1988, 2009). Most of these studies revealed positive correlations between resistance and BX 
levels in cereal varieties or inbred populations, or biocidal activity when added to artificial 
growth medium (for review, see Niemeyer, 2009). In maize, defence elicitation by pathogenic 
fungi or treatment with the defence regulatory hormone jasmonic acid (JA) influences BX 
metabolism by promoting the conversion of 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-
3(4H)-one-glucoside (DIMBOA-glc) into N-O-methylated 2-hydroxy-4,7-dimethoxy-1,4-
benzoxazin-3-one-glucoside (HDMBOA-glc) (Oikawa et al., 2002, 2004). When supplied 
to artificial growth medium, this di-methylated BX is more effective than DIMBOA-glc in 
reducing survival rates of the aphid Metopolophium dirhodum (Cambier et al., 2001).  
 The biosynthesis of BXs is mostly under developmental control and leads to 
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accumulation of inactive BX-glucosides that are stored in the vacuole (Frey et al., 2009). In 
rye (Secale cereale) and wild barley (Hordeum vulgare), 2,4-dihydroxy-2H-1,4-benzoxazin-
3(4H)-one (DIBOA) is the dominant BX, whereas the methoxy derivative DIMBOA is more 
prevalent in maize and wheat (Triticum aestivum; Niemeyer, 2009). The Benzoxazineless1 
(Bx1) gene mediates the first dedicated step in the BX pathway and encodes a close homolog 
of the tryptophan synthetase α-subunit (TSA), which catalyses the formation of indole from 
indole-3-glycerole phosphate (Frey et al., 1997; Melanson et al., 1997). This compound is 
subsequently oxidised by four cytochrome P450 monooxygenases, BX2 – BX5, into DIBOA 
(Frey et al., 1997), which can then be glucosidated by the glucosyltransferases BX8 and BX9 
(Von Rad et al., 2001). Elucidation of the final reactions towards DIMBOA-glc revealed that 
the cytosolic di-oxygenase BX6 and methyltransferase BX7 mediate conversion of DIBOA-
glc via 2,4,7-Trihydroxy-1,4-benzoxazin-3(4H)-one (TRIBOA)-glc into DIMBOA-glc (Jonczyk et 
al., 2008). Upon tissue disruption, DIBOA-glc and DIMBOA-glc can be hydrolysed by two 
plastid-targetted β-glucosidases, ZmGLU1 and ZmGLU2 (Cicek and Esen, 1999; Czjzek et al., 
2001), which causes the release of biocidal DIBOA and DIMBOA aglycones. This mode of 
action is consistent with a role for BXs in resistance against chewing herbivores that cause 
major tissue damage. However, BXs have also been implicated in defence against aphids and 
pathogenic fungi that cause relatively little tissue damage (Niemeyer, 2009), which suggests 
an alternative mechanism of BX-dependent resistance.
 Apart from BX1, the BX1 homologue Indole-3-Glycerol phosphate Lyase (IGL) can 
also convert indole-3-glycerole phosphate into free indole (Frey et al., 2000). The enzymatic 
properties of IGL are similar to BX1, but the transcriptional regulation of their corresponding 
genes is profoundly different. Like other Bx genes, Bx1 is constitutively expressed during the 
early developmental stages of the plant, which correlates with endogenous benzoxazinoid 
levels. Plants carrying the mutant alleles of the Bx1 gene produce only a fraction of the BXs 
that are found in Bx1 wild-type plants (approximately 1.5%; Supplementary Figures S1 and 
S2). Hence, the BX1 enzyme is accountable for the bulk of BX biosynthesis, whereas the 
functionally equivalent IGL enzyme appears to have a minor contribution in un-stressed 
maize seedlings. Indeed, the Igl gene is expressed at much lower levels than Bx1 during 
seedling development (Frey et al., 2000), explaining why it largely fails to complement BX 
production in Bx1 seedlings. Unlike Bx1, the expression of Igl correlates tightly with the 
emission of volatile indole: defence-eliciting stimuli, such as herbivore feeding, wounding, 
the insect elicitor volicitin and JA, all stimulate Igl expression and indole emission (Frey et 
al., 2000; Frey et al., 2004), suggesting transcriptional regulation by the JA pathway. It has 
been proposed that herbivore-induced indole emission contributes to attraction of natural 
enemies, such as parasitoid wasps. Nevertheless, using pharmacological treatments to 
inhibit indole production, D’Alessandro et al. (2006) reported no or even a repellent effect 
by indole on parasitoid behaviour. Interestingly, the bx1 single mutant can accumulate up to 
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20% of wild-type BX levels after caterpillar infestation (N. Veyrat, personal communication). 
Furthermore, treatment of the bx1 single mutant with indole can rescue DIMBOA production 
(Frey et al., 1997; Melanson et al., 1997). Hence, IGL has the potential to complement the 
bx1 mutation and contribute to in planta BX biosynthesis during expression of JA-dependent 
plant defence.
  In this study, we have investigated the role of BXs in maize defence against plant 
attackers that do not cause major tissue disruption. We compared basal resistance against 
the bird cherry oat aphid, Rhopalosiphum padi, and the pathogenic fungus Setosphaeria 
turtica between wild-type and bx1 mutant lines in the igl mutant background, thereby 
blocking BX production from stress-induced IGL. We demonstrate that Bx1-dependent BXs 
play a critical role in basal resistance against aphids and fungi, which manifests itself as 
increased deposition of BXs in the apoplast. Moreover, we provide evidence that extracellular 
DIMBOA regulates pathogen-associated molecular pattern (PAMP)-induced callose and Bx 
gene expression, thereby uncovering a novel regulatory function of this compound in cereal 
innate immunity against pests and diseases.

MATERIALS & METHODS

Plant material and cultivation
The Pioneer Hi-Bred collection of 42,300 F1 maize plants, mutagenized by means of 
Robertson’s Mutator element, was screened for Mu-containing alleles of Igl by a reverse 
genetics approach (Bensen et al., 1995). PCR amplification was performed as described 
previously (Mena et al., 1996). Mu-Integration in the non-translated 5’-leader region of Igl 
was identified and Mendelian segregation was confirmed within the progeny. Heterozygous 
progeny was selfed from which one homozygous mutant was identified (cv. B73). This 
plant was used as female (cross 307) and male (cross 308), respectively, in crosses with the 
homozygous bx1 reference allele mutant (cv. GeHu Yellow Dent;  Hamilton, 1964). Individual 
heterozygous progeny (plants 308-1, 308-5 and 307-1) of the two reciprocal crosses were 
used to generate segregating progeny for the wild-type and mutant alleles of Bx1 and Igl. 
Homozygous lines “22” (bx1 igl), “7” (bx1 Igl), and “25.13” (Bx1 igl) were selected from a 
cross between 308-1 x 307-1 (cross A), whereas lines “32R” (bx1 igl), “16R” (bx1 Igl) and 
“24R” (Bx1 igl) were selected from a cross between 308-5 x 307-1 (cross B). Genotypes from 
these crosses were initially identified by phenotyping (bx1bx1 mutants; FeCl3 root staining; 
Bailey and Larson, 1991), or PCR genotyping (igl mutants), and were propagated by selfing. 
Resulting F3 and F4 lines were further selected and confirmed by HPLC-DAD analysis of 
BX leaf content and GC-MS analysis of indole emission from Spodoptora littoralis-infested 
or wounded plants as described previously (Ton et al., 2007; Figure S1). Plant responses 
to R. padi, S. turcica, chitosan, indole, DIMBOA, or HDMBOA-glc were performed with the 
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BX- and indole-producing wild-type cultivar Delprim (Delley Semences, Switzerland). Seeds 
were germinated at 22oC in petri-dishes in the dark. After 2 – 3 d, germinated seedlings 
of similar size were transplanted to pots containing compost soil and cultivated under 
controlled conditions (16:8 h L:D, 22°C).

Aphid and fungus bioassays
R. padi were obtained from a single field-collected apterous virginopara, reared under 
controlled conditions (16:8 h L:D, 22°C) on maize (cv. Delprim) for at least 10 generations. 
No-choice development assays were performed by placing 15 replicated groups of six adult 
apterae in clip cages, attached to the first leaf of 8 d old plants and left overnight to larviposit. 
The adult apterae were then removed and neonate nymphs were counted. A maximum of 10 
nymphs per clip cage were retained. For each assay, seedlings were maintained in a controlled 
climate chamber for 6 d (20° +/- 2°C, 16:8 h L:D, 40% relative humidity) after which surviving 
nymphs were counted and then weighed in their batches in a 0.2 ml microfuge tube on a 
microbalance (Cahn C33, Scientific and Medical Products Ltd, Manchester, UK). Data were 
expressed as average weight per aphid or as percentage of aphid survival, and subjected 
to ANOVA. To determine aphid-induced BX production, at least 10 replicated batches of 25 
late instar nymphs were enclosed in clip cages on 8 d old plants and left to feed for 48 h. 
Aphids were then removed and the leaf tissue extracted as described below. Mock-treated 
plants had clip cages only. For HPLC analysis of BX content, leaf material was collected from 
4 to 6 infested leaves from different plants. Setosphaeria turcica cultivation, spore collection 
and inoculation of 8-day-old seedlings (5 x 104 spores.ml-1) were performed as described by 
(Rostas et al., 2006). Sixteen randomly collected segments (2 - 3 cm) from inoculated leaves 
of 4 different plants per line were collected at indicated time-points and divided for HPLC 
analysis and microscopic analysis following trypan-blue lactophenol-blue staining (Koch and 
Slusarenko, 1990). Colonisation by S. turcica was examined microscopically. Penetration 
resistance was expressed as the fraction of arrested spores, or the average hyphal length 
emerging from germinating spores, which was determined from digital photographs, using 
ImageJ software (http://rsb.info.nih.gov/ij/index.html).

BX extraction, quantification and verification
BX extraction and analysis by high performance liquid chromatography coupled to diode 
array detection (HPLC-DAD) were adapted from Baumeler et al. (2000). Briefly, weighed 
plant material was frozen in liquid nitrogen and pulverised by vortexing in microfuge tubes 
containing 4 ball bearings (3 mm Ø). After addition of 1 mL extraction buffer (EB; methanol/
acetic acid; 49/1; v/v), samples were sonicated (10 min) and centrifuged (12.600 g, 10 min). 
Supernatants were collected for analysis by a Shimadzu prominence HPLC system (Shimadzu 
Corporation, Kyoto, Japan) with BetaSil C18 column (250mm X 4.6 mm; 5 µ particle size; 
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Thermo Scientific, USA) and diode array detector set at 254 nm. The mobile phase consisted 
of a mixture of pure water (solution A) and Methanol/Isopropanol/HAc (3800/200/1; v/v; 
solution B). The flow rate was maintained at 1 mL.min-1, starting with isocratic conditions 
at 10% B for 2 min, linear gradient to 50% B from 2 - 27 min, isocratic conditions at 50% B 
from 27 - 29 min, linear reverse gradient to 10% B from 29 - 31 min, and isocratic conditions 
at 10% B from 31 - 35 min. Retention times of the different BXs were established from 
synthetic standards (kindly provided by Prof. Dieter Sicker, University of Leipzig). BX tissue 
content (μg.g-1 FW) was estimated from standard curves, which showed linear relationships 
between peak area and concentration. Mass identities of DIMBOA-glc, DIMBOA and 
HDMBOA-glc were confirmed by ultra-high pressure liquid chromatography coupled to 
quadrupole time-of-flight mass spectrometry (UHPLC-QTOFMS; Glauser et al., 2011). Since 
DIMBOA and HDMBOA-glc elute closely together using the above HPLC separation protocol, 
we performed additional verification of both compounds by nuclear magnetic resonance 
(NMR) analysis after preparative HPLC purification. 1H, gradient correlation spectroscopy 
(GCOSY) and gradient heteronuclear single quantum coherence (GHSQC) spectra were 
recorded with a Varian VNMRS 500 MHz spectrometer; the chemical shifts were reported 
in ppm from tetramethylsilane with the residual solvent resonance taken as the internal 
standard. For DIMBOA, 1H NMR spectrum revealed five resonances (Figure S3A), which were 
readily assigned to the OCH3, aliphatic CH and three aromatic CH groups. For HDMBOA-glc, 
six proton resonances from the aglycone framework (Figure S3B) were detected whereas 
proton resonances from the glycoside moiety were observed as broad singlets or multiplets 
with chemical shifts comparable to closely related glycosides (Rashid et al., 1996).  1H-1H 
gCOSY and single bond 1H-13C gHSQC experiments were used to further confirm the identity 
of the HDMBOA-glc (data not shown). Although BX compounds can be unstable during 
extraction procedures, our extraction method yielded recovery rates of >98% when purified 
BX compounds were added to plant tissues before grinding.

Extraction of apoplastic fluids
The method was adapted from Yu et al (1999) and Boudart et al. (2005). Briefly, collected leaf 
tissues were weighted and submerged into 14 µg.ml-1 proteinase K solution (Sigma) under a 
glass stopper in Greiner tubes. Vacuum infiltration was performed using a desiccator at -60 
kPa for 5 min. After infiltration, leaf tissues were blotted dry, carefully rolled up, and placed 
in a 12-mL tubes, containing 20 ball bearings (3 mm Ø) and 0.5 mL EB supplemented with 14 
µg.ml-1 proteinase K. After centrifugation for 5 min at 2.300 g (4°C), tissues were removed 
and the collected liquid comprising EB and apoplastic fluid was collected from beneath the 
ball bearings with a pipette and subjected to HPLC analysis. Leaf segments infiltrated with 
chitosan solution were incubated for 24 h in sealed petri-dishes before centrifugation.
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Chemical treatments and callose quantification
Indole exposure was performed with 10-d old plants of similar size. Plants (n=9) per 
treatment were placed in air-tight glass chambers and exposed to indole that had been 
dissolved in dichloromethane, or dichloromethane only (mock), applied on filter paper 
discs. After 24 h of exposure, leaf segments (2 - 3 cm) from the second leaf were collected 
and divided for analysis of gene expression and BX content. Analyses of gene expression, BX 
content and callose deposition after chemical leaf infiltration were based on 9 - 18 randomly 
collected leaf segments (2 - 3 cm; second leaf) from at least 3 different 10-d old plants 
per treatment. Chitosan (Sigma) was dissolved to 1% (m/v) in 1% HAc initially, and diluted 
to 0.2% Chitosan (0.2% HAc) with water. Subsequent dilutions to 0.1 or 0.05% chitosan 
were performed with 0.2 % HAc, and adjusted to pH = 5.5 - 5.7. Chitosan solutions were 
infiltrated in leaf segments (2-3 cm) as described above, and left for 24 h under standard 
growth conditions before further analysis. Mock treatments were performed similarly with 
0.2 % HAc (pH = 5.5 -5.7). DIMBOA and HDMBOA-glc were purified using a semi-preparative 
BetaSil C18 column (250mm X 10 mm; 5 µ particle size; Thermo Scientific, USA) at a flow rate 
of 4mL.min-1. Collected elutes were lyophilised and re-suspended in EB. After verification 
by HPLC-DAD and UHPLC-QTOFMS, compounds were diluted to indicated concentrations 
(1.96% methanol; 0.04% HAc; pH – 5.5 – 5.7) and infiltrated into leaf segments, as described 
above. Mock treatments were performed similarly using 1.96% methanol 0.04% HAc (pH = 
5.5 – 5.7). Aniline-blue staining and quantification of callose by epi-fluorescence microscopy 
were performed, as described by Luna et al. (2011).

RNA isolation, cDNA preparation and RT-qPCR analysis
Gene expression analyses were based on three biologically replicated samples from the 
2nd leaf of 10-d old plants. Total RNA was extracted as described previously (Matthes et 
al., 2010). Genomic DNA was digested according to manufacturer’s guidelines (RQ1 RNase-
Free DNase; Promega, UK). Synthesis of cDNA was performed as described by Ton et al. 
(2007). Two technical replicates of each cDNA sample were subjected to RT-qPCR analysis, 
as described previously (Ahmad et al., 2011). Primer sequences are listed in Table S1. PCR 
efficiencies (E) of primer pairs were estimated from multiple amplification plots using 
the equation (1+E) = 10slope (Ramakers et al., 2003), and were confirmed to provide (1+E) 
values close to 2. Transcript levels were calculated relative to the reference genes GAPC or 
Actin-1 (Erb et al., 2009), using the 2ΔΔCt method, as described (Livak and Schmittgen, 2001; 
Schmittgen and Livak, 2008), or the 2ΔCt method, where ΔCt = Ct (reference gene) - Ct (gene 
of interest).

RESULTS

Selection of single and double mutants in lgl and Bx1 
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The Igl gene is inducible by herbivory, tissue wounding, volicitin and methyl jasmonate (Frey 
et al., 2000, 2004), suggesting transcriptional regulation by the JA response pathway. It is, 
therefore, plausible that plants with a dysfunctional Bx1 gene can accumulate BX levels 
from the stress-inducible IGL enzyme. Consequently, the bx1 single mutant is unsuitable 
to assess the contribution of BXs to resistance against JA-eliciting attackers, such as R. padi 
and S. turtica (Delp et al., 2009; Erb et al., 2009). We, therefore, created Bx1 wild-type 
and bx1 mutant plants in the genetic background of a dysfunctional Igl gene. To this end, a 
Mutator (Mu)-induced mutant in the Igl gene was crossed with the original bx1bx1 mutant 
(Hamilton, 1964). Homozygous mutants in progenies from 2 independent crosses were 
selected and confirmed by high performance liquid chromatography (HPLC) analysis of BX 
leaf content, and gas chromatography (GC) analysis of wound-inducible indole emission 
(Figures S1 and S2). This selection resulted in three confirmed genotypes from each cross: 
the indole-producing bx1 single mutant (bx1 Igl), the indole-deficient igl single mutant (Bx1 
igl), and the BX- and indole-deficient double mutant (bx1 igl).

Bx1 is required for basal resistance against aphids
To establish the role of BXs in basal resistance against aphids, we compared growth and 
survival rates of R. padi between Bx1 wild-type lines (Bx1 igl) and bx1 mutant lines (bx1 
igl and bx1 Igl) from both crosses. After 7 days of feeding from the first leaf, aphids gained 
significantly less weight when placed on BX-producing Bx1 igl lines compared to BX-deficient 
bx1 igl and bx1 Igl lines (Figure 1A). In addition, the percentage of aphid survival was less 
than 10% after feeding from the Bx1 wild-type lines, whereas over 70% remained alive after 
feeding from the bx1 mutant lines (Figure 1B). These differences were similar in progenies 
from both crosses and indicate a major contribution from the Bx1 gene to basal resistance 
against R. padi. Interestingly, aphids reared on the bx1 single mutant from the second cross 
showed marginally lower levels of survival than the corresponding bx1 igl double mutant 
(Student’s t-test; P = 0.048), suggesting a relatively small contribution from the Igl gene.

Figure 1: Contribution of Bx1 and Igl to basal resistance 
against the cereal aphid R.  padi. Batches of neonate 
nymphs in clip cages were allowed to feed for 7 d from 
the first leaf of igl mutant lines, bx1 mutant lines, and bx1 
igl double mutant lines, which had been selected from 
two independent crosses between the bx1 mutant and 
igl mutant of maize. A, Average weights (± SEM; n = 15) 
of neonate nymphs after 7 d. B, Average percentages of 
batch survival (± SEM) after 7 d. Different letters indicate 
statistically significant differences (ANOVA, followed by 
Fisher’s LSD test; α = 0.05). Wild-type alleles are indicated in 
black and mutant alleles in grey. The comparison between 
igl and bx1 igl mutant lines was repeated in two additional 
experiments with similar result.
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Aphid infestation stimulates apoplastic BX accumulation
To examine which BX compounds contribute to Bx1-dependent resistance against R. padi, 
we quantified BX profiles after 2 d of feeding from BX-producing wild-type plants. Analysis 
of whole-leaf extracts by HPLC-diode array detection (HPLC-DAD) identified three major BX 
compounds: DIMBOA-glc, DIMBOA and HDMBOA-glc (Figure 2A), which were confirmed 
by ultra-high pressure liquid chromatography coupled to quadrupole time-of-flight mass 
spectrometry (UHPLCQTOFMS; Glauser et al., 2011) and nuclear magnetic resonance 
analysis (NMR; Supplementary Figure S3). Surprisingly, analysis of these compounds in 
whole-tissue extracts did not reveal major differences between mock- and aphid-infested 
plants (Figure 2). However, defence-related proteins and metabolites often accumulate in 
the apoplast of stressed tissues, and the aphid stylet must pass through the spaces between 
the epidermal and mesophyll cells in order to reach the phloem. We, therefore, considered 
the possibility that Bx1-dependent resistance against aphids depends on extracellular 
accumulation of active BX compounds. Indeed, targeted HPLC analysis of apoplastic leaf 
extracts revealed a statistically significant increase of DIMBOA-glc and DIMBOA at 48 h of 
feeding (Figure 2B). HDMBOA-glc levels were also increased in apoplastic leaf extracts from 
R. padi-infested plants, although this effect was more variable and borderline statistically 
significant (Student’s t-test; P = 0.051; Figure 2B). Together, these results indicate that 
infestation by R. padi boosts BX accumulation in the apoplast.

Figure 2: HPLC-DAD quantification of DIMBOA-glc, DIMBOA and HDMBOA-glc in whole-tissue 
extracts (A) and apoplastic extracts (B) from mock- and R. padi-infested maize leaves. Material was 
collected at 48 h after aphid feeding in clip cages. Mock treatments consisted of clip cages without 
aphids. Data represent mean values in μg.g-1 F.W. (± SEM) from 4 biologically replicated leaf samples. 
Asterisks indicate statistically significant differences compared to mock-treated leaves (Student’s 
t-test; α = 0.05). The experiment was repeated with similar results.
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Bx1 contributes to penetration resistance against the necrotrophic fungus S. turcica
To study the role of BXs in resistance against pathogens, we quantified levels of colonisation 
by the fungus S. turcica in leaves of Bx1 wild-type lines (Bx1 igl) and bx1 mutant lines (bx1 igl 
and bx1 Igl). This hemi-necrotrophic fungus penetrates the leaf tissue directly and colonises 
the leaf apoplast before inducing necrosis (Agrios, 1997; Chung et al., 2010). S. turcica-
inoculated leaves were collected at 3 days post inoculation (dpi), stained with lactophenol 
trypan-blue, and examined for hyphal growth by light microscopy. In the progenies from 
both crosses, BX-deficient lines carrying the bx1 mutant alleles allowed significantly more 
hyphal growth than the BX-producing lines carrying the Bx1 wild-type alleles (Figure 3A). 
This difference in resistance was also reflected by the fraction of arrested spores in the 
epidermal cell layer, which ranged between 14% - 23% in bx1 mutant lines, to 47% - 49% in 
Bx1 wild-type lines (Figure 3B). Although the indole-producing bx1 lines from both crosses 
expressed marginally higher levels of resistance than the indole-deficient double mutant 
lines, this difference was not statistically significant (0.3 < P < 0.05). Hence, Bx1 contributes 
to slowing down and/or arresting S. turcica colonisation during the relatively early stages of 
infection, whereas the defensive contribution of Igl appears marginal at this stage.

Figure 3: Contribution of Bx1 and Igl to penetration resistance against the necrotrophic fungus 
Setosphaeria turcica. Leaves of igl mutant lines, bx1 mutant lines, and bx1 igl double mutant lines 
were inoculated with 5 x 104 spores.mL-1 and 3 d later collected for lactophenol trypan-blue staining 
and microscopy analysis. A, Average hyphal lengths (μm) emerging from fungal spores (± SEM) in the 
epidermal cell layer. Different letters indicate statistically significant differences (ANOVA, followed by 
Fisher’s LSD test; α = 0.05; n=16). B, Frequency distributions between developing germination hyphae 
(class I; white) and arrested germination hyphae (class II; gray). Asterisks indicate statistically signifi-
cant differences compared to BX-producing igl mutant lines from each cross (χ2 test; α = 0.05; n = 16). 
The comparison between igl and bx1 igl mutant lines was repeated in two additional experiments with 
similar results.
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S. turcica elicits apoplastic BX accumulation during early stages of infection
Based on our finding that Bx1-expressing plants express enhanced penetration resistance 
against S. turcica, we profiled levels of DIMBOA-glc, DIMBOA, and HDMBOA-glc from mock 
and S. turcica-inoculated wild-type plants. At the relatively early stage of 2 dpi, whole-tissue 
extracts from S. turcica-infected plants showed statistically increased levels of DIMBOA in 
comparison to mock-inoculated plants, whereas DIMBOA-glc and HDMBOA-glc remained 
similar between both treatments (Figure 4A). As observed during the interaction with R. 
padi (Figure 2A), apoplastic extracts from S. turcica-infected leaves showed a more dramatic 
response and contained significantly enhanced amounts of DIMBOA-glc, DIMBOA and 
HDMBAO-glc compared to mock-inoculated leaves (Figure 4B). By 5 dpi, BX profiles from 
S. turcica-infected leaves had changed, which coincided with the occurrence of disease 
symptoms. At this stage, S. turcica-inoculated leaves still produced more HDMBOA-glc 
than mock-inoculated leaves, but there was no longer a difference in DIMBOA-glc (Figures 
4A-B). DIMBOA showed an even more dramatic increase than HDMBOA-glc, but was also 
more variable and not statistically significant in comparison to mock-treated leaves (Figures 
4A-B). Hence, maize deposits increased levels of DIMBOA-glc, DIMBOA and HDMBOA-glc 
in the apoplast during the relatively early stages of S. turcica infection, and continues to 
accumulate HDMBOA-glc and DIMBOA during later symptomatic stages of the interaction.

Figure 4: HPLC-DAD quantification of DIMBOA-glc, DIMBOA and HDMBOA-glc in whole tissue 
extracts (A) and apoplastic extracts (B) from mock- and S. turcica inoculated maize leaves. Material 
was collected at 2 d and 5 d post inoculation (dpi). Data represent means in μg.g-1 F.W. (± SEM) from 
three biologically replicated samples. Asterisks indicate statistically significant differences compared 
to mock-treated leaves (Student’s t-test; α = 0.05). P values indicate levels of statistical significance.
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DIMBOA regulates transcriptional feedback inhibition of BX biosynthesis
To elucidate further the involvement of the BX pathway in maize innate immunity, we 
profiled BX production and Bx gene expression after leaf infiltration with chitosan, a PAMP 
that is common in fungal cell walls and insect shells (Iritri and Faoro, 2009). At 24 h after 
infiltration with chitosan, whole-tissue extracts showed increased levels of HDMBOA-glc in 
comparison to mock-treated leaves (Figure 5A). Apoplastic extracts from chitosan-treated 
leaf segments displayed a more pronounced increase in DIMBOA and HDMBOA-glc (Figure 
5B), thereby resembling the BX response to R. padi or S. turcica. Surprisingly, however, 
reverse-transcriptase quantitative PCR (RT-qPCR) analysis of Bx gene expression revealed 
reduced expression of Bx4, Bx5, Bx6, Bx7, Bx8 and Bx9 after treatment with chitosan 
(Figure 6A). To investigate whether this transcriptional repression is due to negative feed-
back inhibition from BX compounds, we profiled Bx gene expression after exposure to the 
volatile BX precursor indole. As is shown in Figure 6B, indole triggered similar patterns of 

Figure 5: HPLC-DAD quantification of DIMBOA-glc, DIMBOA and HDMBOA-glc in whole-tissue 
extracts (A) and apoplastic extracts (B) at 24 h after infiltration of leaf segments with 0.2% chitosan 
or mock buffer. Data represent means in μg.g-1 F.W. (± SEM) from three biologically replicated samples. 
Asterisks indicate statistically significant differences compared to mock-treated leaves (Student’s 
t-test; α = 0.05). The experiment was repeated twice with similar results.

Bx gene repression as chitosan. Furthermore, comparison of Bx gene transcription between 
BX-producing igl single mutant lines and BX-deficient bx1 igl double mutant lines revealed 
enhanced Bx expression in BX-deficient plants (Figures 6C-D), providing further genetic 
evidence for transcriptional feedback inhibition. Since chitosan boosts accumulation of both 
DIMBOA and HDMBOA-glc in the apoplast (Figure 5B), we purified DIMBOA and HDMBOA-



72

Chapter 3

glc by preparative HPLC and examined which of both compounds is responsible for the feed-
back response. At 24 h after infiltration of the purified compounds in the leaf apoplast, 
DIMBOA repressed Bx gene expression in a dose-dependent manner (Figures 6E-F), whereas 
HDMBOA-glc had no statistically significant effect (Figure 6G). We, therefore, conclude that 
DIMBOA acts as an extracellular signal for transcriptional feedback of BX biosynthesis. 

Figure 6: Transcriptional feed-back regulation of the benzoxazinoid pathway by Bx1-dependent 
DIMBOA. Apoplastic infiltration with benzoxazinoid-inducing concentrations of chitosan (0.2 %) 
(A) and exposure to the volatile benzoxazinoid precursor indole (B) repressed Bx gene expression. 
benzoxazinoid-deficient bx igl double mutant lines displayed enhanced Bx gene transcription 
compared to benzoxazinoid-producing igl single mutant lines (C, D). Apoplastic leaf infiltration with 
DIMBOA (E, F) repressed Bx gene expression, whereas HDMBOA-glc had no effect (G), suggesting 
transcripitional feed-back regulation by apoplastic DIMBOA. Shown are average fold-change values (± 
SEM) of genes with a statistically significant level of induction (red) or repression (green) compared to 
mock treatments (A, B, E – G) or BX-producing igl single mutant lines (C, D). Differences in expression 
between three biologically replicated samples from independent experiments were tested for 
statistical significance, using Student’s t-tests or a non-parametric Wilcoxon Mann–Whitney test when 
values did not follow normal distributions (α = 0.05). n.d.: not determined.

DIMBOA regulates callose deposition 
PAMP-induced callose deposition is commonly used as a marker for plant innate immunity 
(Luna et al., 2011). Chitosan elicits callose deposition in a wide variety of plants (Iritri and 
Faoro, 2009). To optimise this PAMP response in maize, we quantified callose after leaf 
infiltration with increasing concentrations of chitosan. At 24 h after infiltration, maize 
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leaves deposited callose in a dose-dependent manner (Figure S4), confirming that chitosan-
induce defence of maize is marked by callose deposition. In Arabidopsis, PAMP-induced 
callose requires endogenous production of indolic GSs (Clay et al., 2009), suggesting a 
signalling function by these secondary metabolites. Since monocots do not produce indolic 
GSs, we tested whether BXs fulfil a similar role in maize innate immunity. To this end, we 
treated leaves with non-saturating concentrations of chitosan (0.05%) and assayed callose 
deposition in leaves of BX-producing Bx1 igl lines and BX-deficient bx1 igl lines revealed that 
the BX-deficient lines deposit significantly lower amounts of chitosan-induced callose than 
the BX-producing lines (Figure 7). Hence, PAMP-induced callose requires regulation by one 
or more Bx1-dependent metabolites. Since chitosan increases DIMBOA and HDMBOA-glc 
in the apoplast (Figure 5), we examined which of these two compounds are responsible for 
Bx1-dependent callose. To this end, we quantified callose intensities at 24 h after apoplast 
infiltration with either of both compounds. As observed for Bx gene repression (Figure 6), 
DIMBOA was active and triggered callose deposition in a dose-dependent manner, whereas 
HDMBOA-glc was inactive and failed to boost callose deposition (Figure 8). Hence, DIMBOA 
functions as an extracellular signal for PAMP-induced callose.

Figure 7: Bx1 regulates chitosan-induced callose deposition. Leaf segments from igl single mutant 
lines and bx1 igl double mutant lines were infiltrated with chitosan (0.05%) or mock solution. At 24 h 
after infiltration, leaf segments were collected for aniline-blue staining, UV-epifluoresence microscopy, 
and digital quantification of callose intensity. Shown are fold-induction values of callose (± SEM; n = 
15), relative to the average callose intensity in mock-treated Bx1 igl lines from each cross. Photographs 
show representative differences in fluorescent callose signals under UV-epifluoresence microscopy.
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Figure 8: DIMBOA-induced callose deposition. Infiltration with 20 μg.mL-1 DIMBOA elicits similar levels 
of callose deposition as infiltration with chitosan (0.1%), whereas infiltration with 20 μg.mL-1 HDMBOA-
glc had no effect in comparison to the corresponding mock treatment. Shown are fold-induction values 
of callose deposition (± SEM; n = 15), relative to average callose intensities in mock treatments at 
24 h after infiltration treatment. Different letters indicate statistically significant differences (ANOVA, 
followed by Fisher’s LSD test; α = 0.05). Photographs show representative differences in fluorescent 
callose signals by UV-epifluorescence microscopy.

DISCUSSION

The role of BXs in plant defence against pests and diseases has been studied for decades. 
Most of these studies are based on either in vitro evidence, where BX compounds had been 
supplemented to artificial growth medium, or on correlative evidence between resistance 
and BX levels among cereal varieties and/or inbred lines (for review, see  Niemeyer, 1988, 
2009). For instance, in vitro supplied DIMBOA has been demonstrated to affect a broad 
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spectrum of herbivorous insects and microbes, including aphids (Cambier et al., 2001) and 
S. turcica (Rostás, 2007). Other studies revealed negative correlations between endogenous 
BX concentrations and aphid performance in populations of cereal varieties (Argandoña 
et al., 1980; Leszczynski and Dixon, 1990; Niemeyer and Perez, 1994). In the present 
study, we have investigated the defence function of BXs further, by comparing resistance 
phenotypes of wild-type and bx1 maize lines in the background of the igl mutant. Since 
IGL controls herbivore-induced indole production, the igl mutation prevents production of 
IGL-dependent BXs and, therefore, allows for a more accurate assessment of the defence 
contribution by BXs against IGL-inducing pests and diseases. Comparison between BX-
producing and BX-deficient progenies from 2 independent crosses between the igl mutant 
and the bx1 mutant confirmed a major role for BXs in resistance against the cereal aphid 
R. padi (Figure 1). Using these lines, we also discovered a significant contribution of BXs 
to early-acting penetration resistance against the necrotophic fungus S. turcica (Figure 3). 
Hence, BXs play an important role in basal resistance against aphids and fungi. Interestingly, 
the expression of this BX-dependent resistence occurred before the occurrence of large-
scale tissue disruption or symptom development.
 The involvement of BXs in penetration resistance against S. turcica (Figure 3B) 
suggests an alternative mode of action that contradicts the classical notion that BX defence 
requires tissue damage to hydrolyse vacuole-localised BX-glc compounds by plasmid-
localised β-glucosidases (Morant et al., 2008). Chromatographic profiling of BX compounds 
revealed increased accumulation of apoplastic DIMBOA-glc, DIMBOA and HDMBOA-glc 
during the relatively early stages of infestation by either R. padi, or S. turcica (Figures 2 
and 4). Notably, during both interactions, these effects preceded major tissue disruption 
or symptom development. Since aphid stylets and fungal hyphae must colonise the host 
apoplast before the host-parasite interaction can be established, enhanced deposition 
of biocidal BXs in this compartment is consistent with a role in penetration resistance. 
Based on our findings, we propose an alternative mode of BX-dependent defence, which 
depends on the accumulation of DIMBOA-glc and HDMBOA-glc into the apoplast, where 
they contribute to penetration resistance upon subsequent activation by plant- or attacker-
derived β-glucosidases (Figure 9). In support of this, we observed increased accumulation of 
DIMBOA aglycone in the apoplast of challenged leaves (Figures 2 and 4). The lack of HDMBOA 
aglycone in this fraction can be explained by the highly unstable nature of this metabolite 
(Maresh et al., 2006). Although we cannot exclude that apoplastic BX accumulation during 
the early stages of aphid or fungal infestation occurs entirely without tissue damage, our 
experiments with chitosan demonstrate that this response can occur independently of 
tissue damage in maize. The mock treatments of these experiments involved a similar leaf 
infiltration as the chitosan treatments, but failed to increase apoplastic BX content (Figure 
5). Hence, the difference in BX accumulation between both treatments is not triggered by 
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possible tissue damage during leaf infiltration. Future research will be necessary to identify 
the molecular transportation mechanisms underpinning PAMP-induced BX accumulation in 
the apoplast. 

Figure 9: Model of BX-dependent innate immunity against aphids and fungi. Activation of maize 
innate immunity leads to apoplastic deposition of HDMBOA-glc and DIMBOA-glc. Subsequent 
hydrolysis into biocidal aglycones can provide chemical defence against pests and diseases (Cambier 
et al., 2001; Rostás, 2007) Both HDMBOA and DIMBOA are degraded into MBOA and BOA (Maresh et 
al., 2006), indicating that DIMBOA (red), and not HDMBOA, has an additional function in the regulation 
of Bx gene expression and callose deposition. I: intracellular space; A: apoplast.

 In addition to the defensive contribution from Bx1, we were also able to determine 
the role of Igl by comparing resistance levels between indole-producing bx1 single mutants 
and indole-deficient bx1 igl double mutants. Although aphid performance and fungal 
colonization were consistently lower in Igl wild-type lines compared to igl mutant lines, this 
difference was only statistically significant for aphid survival in the progeny from one cross, 
and was not proportional to the relatively major contribution from the Bx1 allele (Figure 
1B). Nonetheless, these relatively weak effects by Igl suggest a minor contribution from 
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IGL-derived BXs. It is possible that IGL has a more prominent contribution during the later 
stages of the interaction, when more IGL-derived indole is channelled into the BX pathway 
and replenishes the rapidly declining pool of DIMBOA-glc. The extent of this contribution 
requires further investigation and can be addressed by comparing BX profiles between 
indole-producing Igl lines and indole-deficient igl lines at different stages of the plant-
parasite interaction. These lines will also prove useful to assess the role of IGL-dependent 
indole emission in tritrophic interactions and indirect defence against herbivores. 
 Early-acting post-invasive plant defence is marked by a rapid accumulation of 
reactive oxygen species followed by deposition of callose-rich papillae (Ton et al., 2009; 
Luna et al., 2011). Our finding that bx1 mutant lines are affected in PAMP-induced callose 
suggests a regulatory function of BXs in this defence response (Figure 7). Recently, it was 
reported that DIMBOA acts as an electron acceptor for apoplastic cytokinin dehydrogenase, 
thereby contributing to the degradation of cytokinins (Frebortova et al., 2010). Since 
cytokinins can antagonise abscisic acid (ABA)-regulated plant processes (Shkolnik-Inbar and 
Bar-Zvi, 2010; Subbiah and Reddy, 2010; Vysotskaya et al., 2010), it is tempting to speculate 
that DIMBOA-catalysed cytokinin degradation contributes to ABA-dependent priming of 
callose deposition (Ton et al., 2009). In support of this, we found that apoplast infiltration 
with DIMBOA boosts callose deposition (Figure 8). Interestingly, Frebortova et al. (2010) 
proposed that DIMBOA-dependent degradation of cytokinins depends on the –N-OH group 
of DIMBOA at the indolic ring, which is absent in HDMBOA after O-methylation. Indeed, 
HDMBOA-glc failed to elicit callose deposition in our experiments (Figure 8). Future research 
will be necessary to decipher the interplay between extracellular DIMBOA, cytokinins and 
ABA in the regulation of post-invasive cereal defence against pests and diseases.
 PAMP-induced callose in Arabidopsis requires intact biosynthesis of the 
4-methylated indolic GS 4MI3G and subsequent hydrolysis by the atypical myrosinase PEN2 
(Clay et al., 2009). This discovery revealed an important regulatory function of breakdown 
products of indolic glucosinolates in Arabidopsis innate immunity, but at the same time 
raised the question how non-Brassicaceous plants regulate callose deposition. In this study, 
we have examined whether BXs fulfil a similar regulatory function in maize, and found that 
BX-deficient bx1 lines are indeed dramatically reduced in their capacity to deposit PAMP-
induced callose compared to BX-producing Bx1 lines (Figure 7). Moreover, of the two 
chitosan-inducible BXs, only DIMBOA elicited callose deposition upon infiltration into the 
apoplast, whereas infiltration with similar amounts of HDMBOA-glc failed to trigger callose 
depositions (Figure 8). A similar compound-specificity was found for the transcriptional 
feed-back regulation of the BX pathway (Figure 6). Since DIMBOA and HDMBOA-glc are both 
degraded into MBOA and BOA (Maresh et al., 2006; Macias et al., 2007), it can be concluded 
that extracellular DIMBOA, rather than its successive break-down products, is responsible 
for the regulation of callose deposition and Bx gene expression (Figure 9). We, therefore, 
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hypothesize that this signalling function originates from a conserved detoxification response, 
which prevents auto-toxic build-up of BXs by translocation to the apoplast. Once deposited 
into the apoplast, BX-glucosides become hydrolysed and captured in a matrix of callose to 
provide targeted chemical defence against invading parasites. The striking analogy with 
indolic GS metabolites in Arabidopsis points to a conserved regulatory function of indole-
derived secondary metabolites in innate immunity across the plant kingdom.

CONCLUSION

BX-deficient maize is more susceptible to aphids and is affected in penetration resistance 
against fungal pathogens. The difference in resistance between BX-deficient and BX-
producing maize lines occurs before the onset of major tissue damage and manifests itself 
as increased accumulation of BX compounds in the apoplast. In addition to its contribution 
as a biocidal defence metabolite, extracellular DIMBOA regulates Bx gene expression and 
PAMP-induced callose, which reveals a novel regulatory function of BX metabolites in cereal 
innate immunity against pests and diseases. 
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SUPPLEMENTARY INFROMATION

Figure S1: Confirmation of mutant phenotypes of bx1 and igl carrying maize lines. Shown are 
typical HPLC-DAD chromatograms from un-stressed leaves of 7-d old seedlings (in pink), and GC-FID 
chromatograms of head-space collections from wounded leaves of 10-d old seedlings (in blue). Arrows 
in HPLC chromatograms indicate peaks corresponding to DIMBOA-glc or HDMBOA-glc; arrows in GC 
chromatograms indicate peaks corresponding to indole.
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Table S1: Primers used for RT-qPCR analysis of gene expression

Gene Forward Primer Reverse Primer

GAPC 5’-GCATCAGGAACCCTGAGGAA-3’
5’-CATGGGTGCATCTTTGCTTG-3’

ACTIN 5’-CCATGAGGCCACGTACAACT-3’ 5’-GGTAAAACCCCCACTGAGGA-3’

IGL 5’-GCCTCATAGTTCCCGACCTC-3’ 5’-GAATCCTCGTGAAGCTCGTG-3’

TSA 5’-TGAGGAGCGAGGCCATTATG-3’ 5’-GCGTTGTAAGCAGCACCAGC-3’

BX1 5’-CCCGAGCACGTAAAGCAGAT-3’ 5’-CTTCATGCCCCTGGCATACT-3’

BX2 5’-GACGAGGACGACGATAAGGACTT-3’ 5’-GGCCATACTCCTTCTGAAGAGACAG-3’

BX3 5’-ATGGCCGAGCTCATCAACAA-3’ 5’-TCGTCCTCACCTCCGTCTGT-3’

BX4 5’-TGTTCCTCCGGATCATCTGC-3’ 5’-AAGAGGCTGTCCCACCGCT-3’

BX5 5’-CCATTTCGACTGGGAGGTCC-3’ 5’-GTCCATGCTCACCTTCCAGC-3’

BX6 5’-AAGTTCAACACCATAGGACTCGATG-3’ 5’-CAGGTAGCTAGAGCCTGAAGTGGTC-3’

BX7 5’-GGCTGGGTTCCGTGACTACA-3’ 5’-GACCTCGATGATGGACGGG-3’

BX8 5’-GGAAGAGGATGAACGAGCTCAA-3′ 5’-GACCCAGCAGATTCATCGATG-3’

BX9 5’-GGGACCAGTTCGGCAACAT-3′ 5’-TGCCCACCTTCCACACGT-3’

GLU-1 5’-CCTCATGATGTGGGTGCAG-3′ 5’-ATGCATGACAAGGCCAGACT-3’

GLU-2 5’-AAAAACATGGGACCTCGTGA-3′ 5′-ATTGCATGACGACAATGCTAGA-3’



81

Role of benzoxazinoids in maize immunity

Figure S2: HPLC-DAD quantification of basal and chitosan-induced DIMBOA-glc, DIMBOA and 
HDMBOA-glc in whole-leaf extracts from the igl single mutant, the bx1 single mutant, and the bx1 
igl double mutant (cross B). Leaf samples were collected at 24 h after infiltration of leaf segments 
with mock buffer or 0.2% chitosan. Data represent means in μg.g-1 F.W. (± SEM) from three biologically 
replicated samples. Asterisks indicate statistically significant differences compared to mock-treated 
leaves (Student’s t-test; α = 0.05). nd: not detected.
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Figure S3: 1H nuclear magnetic resonance (NMR) spectrogram of DIMBOA (A) and HDMBOA-glc 
(B). A, DIMBOA: 1H NMR (500 MHz, CD3OD): 3.76 (s, 3H), 5.67 (s, 1H), 6.61 (s, 1H), 6.67 (d, 8.5 Hz, 
1H), 7.28 (d, 8.5 Hz, 1H). B, HDMBOA-glu: 1H NMR (500 MHz, CDCl3): 3.34 (broad singlet), 3.37 (broad 
singlet), 3.43 (broad singlet), 3.52 (broad singlet), 3.72 (3.72 s, 3H), 3.78 (broad multiplet, 2H), 3.90 
(s, 3H), 4.72 (broad sinlet, 1H), 5.84 (s, 1H), 6.59 (d, 8 Hz, 1H), 6.66 (s, 1H), 7.05 (d, 8Hz, 1H).
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Figure S4: Dose-dependent callose deposition at 24 h after pressure infiltration with different con-
centrations of chitosan. Shown are fold-induction values of callose deposition (± SEM; n = 15), relative 
to mock treatments at 24h after infiltration treatment.
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ABSTRACT

Benzoxazinoids, such as 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA), 
are secondary metabolites in grasses. In addition to their function in plant defence 
against pests and diseases aboveground, benzoxazinoids (BXs) have also been implicated 
in defence belowground, where they can exert allelochemical or antimicrobial activities. 
We have studied the impact of BXs on the interaction between maize and Pseudomonas 
putida KT2440, a competitive coloniser of the maize rhizosphere with plant-beneficial 
traits. Chromatographic analyses revealed that DIMBOA is the main BX compound in root 
exudates of maize. In vitro analysis of DIMBOA stability indicated that DIMBOA tolerance of 
KT2440 bacteria is based on metabolism-dependent breakdown of DIMBOA. Transcriptome 
analysis of DIMBOA-exposed P. putida identified increased transcription of genes 
controlling benzoate catabolism and chemotaxis. Chemotaxis assays confirmed motility 
of P. putida towards DIMBOA. Moreover, colonisation essays with GREEN FLUORESCENT 
PROTEIN (GFP)-expressing P. putida showed that DIMBOA-producing roots of wild-type 
maize attract significantly higher numbers of P. putida cells than roots of the DIMBOA-
deficient bx1 mutant. Our results demonstrate a central role for DIMBOA as a below-ground 
semiochemical for recruitment of plant-beneficial rhizobacteria during the relatively young 
and vulnerable growth stages of maize.
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INTRODUCTION

Plants have evolved to interact with soil-borne microbes. In addition to arbuscular mycorrhizal 
fungi and nodule-forming rhizobia, plants interact with a wide range of rhizosphere-
colonising bacteria. These are attracted to root surfaces by chemical components in root 
exudates, which are rapidly assimilated into microbial biomass (Rangel-Castro et al., 2005). 
This so-called rhizosphere effect supports bacterial cell densities in the root vicinity up to 
100-fold greater than in surrounding soil (Whipps, 2001). The chemical composition of root 
exudates differs between plant species and evidence suggests that the structure of bacterial 
communities in the rhizosphere differs accordingly (Haichar et al., 2008). Observations that 
the rhizosphere community is directly influenced by plant species have led to the hypothesis 
that plants may recruit specific bacteria (De Weert et al., 2002). However, it remains difficult 
to determine whether plants are actively recruiting specific microbes, or whether dominance 
of a limited number of bacterial species is simply based on a greater ‘fitness’ to exploit root 
exudates (Lugtenberg and Dekkers, 1999).
 When rhizospheric dominance by a single micro-organism occurs, the plant-microbe 
interaction can range from deleterious, in the case of phytopathogens, to beneficial, where 
rhizobacteria can promote plant growth and resistance to plant stress. Growth promotion by 
rhizobacteria involves a variety of different mechanisms, including N2-fixation by diazotrophs 
(Sofie et al., 2003) and improved availability of poorly soluble inorganic ions, such as  PO4

3- 
and  Fe[III], but can also result from modulation of plant regulatory mechanisms, such as 
phytohormone homeostasis (Lugtenberg and Kamilova, 2009). In addition, rhizobacteria 
can promote growth indirectly by protecting the host plant against pests and diseases. This 
protection can be based on direct antibiosis or competition for nutrients (Handelsman and 
Stabb, 1996), but can also result from induced systemic resistance (ISR; Van Wees et al., 
2008).
 Evidence suggests that plant-associating bacteria have evolved the ability to 
metabolise plant-derived aromatic compounds (Parales and Harwood, 2002).  For instance, 
plant-associating bacteria have been shown to metabolise umbelliferone, salicylic acid and 
4-hydroxybenzoate (Parales and Harwood, 2002).  As a consequence, these bacteria are 
often also capable of metabolising aromatic pollutants, such as naphthalene, toluene and 
2,4-dichlorophenoxyacetic acid (Parales and Harwood, 2002).  Some aromatic acids can also 
act as bacterial chemo-attractants (Harwood et al., 1984), suggesting that plant derived 
aromatic compounds could serve to recruit plant-beneficial rhizobacteria to the rhizosphere.  
 Benzoxazinoids (BXs), such as 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-
one (DIMBOA), are heteroaromatic metabolites with benzoic acid moieties (Frey et al., 2009). 
Since their identification as major secondary defence metabolites in Poaceae, investigations 
have predominantly focussed on their role in plant defence against above-ground pests 
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and pathogens (Niemeyer, 1988, 2009). BXs are typically produced during relatively early, 
vulnerable plant growth stages (Frey et al., 2009). In response to tissue damage, vacuolar 
reservoirs of BX-glucosides are hydrolysed by plastid-targeted β-glucosidases, causing rapid 
accumulation of aglucone BX biocidal metabolites (Morant et al., 2008). A recent study 
in maize revealed that Spodoptera larvae can detoxify DIMBOA by glycosylation and that 
the contribution of maize BXs to defence against these herbivores is based on an inducible 
conversion of DIMBOA-glc into 2-β-d-glucopyranosyloxy-4,7-dimethoxy-1,4-benzoxazin-3-
one (HDMBOA-glc; Glauser et al., 2011). Interestingly, BXs are also active against attackers 
causing relatively minor tissue damage, such as aphids and pathogenic fungi. This function 
is based on an increased accumulation of DIMBOA in the apoplast before the onset of large-
scale tissue damage, where it signals increased deposition of callose-rich papillae (Ahmad 
et al., 2011). Thus, the aboveground defence contribution of BXs is not only limited to their 
biocidal properties, but also includes a within-plant signalling function in the activation of 
plant innate immune responses against pests and diseases.
 BXs have also been implicated in plant defence below-ground. BXs are exuded in 
relatively large quantities from cereal roots, where they can act as allelochemicals against 
microbes, insects or competing plants (Niemeyer and Perez, 1994; Niemeyer, 2009). Once 
released, BXs degrade relatively quickly in aqueous environments with a half-life of less than 
24 hours (Woodward et al., 1978). Upon hydrolysis, DIMBOA is converted into 6-methoxy-
benzoxazolin-2-one (MBOA), a compound considerably more stable in sterile soil, but 
with significantly less toxicity than DIMBOA (Kumar et al., 1993). Biodegradation of MBOA 
leads to accumulation of phenoxazinones (Krogh et al., 2006), and requires activity by 
microbes, such as Acinetobacter calcoaceticus (Chase et al., 1991), soil-borne fungi (Friebe 
et al., 1998), or unidentified members in the rhizosphere community of oat (Friebe et al., 
1996). Phenoxazinone products are typically more biocidal than benzoxazolinones and 
have antifungal (Anzai et al., 1960), antibacterial (Gerber and Lechevalier, 1964), and plant 
allelopathic properties (Gagliardo and Chilton, 1992). Hence, BX exudation by plants can 
have a major impact on rhizosphere communities in the soil.  
 Plant-derived aromatic metabolites can act as chemo-attractants for Pseudomonas 
putida (Harwood et al., 1984; Parales and Harwood, 2002). We therefore hypothesised that 
BXs from root exudates of maize may attract and support P. putida cells.  To address this 
hypothesis we studied the influence of BXs on P. putida KT2440, a competitive coloniser 
of the maize rhizosphere with plant-beneficial traits (Molina et al., 2000; Matilla et al., 
2010). We identified DIMBOA as the dominant BX species in maize root exudates and found 
that exposure of P. putida to DIMBOA induces bacterial genes with putative functions in 
chemotactic responses. In vitro chemotaxis assays indeed revealed that P. putida KT2440 
displays taxis towards DIMBOA. The ecological relevance of this response was confirmed 
by root colonisation assays in soil, using maize mutant lines impaired in BX biosynthesis. 
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Our study presents evidence that root exudation of DIMBOA during the vulnerable growth 
stages of maize promotes colonization by plant-beneficial rhizosphere bacteria.

MATERIALS AND METHODS

Plant material and cultivation
Maize lines were derived from reciprocal crosses between the bx1 single mutant and the 
indole-deficient igl mutant, as described by Ahmad et al. (2011). Since the bx1 single mutant 
contains residual levels of benzoxazinoids due to a functional Indole-3-Glycerol phosphate 
Lyase (IGL) gene (Ahmad et al., 2011), comparisons within each progeny were made 
between the benzoxazinoid-producing BX1 and benzoxazinoid-deficient bx1 genotypes in 
the background of the igl mutant genotype (i.e. BX1 igl versus bx1 igl). For each experiment, 
progenies from two independent crosses (Line A and Line B) were analysed for phenotypes. 
Seeds were allowed to germinate at 22 oC and high humidity in petri-dishes in the dark. 
Germinated seedlings of similar size were planted in pots containing compost and were 
cultivated under controlled conditions (16:8 h L:D, 22 °C).

Bacterial strains and cultivation
Two P.putida strains were used.  KT2440 was used for all in vitro experiments, including 
transcriptome profiling.  For soil experiments, a green fluorescent protein (GFP)-tagged 
KT2440 derivative strain, FBC004, was used which carries a stable chromosome-inserted 
PA1/04/03-RBSII-gfpmut3*-T0-T1 transposon at a negligible metabolic cost (Dechesne et al., 
2005). Stocks of KT2440 and FBC004 were routinely stored at -80 °C. For each experiment, 
fresh cultures were started from stocks. Depending on the experiment, cells were grown 
overnight at 21 °C with 150 r.p.m. agitation, either in LB medium, or in M9 minimal medium 
supplemented with 0.1 μM FeCl3 and 0.1% glucose as the sole carbon source. To assess 
tolerance of P. putida to DIMBOA, the ubiquitous soil bacterium Agrobacterium tumefaciens 
was used as a comparator.  A. tumefaciens was grown in M9 medium supplemented with 0.1 
μM FeCl3 and 0.1% glucose as carbon source.  In this case, growth of the two bacteria was 
followed by assessing OD600 in four replicate 200 µL cultures at 21 °C in 96-well plates with a 
Varioskan plate reader (Thermo Scientific, Cramlington, UK).

P. putida transcriptome response to DIMBOA
To test the response of P. putida to DIMBOA, we employed a KT2440 specific cDNA 
microarray (Nelson et al., 2002; Miyakoshi et al., 2007). Preliminary experiments indicated 
that DIMBOA hydrolyses rapidly in M9 medium (half-life, 21 hours). Therefore, to test the 
bacterial response to DIMBOA, P. putida KT2440 cells were grown to mid-exponential phase 
in 100 mL M9 medium before DIMBOA was added to a final concentration of 5 μg mL-1. After 
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1 hour of exposure, cells were harvested by centrifugation at 4 °C. RNA was extracted from 
three independently performed experiments. Cell pellets were treated with RNAprotect™ 
(Qiagen, Valencia, CA) immediately following centrifugation. Cell membrane lysis was 
achieved with 1 mg mL-1 lysozyme in buffer containing 10 mM TRIS and 1 mM EDTA at pH8 
using Qiagen RNeasy® reagent kits following the manufacturer’s instructions.  Extracted 
RNA was purified with TURBO DNA-free™ kits (Ambion, Applied Biosystems, Foster City, 
CA) and quantified on a NanoDrop 1000 spectrophotometer. cDNA was synthesised and 
labelled using the SuperScript™ indirect cDNA labelling system (Invitrogen, Carlsbad, CA). 
Synthesised cDNA paired samples (control or DIMBOA) were labelled with Cy3 or HyPer5 
(Amersham, Little Chalfont, UK) fluorophores. To remove dye bias, the experimental design 
included dye-swap normalisation procedures, as described by Dabney & Storey (2007).  Dye 
incorporation was verified to be more than 150 pM dye per sample.  Equal amounts of 
Cy3-cDNA and HyPer5-cDNA, each representing a replicate comparison between control 
and DIMBOA-treated cells, were combined and dried in a speedvac before proceeding with 
array hybridisation. Microarrays were pre-treated with BlockIt™ Plus blocking buffer (Arrayit 
Corporation, Sunnyvale, CA) in order to inactivate reactive groups on the surface.  Dried cDNA 
was rehydrated in buffer and hybridised to arrays (Progenika Biopharma S.A, Vizcaya, Spain) 
for 18 hours at 42 °C, according to the manufacturer’s instructions.  Following hybridisation, 
arrays were washed, dried, and scanned with a GenePix® 4000B scanner (Molecular Devices, 
Sunnyvale, CA).  Data were processed using TM4 microarray software (Saeed et al., 2003). 
Data from the three independent replicate experiments were combined and analysed 
together. Using Statistical Analysis for Microarrays procedures (Tusher et al., 2001), only 
genes that were consistently induced by DIMBOA in all three independent replicates were 
considered significant.  Functional annotation of induced genes was performed using the 
supporting microarray documentation and the P. putida KT2440 KEGG genome database 
(www.genome.jp/kegg-bin/show_organism?org=ppu).

In vitro P. putida KT2440 chemotaxis assay
Chemo-attractiveness of DIMBOA was quantified using a modified capillary-based 
chemotaxis assay (Harwood et al., 1984), which relies on accumulation of bacterial cells 
in microcapillary tubes (1 μL volume, Drummond Scientific Company, Broomall, PA). Tubes 
containing glucose-free M9 medium (control), M9 medium with 5 μg ml-1  DIMBOA, or M9 
medium with 0.01% casamino acids (positive control; Harwood et al., 1984) were incubated 
in individual wells of a 96-well plate. Each well contained 200 μL glucose-free M9 suspension 
with P. putida KT2440 bacteria (OD600=0.06). After 30 minutes, capillary contents were 
carefully collected and plated onto LB agar for cell enumeration.
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Maize – P. putida FBC004 colonisation assays
Seeds germinating after 2 days of imbibition were planted in 100 mL-pots (3 seeds per pot; 
4 pots per genotype), containing autoclaved (120 °C; 20 min) or non-autoclaved soil that 
had been supplemented with washed cells from overnight LB cultures at an approximate 
density of 5 x 107 colony forming units (CFU) g-1 soil.  At 7, 14, and 21 days of growth, root 
systems were gently removed from the soil, rinsed in water, weighed and gently shaken for 
20 minutes in 50 mL phosphate-buffered saline (mmol L-1; NaCl 137, KCl 2.7, Na2HPO4·2H2O 
10, KH2PO4 1.76; pH 7.4). Serial dilutions of rhizosphere bacteria were plated onto LB agar, 
containing 200 mg L-1 cyclohexamide to inhibit fungal growth. Plates were incubated at room 
temperature for 48 hours. GFP-expressing colonies were counted using a Dark Reader® 
transilluminator (DR88X, Clare Chemical Research Inc., Dolores, CO); the total numbers of 
non-P. putida (other) culturable cells were determined under natural light. Root colonisation 
by P. putida and other culturable cells, assessed as CFU g-1 root fresh weight, was analysed 
for each maize line and time point by two-factor analysis of variance (ANOVA), using the 
maize BX genotype (BX1, bx1) and bacterial cell type (P. putida, other culturable cells) as 
factors. All data were log10-transformed before analysis to stabilise variances. Post-test 
comparisons were made using Holm-Šidák step-down pairwise comparisons. All statistical 
analyses were performed using SigmaPlot version 12.

Extraction and chromatographic analysis of benzoxazinoids in root exudates and bacterial 
cultures
Seeds germinating after 2 days imbibition were planted in soil (3 seeds per pot). At days 7, 
14, and 21 after planting, root systems were gently removed from the soil, rinsed in water, 
and placed in 50 mL tubes containing 30 mL water for 7 hours to collect root exudates. 
Root exudates were lyophilised, re-suspended in 1 mL extraction buffer (2% acetic acid in 
methanol), sonicated for 5 min and centrifuged (12,600 x g, 10 min). Supernatants were 
analysed by high performance liquid chromatography coupled to diode array detector 
(HPLC-DAD), as described by Ahmad et al. (2011). Root exudates from BX1 genotypes 
contained three main peaks, absent in samples from bx1 genotypes. Spiking experiments 
with previously confirmed standards (Ahmad et al., 2011; Glauser et al., 2011) revealed that 
exudates from BX1 wild-type roots consistently contain three main BX species: DIMBOA 
and to a lesser extent DIMBOA-glc and HDMBOA-glc. For analysis of DIMBOA breakdown 
by P. putida KT2440 in M9 growth medium, 0.5 mL samples were periodically removed and 
filtered (<0.2 μm) to remove cells.  The samples were then stored in an equal volume of 
extraction buffer until analysis.  Detection of DIMBOA and MBOA was based on a modified 
HPLC protocol, using a mobile phase of 0.05% trifluoroacetic acid in water (solution A) and 
0.05% trifluoroacetic acid in methanol (solution B) at a flow rate of 1 mL min-1. The gradient 
consisted of 0-1 minute 3 – 20% solution B, 1 – 20 minutes, 20 – 100% solution B, and 20 - 35 
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minutes isocratic conditions of 100% solution B.  Chromatograms were recorded at 254 nm 
and retention times of DIMBOA and MBOA were established from standards.

RESULTS

Exudation of benzoxazinones from maize roots
Roots of BX1 wild-type and bx1 mutant lines were incubated for seven hours in water, after 
which the collected exudates were subjected to HPLC-DAD analysis of BXs. Root exudates 
from BX1 wild-type plants consistently contained three BX compounds, all of which were 
absent from exudates of bx1 mutant lines. The dominant compound was DIMBOA, with 
concentrations up to 31 μg g-1 fresh root weight (FW) in exudates from 7 days old roots 
(Figure 1). Levels of DIMBOA exudation showed a statistically significant linear decline in 
aging plants (Figure 1; linear regression, Line A, F1,13 = 17.74; p<0.001, Line B, F1,13=7.387; 
p=0.018). The other plant-derived BXs in root exudates from BX1 expressing plants were the 
BX glucosides DIMBOA-glc and HDMBOA-glc. Concentrations of these compounds did not 
exceed 3 μg g-1 FW and remained constant over time.

Figure 1:  Root exudation of benzoxazinoids at different developmental stages in maize lines 
expressing a functional BX1 gene. The dominant BX compound in root exudates is the aglucone 
2,4-dihydroxy-7- methoxy- 1,4-benzoxazin-3-one  (DIMBOA), which shows a statistically significant 
linear decrease with plant age in both lines. Shown are average BX quantities, expressed in μg.g-1 root 
fresh weight (± SEM; n=3) exuded over a 7 hour time period.
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P. putida is tolerant to DIMBOA
To examine the effect of DIMBOA on plant-beneficial rhizobacterial growth, we assessed in 
vitro growth of P. putida KT2440 bacteria in the presence of increasing concentrations of 
DIMBOA. P. putida KT2440 displayed similar growth rates up to 0.5 mM DIMBOA. By contrast, 
DIMBOA strongly affected growth rates of the ubiquitous soil bacterium A. tumefaciens 
(Agrios, 1997), effects were already apparent at 0.01 mM and became proportionally 
stronger at 0.1 and 0.5 mM DIMBOA (Figure 2A). Hence, P. putida KT2440 appears relatively 
tolerant to DIMBOA in comparison to other soil bacteria. For all subsequent experiments, 
DIMBOA was employed at concentrations of 5 μg mL-1 (0.023 mM). This relatively low 
concentration has no detrimental effect on P. putida growth (Figure 2A) and is quantitatively 
consistent with our root exudation experiments (Figure 1).

Figure 2:  Tolerance of P. putida KT2440 to DIMBOA. A. In vitro growth of P. putida KT2440 is not 
affected up to 0.5 mM DIMBOA, whereas the ubiquitous soil bacterium A. tumefaciens is increasingly 
affected at concentrations of 0.01 mM DIMBOA and above. Growth was quantified by determining 
average OD600 values (n = 5). B. In the presence of P. putida KT2440, DIMBOA degradation is significantly 
accelerated, whereas accumulation of MBOA is significantly reduced. Shown are best fitting polynomial 
regressions ± 99% confidence intervals. DIMBOA and MBOA quantities are expressed as relative peak 
areas (HPLC-DAD), normalised to DIMBOA peak areas at the start of each experiment.
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P. putida accelerates DIMBOA breakdown
To study whether the observed tolerance of P. putida KT2440 to DIMBOA is based on 
BX catabolism, we studied the effect of P. putida KT2440 on stability of DIMBOA and its 
direct break-down product, 6-methoxy-benzoxazolin-2-one (MBOA). In two independent 
experiments, DIMBOA concentrations were consistently reduced at a significantly 
greater rate, whereas MBOA accumulation was significantly reduced in the presence of P. 
putida bacteria (Figure 2B). These results demonstrate that P. putida KT2440 accelerates 
breakdown of DIMBOA. The reduced accumulation of MBOA in the presence of P. putida 
could be explained by an even faster metabolic break-down of this compound, but could 
also suggest DIMBOA degradation via products other than MBOA. Although is not possible 
to distinguish which of these processes is responsible for the observed compound dynamics 
in the presence of P. putida, our results clearly show that P. putida has the metabolic capacity 
to metabolise DIMBOA and reduce overall BXs quantities in its environment.

Figure 3:  Functional annotation of 55 DIMBOA-inducible genes of P. putida KT2440 at 1 hour after 
application of 5 µg mL-1 DIMBOA to the growth medium. Whole-genome transcriptome analysis was 
based on P. putida KT2440-specific cDNA microarrays, accommodating results from three independent 
experiments.
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Impact of DIMBOA on the P. putida transcriptome
The above in vitro analyses suggest that DIMBOA is metabolised by P. putida. To assess the 
global impact of DIMBOA on P. putida KT2440, whole-genome gene expression patterns 
were profiled at 1 hour of exposure to 5 μg mL-1 DIMBOA in M9 growth medium. Using 
KT2440-specific cDNA microarrays and a false discovery rate of 0.85% (Δ = 1.2; Tusher et 
al., 2001), we identified 55 genes showing consistently increased levels of transcription in 
response to DIMBOA treatment across three independent experiments. No genes were 
identified as significantly repressed by DIMBOA. A total of 36 genes could be ascribed to 
predicted functions, whereas 19 genes encoded hypothetical proteins of unknown function 
(Figure 3). Table I lists all 36 DIMBOA-inducible genes of identifiable function. Two groups 
of genes were of particular interest with respect to P. putida behaviour in the rhizosphere. 
One group of genes are typical of those associated with degradation of N-heteroaromatic 
compounds (Table I), and are consistent with the accelerated breakdown of DIMBOA by P. 
putida KT2440 (Figure 2B). A second group of genes are indicative of bacterial motility (Table 
I), thereby suggesting a chemotactic response of P. putida KT2440 to DIMBOA. 

Table I:  Functional annotation of P. putida KT2440 genes with a statistically significant 
induction at 1 h after exposure to 5 µg mL-1 DIMBOA. Shown are 36 genes with annotated 
functions out of a total of 55 DIMBOA-inducible genes are listed.

LOCUS GENE 
NAME

PRODUCT NAME CLASS

                           TRANSCRIPTION

PP4929 LysR family transcriptional 
regulator

Regulatory functions: DNA 
interactions

PP0387 rpoD RNA polymerase sigma factor RpoD Transcription: transcription 
factors

PP4546 hrpA ATP-dependent helicase, HrpA Transcription: other

PP4553 RNA polymerase sigma-70 factor, 
ECF subfamily

Transcription: transcription 
factors

PP4722 greA transcription elongation factor, 
GreA

Transcription: transcription 
factors

PP4602 AraC family transcriptional 
regulator

Regulatory functions: DNA 
interactions

PP3617 catR LysR family transcriptional 
regulator

Regulatory functions: DNA 
interactions

                            ENERGY METABOLISM

PP4124* nuoG NADH-quinone oxido-reductase, 
subunit G

Metabolism; Energy 
Metabolism; Oxidative 

phosphorylation; Electron 
transport
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PP4947 putA Tri-functional transcriptional 
regulator/ proline dehydrogenase/

pyrroline-5-carboxylate 
dehydrogenase

Metabolism; Amino Acid 
Metabolism; Arginine and 

proline metabolism

PP4121* nuoCD Bi-functional NADH:ubiquinone 
oxido-reductase, subunit C/D

Metabolism; Energy 
Metabolism; Oxidative 

phosphorylation; Electron 
transport

PP0256* molybdopterin oxidoreductase 
subunit alpha

Metabolism; Energy 
metabolism; electron 

transport
PP4690* Rieske (2Fe-2S) domain-containing 

protein
Metabolism; Energy 

metabolism; electron 
transport

PP5004 poly(3-hydroxyalkanoate) 
depolymerase

Metabolism; Energy 
metabolism; other

PP4434 dadA-1 D-amino acid dehydrogenase small 
subunit

Metabolism; Energy 
Metabolism; Nitrogen 

metabolism

PP4551* α/β fold hydrolase family

PP4540* α/β fold hydrolase family

PP4661* NAD(P)H dehydrogenase (quinone)

            TRANSPORT AND BINDING

PP5206 secretion protein HlyD family 
protein

Transport and binding 
proteins; unknown substrate

PP0281 Polar amino acid ABC transporter 
inner membrane subunit

Transport and binding 
proteins; amino acids, 
peptides and amines

PP2604* Major facilitator family transporter, 
shares homology with pcaK

Transport and binding 
proteins; unknown 

substrate;

PP2241 Major facilitator family transporter Transport and binding 
proteins; unknown substrate

           OTHER DNA AND RNA PROCESSES

PP4812 3-methyladenine DNA glycosylase Genetic Information 
Processing; Replication and 
Repair; Base excision repair

PP4708 pnp polynucleotide phosphorylase/ 
polyadenylase

Genetic Information 
Processing; Folding, Sorting 

and Degradation; RNA 
degradation

PP4997 pyrR Bi-functional pyrimidine regulatory 
protein PyrR uracil phosphor-

ribosyltransferase

Metabolism; Nucleotide 
Metabolism; Pyrimidine 

metabolism



97

Recruitment of beneficial bacteria by maize roots

PP5286 dut deoxyuridine 5'-tri-phosphate 
nucleotido-hydrolase

Metabolism; Nucleotide 
Metabolism; Pyrimidine 

metabolism

PP5296 gmk guanylate kinase Metabolism; Nucleotide 
Metabolism; Purine 

metabolism

            CHEMOTAXIS AND MOTILITY

PP4888 Methyl-accepting chemotaxis 
sensory transducer

PP4340 cheY two-component system, 
chemotaxis family, response 

regulator, CheY

Environmental Information 
Processing; Signal 

Transduction; Two-
component system.
Cellular Processes; 

Cell Motility; Bacterial 
chemotaxis

          OTHER CELLULAR PROCESSES

PP4315 PhzF family phenazine biosynthesis 
protein

PP5000 hslV ATP-dependent protease peptidase 
subunit: Heat shock protein

Cellular processes; 
adaptations to atypical 

conditions

PP4874 rplI 50S ribosomal protein, L9 Genetic Information 
Processing; Translation; 

Ribosome

PP4830 cobL Precorrin-6Y C5,15-methyl-
transferase subunit, CbiE

Metabolism; Metabolism 
of Cofactors and Vitamins; 
Porphyrin and chlorophyll 

metabolism

PP3446 ilvA-1 Threonine dehydratase Metabolism; Amino Acid 
Metabolism; Glycine, serine 
and threonine metabolism. 

Metabolism; Amino Acid 
Metabolism; Valine, leucine 
and isoleucine biosynthesis

PP5110 ftsE cell division ATP-binding protein 
FtsE

Environmental Information 
Processing; Membrane 

Transport; ABC transporters

PP5226 Lppl family lipoprotein

PP5398 ISPpu14 transposase Orf1 Transposition; DNA 
mediated. DNA binding. 

Transposase activity

* DIMBOA-inducible genes with predicted functions in metabolism and transport of 
N-heteroaromatic compounds.  See text for details.
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DIMBOA induces positive chemotaxis by P. putida
Based on the outcome of the transcriptome analysis, we examined the possibility that 
DIMBOA acts as a chemo-attractant for P. putida KT2440. A capillary-based assay was used 
to assess chemotactic behaviour to DIMBOA (Harwood et al., 1984). Significantly more cells 
(p=0.022; t-test) were attracted into capillaries containing 5 µg mL-1 DIMBOA compared to 
tubes with motility buffer alone (Figure 4). The average number of DIMBOA-attracted cells 
were statistically similar to the average number of cells that were attracted to the positive 
control tubes, containing 0.01% w/v casamino acids (Figure 4). Hence, P. putida KT2440 is 
attracted to DIMBOA in vitro.

Figure 4: Chemotaxis of P. putida KT2440 towards DIMBOA. A capillary-based assay was used to 
assess chemotactic responses. Data represent average numbers of colony forming units (CFU ± 
SEM) from 1 μL glass capillaries containing motility buffer (control), 0.01% casamino acid (positive 
control), or 5 μg mL-1 DIMBOA. Cells were extracted from capillaries after 30 minutes of incubation 
and enumerated on solid medium.

DIMBOA attracts P. putida to the rhizosphere
Having established that DIMBOA induces chemotaxis-associated genes in P. putida KT2440, 
and that P. putida KT2440 is attracted to DIMBOA in vitro, we investigated whether these 
responses are biologically relevant in the maize rhizosphere. To this end, cells of GFP-
expressing P. putida FBC004 were mixed into the soil prior to planting seeds of either 
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DIMBOA-producing wild-type plants (BX1), or BX-deficient bx1 mutant plants. After 7, 14 
and 21 days of growth, roots of BX1 and bx1 plants from 2 independent genetic lines were 
collected and analysed for colonisation by P. putida FBC004 and other (non-GFP expressing) 
culturable rhizobacteria.

The first experiment was performed with soil that had been autoclaved once 
before to the start of the experiment (Figure 5A), presenting a relatively low competition 
environment for the introduced P. putida cells. Two-factor ANOVA of rhizosphere colonisation 
of plants from Line A revealed a statistically significant interaction between plant genotype 
(BX1 versus bx1) and bacterial cell type (P. putida versus others) at all three time-points (7 
days: F1,14=9.151, p=0.009; 14 days: F1,14=43.432, p<0.001; 21 days: F1,14=7.977; p=0.014), 
even though a statistically significant main effect of BX genotype could not be detected. 
Inspection of the data revealed that more P. putida cells were recovered from roots of 
DIMBOA-producing BX1 plants than from roots of DIMBOA-deficient bx1 plants, whereas 
this was not the case for numbers of other culturable rhizobacteria. Holm-Šidák comparisons 
confirmed significantly higher P. putida cell numbers in rhizosphere extracts from BX1 roots 
compared to that from bx1 roots (statistical probabilities are presented in Figure 5A). For 
line B, a significant main effect of BX genotype was evident at day 7 (F1,16=18.163; p<0.001) 
and day 14 (F1,16=19.776; p<0.001), but not at day 21 (F1,16=3.775; p=0.070). However, a 
statistically significant interaction between BX genotype and rhizobacterial cell type was 
apparent at all three time-points, including day 21 (F1,16=6.122; p=0.025). Again, Holm-Šidák 
comparisons indicated significantly greater numbers of P. putida cells in the rhizosphere of 
BX1 plants compared to that of bx1 plants at all three time points (Figure 5A). Hence, BX1-
dependent exudation of DIMBOA stimulates rhizosphere colonisation by P. putida bacteria.
 To investigate whether BX-dependent attraction of P. putida is also apparent in a 
more competitive soil environment, we repeated the experiment in non-autoclaved soil 
(Figure 5B). A significant main effect of BX genotype was observed at day 7 in seedlings from 
line A (F1,10=6.725; p=0.027), but not at any later growth stage. Holm-Šidák comparisons 
confirmed significantly higher numbers of P. putida cells in the rhizopshere of 7-day-old 
BX1 seedlings, but no statistically significant difference in the number of other culturable 
rhizobacteria (statistical probabilities are presented in Figure 5B). No main effect of 
BX genotype was identified for plants of line A at days 14 (F1,11=0.110; p=0.746) or 21 
(F1,12=4.152; p=0.064). For line B, a significant main effect of BX genotype was observed 
at 7 days (F1,11=4.904; p=0.049). Although no significant main effect of BX genotype was 
observed at 14 days (F1,12=4.547; p=0.054), there was a significant interaction between BX 
genotype and rhizobacterial cell type at this time-point (F1,12=6.425; p=0.026). Subsequent 
Holm-Šidák comparisons confirmed significantly increased numbers of P. putida in the 
rhizosphere of BX1 plants at both 7 and 14 days (Figure 5B). At 21 days there was no longer 
a statistically significant effect by plant genotype, nor was there a statistically significant 
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interaction between plant genotype and rhizobacterial cell type (Figure 5B). Together, these 
data indicate that BX exudation in non-autoclaved soil stimulates rhizosphere colonisation 
by P. putida of relatively young seedlings. This BX effect becomes variable by 14 days and is 
absent in 21 day-old plants.

Figure 5:  Rhizosphere colonisation of DIMBOA-producing (BX1) and DIMBOA-deficient (bx1) maize 
lines by green-fluorescent protein (GFP)-expressing P. putida and other culturable rhizobacteria 
in autoclaved (A) and non-autoclaved soil (B). P. putida cells were introduced into the soil prior 
to planting of maize seeds. Shown are average values (CFU g-1 root fresh weight ± SEM; n = 6-8), 
corresponding to P. putida or other rhizobacteria. Cells were enumerated after 7, 14 and 21 days 
of plant growth by plating root surface extractions onto solid agar medium. Probabilities indicate 
statistical differences between BX1 and bx1 plants within one line at each time-point (Holm-Šidák 
pairwise multiple comparisons) when two-factor ANOVA indicated a statistically significant main effect 
of BX genotype and/or a statistically significant interaction between BX genotype and bacterial cell 
type (α = 0.05).
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DISCUSSION

The rhizosphere is an energy-rich niche that is characterised by a rapid turnover of 
chemical compounds from plant root exudates (Jones et al., 2009). Before rhizobacteria can 
exploit these compounds in the rhizosphere, they must first locate their host and tolerate 
potentially toxic allelochemicals in root exudates. In this study, we provide evidence that 
rhizosphere-colonising P. putida cells are tolerant of the N-heteroaromatic allelochemical 
DIMBOA (Figure 2), which is exuded in relatively high quantities from roots of young 
maize seedlings (Figure 1). Since BXs are nitrogen-containing metabolites, it might be 
expected that constitutive DIMBOA exudation by seedlings provides significant ecological 
benefits, outweighing the metabolic cost. Apart from allelopathatic activity by DIMBOA 
(Niemeyer, 1988, 2009), our study revealed that DIMBOA can also acts as a below-ground 
semiochemical for recruitment of plant-beneficial rhizobacteria from a competitive soil 
environment (Figure 5B). Interestingly, mycorrhization of maize was recently reported 
to boost DIMBOA production (Song et al., 2011). Since mycorrhization is known to cause 
major qualitative changes in rhizobacterial communities (Linderman, 1988), it is tempting 
to speculate that increased DIMBOA exudation from mycorrhizal roots contributes to this 
so-called mycorrhizosphere effect.
  The BX content of maize roots has been studied extensively, because of their 
demonstrated roles as allelochemicals (Niemeyer and Perez, 1994; Niemeyer, 2009). Recent 
studies have identified the glucosides HDMBOA-glc and DIMBOA-glc as the principal BXs in 
roots and root exudates of maize (Glauser et al., 2011; Robert et al., 2012). DIMBOA was 
identified in both studies as only a minor component of the total root BX content. A possible 
explanation for this discrepancy lies in the different method of BXs extraction. In our study, 
entire root systems were incubated in water for 7 hours, whereas Robert et al. (2012) used a 
direct sampling method with a 50% (v/v) methanol extraction buffer from the root surface. 
Hence, the latter method analyzed root-exuded BXs directly, while our method assessed 
root-exuded BXs after prolonged incubation of the root system in water. Since BX glucosides 
are readily hydrolysed in water and DIMBOA is considerably more stable than HDMBOA 
(Maresh et al., 2006), it may not be surprising that our study identified the aglycone DIMBOA 
as the dominant BX from root exudates. Considering that soils constitute a mostly watery 
environment, we propose that the more breakdown-resilient DIMBOA compound functions 
as the long-distance BX signal that recruits beneficial rhizobacteria. 
 The P. putida strain used in our studies was originally isolated from horticultural 
soil (Nakazawa, 2002), and is a competitive coloniser of rhizospheres of economically 
important crops (Molina et al., 2000). Using in vivo expression techniques (IVET), Ramos-
González et al. (2005) identified 29 genes that are induced following 14 days of growth 
in the maize rhizosphere, including some with annotated functions in chemotaxis and 
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detoxification. However, despite the similarities in general cellular functions, there were 
no overlapping genes between this IVET study and our transcriptome analysis. A more 
recent transcriptome study of P. putida KT2440 identified gene induction as the dominant 
response after 6 days of colonisation in the maize rhizosphere (Matilla et al., 2007), which 
is in agreement with our finding that DIMBOA enhances P. putida gene expression. In total, 
Matilla et al. (2007) revealed enhanced expression of 93 genes in the maize rhizosphere, 
including genes with predicted functions in general metabolism, transcriptional regulation, 
transport, chemotaxis and DNA metabolism. With the exception of the ISPpu14 transposase 
Orf1 (PP5398), there is again no overlap between this study and our transcriptome analysis. 
This is not surprising, since our analysis was specifically focussed on the bacterial response 
to DIMBOA, and not to the multitude of responses that are required for rhizopshere 
competence, such as attachment to the maize root surface and metabolism of the wide 
range of compounds besides DIMBOA in root exudates. Furthermore, the transcriptional 
response reported in our study was expressed within 1 hour of exposure to DIMBOA. It is, 
therefore, likely that these gene expression patterns are specific to the initial stages of the 
interaction: the bacterial response to chemical cues from the host plant in the soil before 
they attach and establish themselves in the rhizosphere. Since our ultimate objective was to 
study the maize-bacterium interaction, rather than quantitative gene expression in P. putida 
KT2440 per se, we made no further attempts to confirm our in vitro transcription profiling 
with a complementary technique. It remains therefore difficult to establish unequivocally 
that specific genes identified as DIMBOA-inducible in vitro are in fact responsible for the 
biological interactions described in this study. Nevertheless, it is still instructive to consider 
these genes in the light of what is already known about environmentally responsive P. 
putida genes. Moreover, the DIMBOA-inducible gene expression patterns associated with 
tolerance to N-heteroaromatic compounds and bacterial motility led us to conduct follow-
up experiments, which revealed a novel signalling mechanism during the initial phases of 
the maize - P. putida interaction.
 Motility is an essential trait for rhizosphere competence (Lugtenberg and Dekkers, 
1999). Our transcriptome analysis identified two DIMBOA-inducible genes that can be 
associated with bacterial chemotaxis, and a third gene with a putative function in DIMBOA 
transport (Table I). The DIMBOA-responsive gene cheY (PP4340) is a chemotactic response 
regulator in bacteria (Wolanin et al., 2003). Furthermore, benzoate chemotaxis in P. putida 
PRS2000 depends on a methyl-accepting chemotaxis transducer (M-ACT) and the aromatic 
acid:H+ symporter (AAHS) PcaK (Harwood et al., 1994). Interestingly, our transcriptome 
analysis included the M-ACT homologue PP4888, and two genes, PP2241 and PP2604, 
belonging to the Major Facilitator Superfamily (MFS) of  AAHS transporters (Pao et al., 
1998). Of these two genes, PP2604 shares common features with pcaK (The STRING v.9 
database; Szklarczyk et al., 2011). On the basis of these motality-related transcriptional 
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patterns, we considered the possibility that DIMBOA act as a chemo-attractant for P.putida. 
This hypothesis was confirmed by our subsequent chemotaxis assays, which demonstrated 
positive taxis of P. putida KT2440 towards DIMBOA (Figure 4).
 P. putida KT2440 is tolerant of DIMBOA in comparison to other soil bacteria (Figure 
2A). We subsequently found that P. putida KT2440 accelerates decomposition of DIMBOA 
and its direct break-down product MBOA (Figure 2B), indicating BX catabolism (Kumar et al., 
1993). Such a mode of tolerance is supported by our transcriptome analysis, which revealed 
seven DIMBOA-inducible genes that can be associated with degradation of N-heteroaromatic 
compounds (Table I). These genes include nuoCD (PP4121) and nuoG (PP4124), which encode 
subunits of NADH dehydrogenase I, PP4690 encoding a Rieske 2Fe-2S family subunit of 
soluble dioxygenases, PP0256 encoding a molybdopterin oxidoreductase, PP4661 encoding 
a putative oxidoreductase, and the α/β hydrolase-fold superfamily genes PP4540 and 
PP4551, members of which catalyse 1H-3-hydroxy-4-oxoquinoline degradation by P. putida 
33/1  (Fischer et al., 1999). We conclude that this mechanism of BX tolerance provides P. 
putida KT2440 with a competitive advantage over other micro-organisms in exploiting the 
maize rhizosphere.
 Our soil-based colonisation essays revealed that P. putida cells colonise maize 
roots of DIMBOA-producing lines in greater numbers than roots of DIMBOA-deficient lines. 
Although BX-dependent rhizosphere attraction of P. putida occurred in both autoclaved 
and non-autoclaved soil (Figure 5), the difference in P. putida colonisation between BX1 
and bx1 lines in non-autoclaved soil was only consistent between both lines during the 
relatively young developmental stages of the plants (Figure 5B). This age-dependent decline 
in P. putida response to BXs concurs with our finding that DIMBOA root exudation declines 
steadily as seedlings age (Figure 1). In autoclaved soil, however, this age-dependency was 
unclear. Autoclaved soil provides a much less competitive environment for the introduced P. 
putida bacteria than non-autoclaved soil. It is, therefore, plausible that the lower exudation 
rates of DIMBOA from older plants are still sufficient to attract the bacteria from non-
autoclaved soil to the rhizosphere. Alternatively, it is possible that HDMBOA-glc, which did 
not show a noticeable age-dependent decline in exudation rate (Figure 1), contributes to 
bacterial recruitment at later developmental stages of the host plant. In both autoclaved 
and non-autoclaved soil, numbers of other rhizosphere bacteria were similar between roots 
of BX1 and bx1 plants (Figure 5). The difference in response to BX-exuding roots between P. 
putida and other rhizobacteria indicates that the microbial composition of the rhizophere 
is strongly influenced by the presence of DIMBOA in root exudates of the host plant. Apart 
from direct anti-microbial effects, DIMBOA root exudation may have an additive effect 
considering that DIMBOA-exposed P. putida showed enhanced expression of the phzF gene 
(Table I), which encodes an enzyme in the biosynthesis of the broad-spectrum antibiotic 
phenazine (Blankenfeldt et al., 2004). Other studies have revealed bacterial attraction to 
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primary metabolites in plant roots: L-leucine and L-malate attract P. fluorescens to tomato 
roots (De Weert et al., 2002), while L-malate was found to promote attraction of Bacillus 
subtilis to the rhizosphere of Arabidopsis thaliana (De Weert et al., 2002). To our knowledge, 
DIMBOA is the first allelochemical shown to act as a chemo-attractant for beneficial 
rhizobacteria, which may explain why P. putida KT2440 is such a successful coloniser of the 
maize rhizosphere (Molina et al., 2000). Our discovery also strengthens the notion that certain 
bacteria have acquired the ability to detoxify aromatic plant compounds, allowing them to 
exploit the energy-rich rhizosphere of plant roots exuding allelochemical compounds. These 
same bacteria can be exploited for the remediation of aromatic pollutants and herbicides 
(Parales and Harwood, 2002).  
 In summary, our study has shown that root exudation of BXs attracts plant beneficial 
rhizobacteria. Although BX biosynthesis is mostly developmentally regulated (Frey et al., 
2009), recent evidence has revealed that BX production by maize seedlings is to a certain 
extent responsive to environmental stimuli (Erb et al., 2009; Erb et al., 2009). It would, 
therefore, be interesting to examine the BX-dependent effects on rhizobacteria during 
adaptive interactions between above- and belowground defences. Our study also provides 
important knowledge for agricultural programmes aiming at sustainable yield improvement 
of cereal crops. Management of soil-borne diseases has proved problematic, because plant 
roots are relatively inaccessible for fungicidal chemicals. Furthermore, growth promotion by 
excessive soil fertilisation can have detrimental environmental impacts. Selection for cereal 
varieties with an increased capacity for BX root exudation will lead to crops with an improved 
ability to recruit disease-suppressive and growth-promoting rhizosphere communities, 
thereby reducing the need for repeated applications of fungicides and fertilisers. However, 
there is evidence that the specialist Western Corn Rootworm (Diabrotica virgifera) uses 
root-exuded BXs, such as DIMBOA and MBOA, as feeding cues (Bjostad and Hibbard, 1992; 
Robert et al., 2012). The potential for crop improvement by selection for increased BX 
exudation should therefore be approached with caution. On the other hand, the accelerated 
degradation of DIMBOA and MBOA by P. putida (Figure 2B) may interfere with host location 
by D. virgifera and pose a potential opportunity for biocontrol of this pest. 
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SCOPE

For a successful parasitic interaction, pathogens and insects have to cope with a plethora 
of plant defence mechanisms. Some of these defences are pre-existing, while others are 
inducible by the attacking organism. As was outlined in the General Introduction of this thesis 
(Figure 1; Chapter 1), induced defence in plants is based on sequentially activated defence 
layers that are active at different stages of the parasitic interaction. In general terms, these 
layers of the plant immune system can be separated between pre-invasive defence barriers, 
such as PAMP-induced closure of stomata (Melotto et al., 2006), early-acting post-invasive 
defence, such as localised deposition of ROS and callose (Luna et al., 2011), and late-acting 
post-invasive defences that are under control by de novo produced defence hormones, such 
as salicylic acid  (SA; Heil and Ton, 2008). The overarching objective of the work presented in 
this thesis was to study the contribution of post-invasive defence barriers to basal resistance 
(Chapters 2 and 3) and their impact on the interactions with plant-beneficial microbes, such 
as rhizosphere-colonizing Pseudomonas putida bacteria (Chapter 4).

NATURAL OCCURRING VARIATION IN BASAL RESISTANCE

The vast majority of studies on natural variation in plant defence have focussed on ETI (De 
Meaux and Mitchell-Olds, 2003; Holub, 2007; Van Poecke et al., 2007), which is likely due to 
the robustness and reproducibility of the ETI phenotype. There are also numerous studies 
about natural variation in basal resistance against pathogens and herbivores, many of which 
are based on the genetic model plant species Arabidopsis (Koornneef et al., 2004). However, 
relatively few of these have linked this variation to actual resistance mechanisms. The natural 
variation in basal resistance of Arabidopsis to insects often originates from differences 
in pre-existing pools of glucosinolates (Kliebenstein et al., 2001; Koornneef et al., 2004). 
Glucosinolates enable a rapid production of biocidal isothiocyanates after herbivore attack 
and could therefore, be viewed as a constitutively primed defence mechanism. Natural 
variation in basal resistance of Arabidopsis against pathogens, on the other hand, seems to 
stem from more diverse mechanisms than from glucosinolates. For instance, Denby et al., 
(2004) reported that natural variation in basal resistance against the necrotroph Botrytis 
cinerea correlates with responsiveness of pathogen- and acifluorfen-induced camalexin, an 
indole-derived phytoalexin. Further genetic dissection of this basal resistance in a mapping 
population of recombinant inbred lines (RILs) revealed multiple small-to-medium-effect 
quantitative trait loci (QTLs), but it remained unclear to what extent these loci influence 
the responsiveness of camalexin induction itself. Similarly, Llorente et al. (2005) used a RIL 
population to dissect natural variation in basal resistance against the necrotrophic fungus 
Plectosphaerella cucumerina, which identified three different QTLs. The most influential 
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QTL was caused by a polymorphism in the ERECTA gene, a LRR receptor-like kinase protein 
that influences responsiveness of pathogen-induced callose deposition. Natural variation in 
resistance against P. syringae pathogens has been reported by different groups (Ton et al., 
1999; Kover and Schaal, 2002; Kover et al., 2005; Perchepied et al., 2006). Genetic dissection 
of variation in basal resistance against virulent P. syringae pv. tomato DC3000 between 
accessions Bayreuth and Shahdara revealed two major QTLs, of which one was found to 
regulate responsiveness of SA-inducible defence genes (Perchepied et al., 2006). The studies 
by Llorente et al. (2005) and Perchepied et al. (2006) illustrate that one gene can have a 
major contribution to natural variation in responsiveness of basal resistance mechanisms. In 
support of this, the QTL analysis presented in Chapter 2 revealed one locus on chromosome 
IV, which controls both responsiveness to exogenously applied SA, and basal resistance to P. 
syringae pv. tomato DC3000 (Chapter 2; Figures 6 & 7). 
 The development of DNA arrays has made it possible to measure natural variation 
in the abundance of large numbers of gene transcripts, “expression level polymorphism” 
(ELP) analysis. If applied to a genetically characterised mapping population, ELP analysis 
can link natural variation in transcriptome responses to regulatory loci, called expression 
(e)QTLs. A first genomic comparison of the transcriptional response to exogenously applied 
SA between seven Arabidopsis accessions revealed that on average 2234 genes were 
differentially expressed in pair-wise comparisons (Kliebenstein et al., 2006). This variation 
correlated positively with genomic sequence diversity, suggesting that single nucleotide 
polymorphisms have relatively little influence on the genetic variation in SA-induced gene 
expression. Further in depth analysis of these data identified accession Mt-0 as hyper-
responsive and accession Cvi-0 as hypo-responsive to SA (Van Leeuwen et al., 2007). 
Although these studies made an important step towards a better understanding of the 
evolution of basal resistance, it remains unknown which genomic regions are responsible 
for this variation, and in how far this variation actually impacts basal pathogen resistance. 
Further ELP analysis of well-characterised mapping populations would be necessary to 
identify the regulatory genes that are responsible for both natural variation in gene-network 
responses and basal defence responsiveness.

NATURAL VARIATION IN BASAL DEFENCE RESPONSIVENESS: ECOLOGICAL 
IMPLICATIONS

Priming of defence is a phenomenon that manifests itself as an increased responsiveness of 
inducible defences (Conrath et al., 2006). Since priming protects against a wide variety of 
diseases and pests, it is plausible that hostile environments select for constitutively primed 
defence responses. As a consequence, it can be expected that naturally occurring plant 
species display genetic variation in the responsiveness of inducible defences. Indeed, Chapter 
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2 of this thesis shows natural variation between Arabidopsis accessions in the sensitivity of 
jasmonic acid (JA)- and SA-inducible marker genes, pointing to variation in responsiveness of 
relatively late-acting post-invasive defence barriers. The same set of accessions also showed 
natural variation in responsiveness of chitosan-induced callose deposition, suggesting 
variation in responsiveness of early-acting post-invasive defence barriers. Interestingly, 
there was a negative correlation between the responsiveness of early-acting defences 
(callose) and that of late-acting defences (SA-induced PR-1 gene induction). Although a 
sample size of six accessions is too small to reach definite conclusions about the ecological 
meaning of these findings, it is tempting to speculate that some of these accessions have 
de-sensitised their early defences in order to interact with plant beneficial microbes, such 
as plant-growth promoting rhizobacteria (PGPRs). In order to compensate for this immuno-
compromised defence layer, these accessions have primed later-acting defences. Further 
experiments should be performed to test this hypothesis. Of the possibilities to consider, a 
HapMap population of 360 Arabidopsis accessions could be screened for PGPR colonization 
and PAMP-induced callose deposition in the roots (Buckler and Gore, 2007). Identification of 
genes promoting PGPR colonization but suppressing PAMP-induced callose would confirm 
this hypothesis.

CYP81D11: A SUPPRESSOR OF EARLY ACTING POST-INVASIVE DEFENCE?

The QTL analysis described in Chapter 2 identified two loci regulating PAMP-induced callose 
deposition. One major QTL was found on chromosome III, whereas a much weaker QTL was 
identified at the top of chromosome I. The direction of both QTLs show opposite effects: the 
major QTL at chromosome III mediates a suppressive effect from Bur-0 parent and stimulatory 
effect from Col-0 parent, whereas the weaker QTL at chromosome I mediates a stimulatory 
effect from Bur-0 parent and suppressive effect from Col-0 parent. Although both QTLs still 
spans a multitude of genes, it is interesting that the major locus on chromosome III maps 
onto the cis-jasmone inducible gene CYP81D11 (At3g28740). This gene was previously linked 
to the regulation of indirect plant defences against insects (Bruce et al., 2008; Matthes et 
al., 2010). Its role in direct plant defences, however, remains unclear. To further investigate 
a possible function of CYP81D11 in callose deposition, a T-DNA insertion mutant and a 
CYP81D11 over-expression line in the genetic background of Col-0 (line CYP81D11OE 5-5.3; 
Bruce et al., 2008; Matthes et al., 2010), were tested for flg22-induced callose deposition, 
as described by Luna et al., (2011). Interestingly, this experiment revealed that CYP81D11OE 
plants are severity affected in PAMP-induced callose deposition (Figure 1).
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 Since the PEN2-dependent break-down product(s) of 4-methoxyindol-3-
ylmethylglucosinolate (4MI3G) has been found to act as major regulator of PAMP-induced 
callose (Clay et al., 2009), and CYP81 enzymes have been shown to modulate the biosynthesis 
of indolic glucosinolates (Pfalz et al., 2011), it is tempting to hypothesize that CYP81D11 
regulates callose by scavenging the callose-inducing break-down product of 4MI3G. To test 
this hypostasis, we analysed the CYP81D11OE line for endogenous IG levels and break-
down products thereof. Although there were no statistically significant differences in total 
amounts of IGs, these preliminary results revealed increased accumulation of several IG 
breakdown products, of which 4-methoxyindole-3-carboxaldehyde was the most noticeable 
(Figure 2A). These findings point to the possibility that CYP81D11 inhibits callose formation 
through conversion of the callose-inducing PEN2 product into 4-methoxyindole-3-
carboxaldehyde (Figure 2B). More experiments need to be carried out to get a more definite 
outcome concerning this matter. Furthermore, studying PAMP-induced callose phenotypes 

Figure 1: CYP81D11 regulates  flg22-induced callose depostion. Leaves from hydroponically cultivated 
8-day- old seedlings of the wild-type  (Col-0), a CYP81D11 T-DNA knock-out line (CYP81D11 KO), and an 
over-expression line (CYP81D11 OE 5-5.3) were treated with either flg22 (0.1 mM) or mock solution. 
At 24 h after treatment, cotelydons were collected for aniline blue staining, UV-epifluoresence 
microscopy, and digital quantification of callose intensity as described (Luna et al., 2011). Shown 
are relatively callose intensities (% callose-corresponding area).  Photographs show representative 
differences in fluorescent callose signals under UV-epifluoresence microscopy.



112

Chapter 5

EXPLOITATION OF NATURAL VARIATION IN PLANT DEFENCE IN SUSTAINABLE CROP 
PROTECTION 

How can natural variation be exploited to improve crop protection against diseases and 
pests? Although Arabidopsis cannot be considered to be a crop, the availability of genetically 
characterised mapping populations and genome-sequenced accessions provides easy 
access to the genetic basis of the defence strategies evolved within this species. A potential 
disadvantage of this approach is that certain defence traits of Arabidopsis are specific for 
Brassicaceae. For instance, glucosinolates play an important role in defence of Arabidopsis 
against unadapted insects and pathogens (Tierens et al., 2001; Arany et al., 2008; Bednarek 

Figure 2: CYP81D11 as a negative regulator of glucosinolate metabolism and PAMP-induced callose 
deposition. A. Over-expression of CYP81D11 in CYP81D11 OE 5-5.3 plants results in increased levels of 
4-methoxyindole-3-carboxyaldehde, which is a putative breakdown product of the callose-regulatory 
compound 4-methoxyindol-3-ylmethylglucosinolate (4MI3G). Leaf samples were collected from 5 
weeks old plants, freeze-dried and analysed by HPLC following extraction. B. Biosynthesis of 4MI3G and 
break-down by the atypical myrosinase PEN2 controls PAMP-induced callose in Arabidopsis thaliana. 
4MI3G is derived from tryptophan via a multi-step reaction that involves the mono-oxygenases 
CYP79B2, CYP79B3, CYP83B1 and CYP81F2. Hydrolisis of 4MI3G by PEN2 leads to the accumuation of 
an unknown product that is thought to promote apoplastic callose depostion (Clay et al., 2009). Shown 
in red is a putative mechanism by which CYP81D11 suppresses PAMP-induced callose depostion.

of Arabidopsis mutants in genes that are closely co-regulated with CYP81D11 at the gene 
expression level, e.g. At1g05560 (UGT1), At2g29420 (GSTU7), and At4g34138 (UGT73B1), 
might be an approach to identify other genes in the pathway.
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et al., 2009), and alleles contributing to the genetic variation in the biosynthesis of these 
secondary metabolites are of little relevance for non-brassicaceous crops, such as cereals. 
Moreover, Arabidopsis is a pioneering plant species that was originally selected by plant 
geneticists for its short generation time, which by itself can be regarded as an adaptive 
strategy to cope with environmental stress, but is not necessarily a desirable trait in crops. 
 As an alternative strategy, genetic variation in defence traits amongst ancestral 
plants of crops can be explored as a means to introduce new combinations of alleles into 
modern crop plants. An extensively researched example comes from the development 
of breeding programmes that aim to introgress traits from ancestral wheat varieties into 
modern elite varieties, where limited genetic diversity in defence traits is exhibited as a 
result of repeated selection for high yield (Skovmand et al., 2001; Trethowan and Mujeeb-
Kazi, 2008). Alarmingly, many wild wheat ancestors and landraces are at risk of disappearing, 
due to displacement from their natural habitats by agronomically superior cultivars and over 
grazing by livestock. To combat this loss of valuable diversity, extensive collections of rare 
species are now being assembled for exploitation in wheat breeding programs (Skovmand, 
2002). These programmes have enabled a number of race-specific R genes to be introduced 
into hexaploid wheat species. However, as discussed, R genes do not always provide durable 
disease protection, since the resulting ETI can be broken by pathogen evolution (Jones and 
Dangl, 2006). A notable exception has been the identification of the WKS1 gene, which 
confers partial and temperature-dependent resistance in mature wheat against multiple 
races of the stripe rust, Puccinia striiformis (Fu et al., 2009). The WKS1 gene is absent in 
commercial wheat varieties and was introgressed from the ancestral wheat accession T. 
turgidum L. ssp. Dicoccoides (Uauy et al., 2005). Interestingly, WKS1-dependent resistance 
manifests as a rapid formation of auto-fluorescent cells around the sides of P. striiformis 
infection (Fu et al., 2009), indicating that WKS1 provides primed responsiveness to pathogen 
attack. WKS1 encodes a protein kinase with a putative START domain. This class of proteins 
have been reported to play a role in lipid binding and sensing (Alpy and Tomasetto, 2005), 
suggesting that WKS1 is involved in the transduction of pathogen- or plant-derived lipid 
signals. Interestingly, lipid signals have also been implicated as critical signals in SAR-related 
defence priming. Although the exact signalling function of WKS1 remains to be investigated, 
the study by (Fu et al., 2009) clearly illustrates how genetic variation in basal resistance  
within an ancestral plant species can be exploited to provide durable disease protection in a 
commercially important crop.
 Apart from breeding strategies to introgress basal resistance genes from ancestral 
crop species, biotechnological strategies can be considered as well. As was recently outlined 
by Gust et al. (2010), a promising strategy to improve crop resistance would be to transfer 
PRRs from naturally occurring plant species into crops. This transgenic approach would 
boost PTI responsiveness, provided that the heterologously expressed PRRs connect onto 
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the appropriate defence signalling pathways. Analogous to priming of basal resistance, a 
primed PTI response would provide broad-spectrum disease resistance if the augmented 
defence response precedes the opportunity to express ETS by the invading pathogen.

ROLE OF SECONDARY METABOLITES IN BASAL RESISTANCE

For basal defence responses involving secondary defence metabolites, considerable debate 
has surrounded the evolutionary mechanisms involved in creating the necessary pathways 
(Kwezi et al., 2007). It is emerging that, for many associated biosynthetic pathways, operons 
or clusters of co-regulated genes can be responsible for the sequential production of the 
necessary enzymes (Suzuki et al., 1990). These pathways typically result in the production 
of penultimate non-biocidal products, e.g. a glucosinolate (see above) or the glucoside of a 
benzoxazinoid, which provide a primed capacity to produce the biocide upon subsequent 
pathogen or herbivore attack (Suzuki et al., 1990; Papadopoulou et al., 1999). Interestingly, 
these so-called phytoanticipins can also exert a signalling role in defence responses (Liu 
et al., 1997). For instance, glucosinolate metabolites have been found to regulate PAMP-
induced depositions of callose-rich papillae in Arabidopsis (Clay et al., 2009). Clusters of 
genes in the biosynthesis of secondary defence metabolites can comprise paralogous genes 
from gene duplication, but also non-homologous genes that are organised functionally with 
concomitant clustering and co-regulation. How such a pathway evolves before giving rise to 
an adaptive advantage is not fully understood (Kwezi et al., 2007), but it seems obvious that 
the final biochemical conversion from a non-biocidal storage product to a biocidal defence 
product is critical in the regulation of these chemical defences. It remains a future challenge 
in how far genetic variation in the timing, activity, and localisation of hydrolytic enzymes 
mediating these conversions contributes to differences in basal resistance against diseases 
and pests. If so, it will be equally interesting to investigate if these enzymes are targeted by 
pathogen and/or insect effectors.

THE ROLE OF MAIZE BENZOXAZINOIDS IN BASAL RESISTANCE AGAINST APHIDS AND 
FUNGI

Chapter 3 describes the role of indolic benzoxazinoids (BXs) in maize basal resistance against 
the bird cherry oat aphid, Rhopalosiphum padi and the pathogenic fungus Setosphaeria 
turtica. As discussed earlier, indolic glucosinolates play a crucial role in Arabidopsis immunity 
as they regulate callose deposition via activation of PEN2 (Clay et al., 2009). Maize does 
not produce indolic glucosinolates, but is equipped with benzoxazinoids (BXs). Since their 
discovery over 50 years ago, more than 500 papers have been published on the different 
aspects of their chemistry and biology. However, while the involvement of BXs in plant 
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defence against different organisms has been well documented, the mechanisms underlying 
these effects are poorly explored. The objective of the study presented in Chapter 3 was 
to examine role of BXs in defence against aphids and fungi along with the underlying 
mechanisms. To this end, we have undertaken a detailed analysis of BX pathway regulation 
and BX localisation in response to different biotic stresses. The analysis critically depended 
on the construction of maize mutant lines that are impaired in the first dedicated step of 
the benzoxazinoid pathways: the conversion of indole-3-glycerol phosphate into indole. In 
maize, this reaction is catalysed by Indole glycerol phosphate lyase (IGL) or Benzoxazineless1 
(BX1). The Igl gene is inducible by herbivory, wounding, insect elicitors or jasmonates (Frey 
et al., 2000; Frey et al., 2004; Ton et al., 2007; Erb et al., 2009), and is responsible for indole 
emission. The Bx1 gene is under developmental control and mediates indole production 
as a substrate for BX biosynthesis. To determine the role of BXs in defence against aphids 
and fungi, we determined basal resistance of wild-type and mutant bx1 plants in the igl 
mutant background, thereby preventing BX production from aphid- or fungus-induced IGL. 
These bx1 igl double mutant lines were derived from two independent reciprocal crosses 
between a Mutator (Mu)-induced mutant in the Igl gene, and the original bx1bx1 mutant 
(Hamilton, 1964). Since both parental plants have different genetic backgrounds, their 
progeny lines in the F3, F4 and F5 generation are still segregating for genetically different 
alleles from the parental plants. However, these segregation patterns can be expected to 
largely differ between the two independent progeny lines. Hence, defence phenotypes that 
are consistently expressed in both bx1 igl progeny lines are unlikely due to segregating genes 
from the parental backgrounds, but are rather caused by their inability to produce BXs. 
Moreover, apoplastic infiltration with the BX compound DIMBOA (2,4-dihydroxy-7-methoxy-
2H-1,4-benzoxazin-3(4H)-one) stimulated callose deposition (Chapter 3; Figure 8). Together 
with the defence phenotypes of the BX-deficient bx1 igl lines, these results validate the 
conclusion that apoplastic DIMBOA stimulates callose deposition in maize. 
 One major objective of this study was to establish whether there is a causal link 
between aphid resistance and the presence of an intact BX1 gene. Our results clearly 
demonstrate that this is the case; aphid survival rate and weight gain were higher on bx1 
igl plant than Bx1 igl plants from both crosses (Figure 1; Chapter 3). Our results compliment 
numerous studies which report correlations between aphid performance and BX 
concentration in plants or in their feeding substrates. For example, rate of intrinsic weight  
increase of the grain aphid Sitobion avenae, the cherry-oat aphid Rhopalosiphum padi and 
mean relative growth rates of greenbug Schizaphis graminum and S.avenae were negatively 
correlated with BX levels in wheat seedlings(Leszczynski and Dixon, 1990; Thackray et 
al., 1990; Givovich and Niemeyer, 1994). In another study, 20 Hungarian wheat varieties 
differing in BX levels were tested for infestation rating by R.padi under field conditions 
and an inverse relationship was reported between infestation rate and BX concentration 
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(Gianoli et al., 1996). Similarly, time ingesting from diets containing different quantities of 
BXs (DIMBOA and DIMBOA-glc) was negatively correlated with BX concentration for five 
cereal aphid species: M.dirhodum, R.padi, R.maidis, S.avenea and S.gramnium suggesting a 
role of BXs as feeding deterrent (Givovich and Niemeyer, 1994). Performance of the Russian 
wheat aphid (Diuraphis noxia) was lower on wheat cultivars with augmented levels of BXs 
than those having lower quantities. In this study, aphid performance was measured by the 
time aphids took to reach their feeding site and the number of aphids ultimately reaching 
phloem. Aphids took more time to reach the phloem and a lower proportion of them were 
able to reach the phloem of the cultivar with higher BXs contents and vice versa (Givovich 
and Niemeyer, 1996).
 The second objective of the work outlined in Chapter 3 was to examine the role 
of BXs in maize defence against the necrotrophic fungal pathogen S. turcica. Pathogen 
colonization was scored by measuring fungal hyphael lengths and the relative amount of 
arrested fungal spores. As expected, Bx1 igl lines from both crosses were more resistant 
to S. turcica than the corresponding bx1 igl lines (Chapter 3; Figure 3), demonstrating 
that BXs play a role in basal resistance against microbial pathogens. In wheat and maize, 
different studies have provided correlative evidence for the role of BXs in basal defense 
against different pathogens, such as Helminthosporium turticum, Ceplphalosporium maydis, 
and Puccinia graminis (Niemeyer, 2009). Our study has provided genetic and physiological 
evidence for a significant contribution of maize BXs to basal resistance against pathogenic 
fungi.

DIMBOA: A NOVEL APOPLASTIC REGULATOR OF POST-INVASIVE DEFENCE IN MAIZE

BXs are induced upon pathogen/insect attack (Leszczynski and Dixon, 1990; Weibull and 
Niemeyer, 1995; Gianoli and Niemeyer, 1997) and our data from Chapter 3 are in agreement 
with these findings. Interestingly, we found that most of these inductions took taking place in 
the extracellular spaces (apoplast) of the leaf tissue. We chose to quantify BX concentrations 
in the apoplast because the aphid stylet has to pass through this compartment to reach it 
feeding site, the phloem, and fungal hyphae colonize the apoplast. As we hypothesised, 
the most prominent increases in BXs upon aphid feeding, fungal infection and chitosan 
treatment were found in the apoplastic fluid. These findings provide novel insight into the 
role of BXs in fungal and aphid resistance. It was previously postulated that the release 
of toxic BXs are dependent on tissue disruption/damage. Our study reveals for the first 
time that BX dependent resistance in maize does not depend entirely on tissue disruption. 
Although chewing insects inflict major tissue disruption, thereby causing cellular release of 
vacuolar metabolites, the early stages of infestation by aphids and fungi are not associated 
with major tissue damage. Nevertheless, induction of BX accumulation by these pests 
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occurred at time-points long preceding major tissue damage. Moreover, it was shown that 
apoplastic accumulation of DIMBOA signals increased callose deposition (Figure 8; Chapter 
3), presumably to keep the accumulation of anti-microbial metabolites concentrated at the 
sites of colonization. Hence, apoplastic localisation of DIMBOA contributes to early-acting 
post-invasive defence, which is not only based on its biocidal activity, but also on its role as 
apoplastic callose-promoting signal. It would be interesting to investigate whether aphids 
and pathogenic fungi have co-evolved specific effectors that block apoplastic secretion of 
benzoxazinoid-glucosides and/or hydrolytic activity of corresponding beta-glucosidases.
 Further research needs to be carried out to answer unanswered questions about the 
cellular mechanisms regulating apoplastic accumulation of BXs. What are the mechanisms 
by which BX compounds are deposited into the apoplast? Are the BX compounds secreted 
in the glycosylated form, along with the corresponding beta-glucosidases? How is the 
apoplastic DIMBOA perceived by the plant cell? A better understanding of these processes 
may provide the means to manipulate these processes and enhance resistance against pests 
and diseases. Of the possibilities to be considered, the most obvious would involve a direct 
release of toxic BXs from the vacuole or cytoplasm to the apoplast, mediated via a plasma 
membrane transport system. Microscopic studies using specific antibodies against the 
BX-specific beta-glucosidases Glu1 and Glu2 (Cicek and Esen, 1999) could reveal whether 
hydrolysis of BX-glycosides takes place before or after translocation to the apoplast. 
Alternatively, a forward genetic analysis of PAMP-induced callose deposition could be 
considered. For instance, a nested association mapping (NAM) population, consisting of 25 
recombinant inbred-line (RIL) populations has been developed  in maize and been  used to  
dissect  resistance traits in maize (Poland et al., 2011). Using the same mapping population, 
similar studies can be performed to explore the molecular-genetic basis of callose-mediated 
defence in maize against aphids and fungi.
 Early acting post-invasive defence is marked by events such as reactive oxygen 
species accumulation and callose deposition (Luna et al., 2011). The work by Clay et al. (2009) 
revealed that indolic glucosinolates in Arabidopsis play a regulatory role in flagellin-induced 
callose deposition. This discovery pointed to the possibility that indole-derived secondary 
metabolites BXs in cereals could play a similar role in PAMP-induced callose deposition 
in maize. The results presented in Chapter 3 confirmed this hypothesis and suggest an 
evolutionary conserved signalling role of indolic metabolites in early post-invasive defence 
across the plant kingdom.

SIGNALLING ROLE OF DIMBOA IN THE RHIZOSPHERE

Apart from their role in aboveground plant defence, BXs also function in belowground plant 
defence. BXs are exuded from roots into the rhizosphere, where they act as allelochemicals, 
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or exert antimicrobial activities (Niemeyer, 2009). The study described in Chapter 4 describes 
the belowground impact of BXs in maize-rhizobacteria interactions. 
 The plant root system not only provides support and intake of nutrient and water, 
but is also a source of secondary metabolites. Plant roots produce and store a blend of 
chemicals/metabolites, and can release them in the form of root exudates into their 
immediate vicinity: the rhizosphere. The presence of chemicals in root exudates has a well-
documented role in manipulating and dictating the plant’s relationship with pathogenic 
and symbiotic microbes in the rhizosphere. A well know class of chemicals that are present 
in root exudates are the isoflavones. These compounds have been identified from root 
exudates of soybean, which attract nitrogen fixing bacteria Bradyrhizobium japonicum and a 
pathogen Phytopthora sojae towards roots (Bais et al., 2006). Similarly L-malic acid has been 
reported to be released by Arabidopsis thaliana in their root exudates, which selectively 
attracts the plant-beneficial rhizobacterial strain Bacillus subitilis FB17  (Rudrappa et al., 
2008). In support of this, the results presented in Chapter 4 provides evidence that maize 
roots release DIMBOA, which stimulates chemotaxis-related gene expression and in vitro 
chemotaxis in P. putida KT2440 (Chapter 4; Figures 3 & 4). However, in order for rhizobacteria 
to establish a plant-beneficial interaction, they not only need to locate their host, but they 
also need to be capable of tolerating toxic chemicals that are present in the exudates. The 
ability to tolerate and detoxify these chemicals will provide a competitive advantage to these 
microbes over other strains that are incapable of tolerating these toxic chemicals in the 
rhizosphere. Indeed, P. putida KT2440 were tolerant to DIMBOA in comparison to other soil-
borne bacteria and its exposure to DIMBOA elicited gene expression that is associated with 
benzoate breakdown (Chapter 4; Table I). Moreover, in vitro analysis of DIMBOA stability 
indicated that DIMBOA tolerance of KT2440 bacteria is based on metabolism-dependent 
breakdown of DIMBOA and 6-methoxy-benzoxazolin-2-one (MBOA), a product of DIMBOA 
degradation (Chapter 4; Figure 2). Chapter 4 finally revealed that DIMBOA-exuding roots of 
Bx1 igl plants allowed higher levels of P. putida KT2440 colonized than did DIMBOA-deficient 
bx1 igl plants. It is, therefore, likely that the increased bacterial colonization of BX-producing 
roots is the additive result of positive chemotaxis and tolerance to DIMBOA. 
 Root colonization of Arabidopsis by P. putida KT2440 elicits an induced systemic 
resistance response against P. syringae pv. tomato DC3000 (Matilla et al., 2010). Moreover, 
preliminary data from our laboratory have revealed that colonization of maize roots by 
KT2440 bacteria primes emission of wound-inducible volatiles (Figure 3). Hence, P. putida 
KT2440 is a rhizobacterial strain with plant-beneficial characteristics. Together with the 
data presented in Chapter 4, these results suggest that BXs fulfil a signalling role in the 
rhizosphere to recruit and select for plant-beneficial bacteria. Interestingly, however, a 
recent study by Robert et al., (2012) revealed that these BX signals can also be used by the 
specialised root herbivore (Diabrotica virgifera) to locate their hosts. Hence, BXs are potent 
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rhizospheric signals that can recruit and select for a plant-beneficial microbes, but they can 
also be exploited by specialist herbivores to locate roots of their plant hosts.

POTENTIAL OF PLANT-BENEFICIAL RHIZOBACTERIA FOR SUSTAINABLE CROP 
PROTECTION

Plant disease caused by various pathogens is a cosmopolitan dilemma imposing major 
constraint on food production and ecosystem stability. Plants diseases are traditionally 
treated with agrochemicals. However, the use of pesticides is associated with several 
negative aspects, including resistance development of the pest to the applied agent, non-
targeted environmental impacts, the carbon foot print associated with pesticide application, 
and the growing cost of production, particularly in the developing world. In the developed 
world, there is also an increasing consumer demand for pesticide-free food. For instance, 
recent EU regulation (Regulation (EC) No 396/2005 of the European Parliament and of the 
Council) on the use of agrochemicals has stimulated the search for alternative methods of 
disease control. Thus, biological control has become an attractive alternative to manage 
pests and diseases under the current political scenario in the EU.

Figure 3: Root colonization by P. putida KT2440 primes wild-type maize for augmented emission 
of wound-inducible volatile organic compounds (VOCs). Shown are average peak values per g fresh 
weight from 1-week-old plants (n = 6 ± SEM). Plants had been grown in soil supplemented with P. putida 
KT2440 bacteria, as described in Chapter IV. Data were obtained by GC-MS analysis of headspace 
samples, which had been entrained over a 16 h period after mock treatment, or induction treatment 
by leaf damage with forceps that been dipped into a solution of 250 µM JA.
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 There are different ways by which rhizobacteria can protect plants. These include 
competition for nutrients (Kamilova et al., 2005), siderophore-mediated competition for iron 
(Schippers et al., 1987), signal interference (Lin et al., 2003), antibiosis (Haas and Keel, 2003) 
and ISR (Zamioudis and Pieterse, 2011). Interestingly, transcriptome analysis of DIMBOA-
exposed P. putida revealed enhanced expression of the phzF gene (Chapter 4, Table I), 
which encodes an enzyme in the biosynthesis of the broad-spectrum antibiotic phenazine 
(Blankenfeldt et al., 2004). These results suggest that DIMBOA exudation from cereal roots 
has the potential to boost phenazine production by natural Pseudomonas bacteria in the 
rhizosphere, which has been linked to suppression of take-all disease (Thomashow and 
Weller, 1988). Moreover, preliminary evidence suggests that root colonization by P. putida 
KT2440 primes emission of wounding-inducible volatiles aboveground (Figure 3). These 
volatiles have well-known functions in the recruitment of natural enemies of herbivores 
(Turlings and Ton, 2006), and some can also serve as long-distance signals to prime defence 
in neighbouring plants (Heil and Ton, 2008). The study described in Chapter 4 demonstrates 
that BXs can act as belowground signals to recruit and select for plant-beneficial P. putida 
bacteria. This discovery is exploitable for plant breeder and biotech companies to sustainably 
manage pests and diseases by selecting for cereal crops that exude increased amounts 
of DIMBOA from their roots. Furthermore, it was recently reported that mycorrhization 
increases DIMBOA levels in maize roots (Song et al., 2011). It is known that mycorrhization 
causes major changes in the rhizobacterial community (Linderman, 1988). Considering 
the results in Chapter 4, DIMBOA may be a driving factor behind this plant-beneficial 
mycorrhizoshere effect.
 Classical breeding strategies can be used to select varieties with an enhanced 
capacity to exudate DIMBOA in the roots. If these breeding schemes can be combined with 
the selection for increased BX content aboveground, these varieties will not only be able to 
better in recruiting a disease-suppressing rhizosphere, but they will also be more resistant 
to pests and diseases aboveground. Less targeted approaches can be used to identify similar 
traits in non-cereal crops. With the next-generation sequencing technologies becoming 
more cost-efficient, it will become possible to carry out large-scale QTL analyses in order 
to associate crop performance in terms of growth and stress resistance with metagenomic 
profiles in the rhizosphere (Poland et al., 2011; Bisseling et al., 2009). Such an approach will 
lead to the identification of novel plant genes that promote the establishment of a disease-
suppressing and growth-promoting rhizosphere.
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Basal resistance involves a multitude of pathogen- and herbivore-inducible defence 
mechanisms, ranging from localized callose deposition to systemic defence gene induction 
by salicylic acid (SA) and jasmonic acid (JA). It is commonly assumed that the speed and 
intensity of these inducible defences determines the effectiveness of basal resistance.
 To examine the genetic basis of basal resistance, the genetic basis of responsiveness 
of basal defence mechanisms was investigated within a selection of Arabidopsis accessions. 
As is described in Chapter 2 of this thesis, responsiveness of the PDF1.2 gene to exogenously 
applied JA correlated positively with basal resistance against the necrotrophic fungus 
Plectosphaerella cucumerina and the generalist herbivore Spodoptera littoralis. Conversely, 
accessions with increased sensitivity of the PR-1 gene upon application of SA were more 
resistant to the hemi-biotrophic pathogen Pseudomonas syringae, and expressed higher 
levels of defence-related transcription factor (TF) genes. Unexpectedly, however, accessions 
with primed responsiveness to SA deposited comparatively little callose after treatment with 
microbe-associated molecular patterns (PAMPs). Subsequent quantitative trait locus (QTL) 
analysis identified two loci regulating PAMP-induced callose and one locus regulating SA-
induced PR-1 expression. The latter QTL was found to contribute to basal resistance against 
P. syringae. None of the defence regulatory QTLs influenced plant growth, suggesting that 
the constitutive defence priming conferred by these loci is not associated with major costs 
on plant growth. This study shows that natural variation in basal resistance can be exploited 
to identify genetic loci that prime the plant’s basal defence arsenal.
 Chapter 3 of this thesis describes the contribution of benzoxazinoids (BXs) in 
basal resistance of maize. BXs, such as 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-
one (DIMBOA), are pharmaceutically active secondary metabolites in Poaceae. The first 
dedicated reaction of the BX biosynthesis pathway converts indole-3-glycerol phosphate 
into indole. In maize, this reaction is catalysed by either Benzoxazineless 1 (BX1), or Indole 
glycerol phosphate lyase (IGL). The Bx1 gene of maize is under developmental control and 
is mainly responsible for BX production, whereas the Igl gene is inducible by stress signals, 
such as wounding, herbivory, or jasmonates. To determine the role of BXs in defence against 
aphids and fungi, basal resistance was compared between Bx1 wild-type and bx1 mutant 
lines in the igl mutant background, thereby preventing BX production from IGL. Compared 
to Bx1 wild-type plants, BX-deficient bx1 mutant plants were more susceptible to the cereal 
aphid Rhopalosiphum padi, and the necrotrophic fungus Setosphaeria turtica. Furthermore 
infestation by R. padi and S. turtica elicited increased accumulation of DIMBOA-glucoside, 
DIMBOA and HDMBOA-glucoside, which was most pronounced in apoplastic leaf extracts. 
Treatment with the defence elicitor chitosan similarly enhanced apoplastic accumulation 
of DIMBOA and 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one (HDMBOA)-glucoside, 
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but repressed transcription of genes controlling BX biosynthesis downstream of BX1. This 
repression was also obtained after treatment with the BX precursor indole and DIMBOA, 
but not with HDMBOA-glucoside. Hence, apoplastic DIMBOA acts as a negative regulator 
of its own biosynthesis genes. To further examine the regulatory role of apoplastic DIMBOA 
in plant defence, BX-deficient bx1 mutant lines were examined for callose deposition upon 
treatment with the fungus- and insect-derived PAMP chitosan. This experiment revealed 
that bx1 mutant lines deposited considerably less chitosan-induced callose than did Bx1 
wild-type lines. Moreover, apoplastic leaf infiltration with DIMBOA, but not HDMBOA-
glucoside, mimicked chitosan-induced callose. Together, these results strongly suggest that 
apoplastic DIMBOA not only functions as a biocidal defence compound, but also act as a 
within-plant signal to control PAMP-induce callose deposition.
 BXs have also been implicated in basal defences belowground, where they can 
exert allelochemical or antimicrobial activities. Chapter 4 of this thesis describes a study 
into the impact of BXs on the interaction between maize and Pseudomonas putida 
KT2440, a competitive coloniser of the maize rhizosphere with plant-beneficial traits. 
Chromatographic analyses revealed that DIMBOA is the dominant BX compound in root 
exudates of maize during the early developmental stages of the plant. In vitro analyses of 
DIMBOA stability indicated that DIMBOA tolerance of P. putida KT2440 bacteria is based on 
metabolism-dependent breakdown of DIMBOA. Transcriptome analysis of DIMBOA-exposed 
P. putida confirmed increased transcription of genes controlling benzoate catabolism. This 
transcriptome analysis also revealed DIMBOA-inducible expression of genes that is involved 
in bacterial motility. Subsequent chemotaxis assays verified motility of P. putida towards 
DIMBOA. Moreover, colonisation essays with GREEN FLUORESCENT PROTEIN (GFP)-
expressing P. putida showed that DIMBOA-producing roots of Bx1 wild-type lines attract 
significantly higher numbers of P. putida cells than roots of DIMBOA-deficient bx1 mutant 
lines. In combination with Chapter 3, the results described in Chapter 4 demonstrate a central 
signalling role for DIMBOA during the regulation of basal plant defence. Aboveground, 
DIMBOA acts as a defence regulatory signal of maize basal resistance, while belowground 
this compound acts as a semiochemical for recruitment of beneficial rhizobacteria during 
the relatively young and vulnerable growth stages of maize. 
 Preliminary results presented in the general Discussion (Chapter 5) indicate that 
root colonization by Pseudomonas putida primes aboveground basal defences against 
herbivores, thereby further highlighting the central and multifaceted function of DIMBOA 
in maize basal resistance. 



141

Samenvatting

Samenvatting

Basale resistentie in planten is gebaseerd op de effectiviteit van verscheidene pathogeen- 
en herbivoor-induceerbare verdedigingsmechanismen. Deze variëren van gelokaliseerde 
callose depositie in de epidermale celwand tot systemische gen-inductie door de 
plantenhormonen salicylzuur (SA) en jasmonzuur (JA). Het wordt algemeen aangenomen 
dat de snelheid en intensiteit van deze induceerbare verdedigingsmechanismen bepalend 
zijn voor de effectiviteit van basale resistentie in planten.
 Hoofdstuk 2 beschrijft een genetische analyse van basale resistentie in Arabidopsis 
thaliana (Arabidopsis). Hiertoe werd allereerst de natuurlijke variatie in gevoeligheid van 
basale afweermechanismen bepaald in een selectie van zes Arabidopsis accessies. De 
responsiviteit van het PDF1.2 gen na toediening van JA correleerde met een verhoogde 
basale resistentie tegen de necrotrofe schimmel Plectosphaerella cucumerina en de 
generalistische herbivoor Spodoptera littoralis. Omgekeerd, accessies met een verhoogde 
inductie van het PR-1 gen na toediening van SA, bleken beter bestand tegen het hemi-
biotrofe pathogeen Pseudomonas syringae. Bovendien lieten deze accessies een hogere 
constitutieve expressie zien van afweer-gerelateerde transcriptiefactor (TF) genen. Een 
opmerkelijke bijkomstige waarneming was dat de accessies met een gesensitiseerde 
SA respons een relatief lage afzetting van callose lieten zien aan de epidermale celwand 
na toediening van het “pathogen-associated molecular pattern” (PAMP) chitosan. Een 
quantitative trait locus (QTL) analyse identificeerde vervolgens twee loci op chromosoom III, 
welke beide een regulerende werking uitoefenen op PAMP-geïnduceerde callose depositie. 
Een andere locus op chromosoom IV liet een duidelijke invloed zien op de regulering van SA-
geïnduceerde PR-1 expressie. Deze laatste QTL bleek bij te dragen aan de basale resistentie 
tegen P. syringae. Geen van de afweer-gerelateerde QTLs beïnvloedde de groei van planten, 
hetgeen suggereert dat constitutieve sensitisering van afweer door deze loci niet gepaard 
gaat met grote fitness kosten op plantengroei.
 Hoofdstuk 3 beschrijft een onderzoek naar de bijdrage van aromatische 
metabolieten in de basale resistentie van maïs. Deze zogenaamde “benzoxazinoids” (BXs), 
zoals 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA), zijn biologisch 
actieve secundaire metabolieten in  grassen (Poaceae). De eerste specifieke reactie in 
de BX biosynthese route zet indole-3-fosfaat om in glycerol indole. In maïs wordt deze 
reactie gekatalyseerd door BENZOXAZINELESS 1 (BX1) of INDOOL GLYCEROL fosfaat lyase 
(IGL). Het corresponderende Bx1 gen is onder ontwikkelings-afhankelijke controle en is 
voornamelijk verantwoordelijk voor BX productie gedurende de vroege ontwikkelingsstadia 
van de plant, terwijl het corresponderende Igl gen induceerbaar is door stress-signalen, 
zoals verwonding, herbivorie, of jasmonaten. Om de rol van BXs in basale resistentie tegen 
bladluizen en schimmels te bepalen, werd de basale weerstand vergeleken tussen Bx1 wild-
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type en gemuteerde bx1 lijnen in de genetische achtergrond  van de Igl mutant. Hiermee kon 
de stress-induceerbare inductie van BXs door IGL uitgesloten worden. In vergelijking met 
Bx1 wild-type planten, waren BX-deficiënte bx1 planten meer vatbaar voor het de bladluis 
Rhopalosiphum padi, en de necrotrofe schimmel Setosphaeria turtica. Verder induceerden 
R. padi en S. turtica een verhoogde de accumulatie van DIMBOA-glucoside, DIMBOA en 
HDMBOA-glucoside, welke het meest uitgesproken was in apoplastische blad extracten. 
Behandeling met de PAMP chitosan verhoogde eveneens de apoplastisch accumulatie 
van DIMBOA en 2-hydroxy-4,7-dimethoxy-1,4-benzoxazine-3-on (HDMBOA)-glucoside, 
maar onderdrukte de transcriptie van genen in BX biosynthese. Deze transcriptionele 
onderdrukking werd ook waargenomen na behandeling met de BX precursor indole en 
DIMBOA, maar niet na toedining van HDMBOA-glucoside. Onderzoek naar de regulerende 
capaciteit van DIMBOA op callose depositie wees uit dat de BX-deficiënte bx1 mutant 
minder chitosan-geïnduceerde callose liet zien dan de corresponderende Bx1 wild-type 
lijnen. Verder leidde apoplast infiltratie met DIMBOA, maar niet HDMBOA-glucoside, tot 
callose depositie. Deze resultaten suggereren dat DIMBOA functioneert als een extracellulair 
signaal in de regulatie van PAMP-geinduceerde basale resistentie in mais.
 Benzoxazinoids (BXS) zijn ook betrokken in ondergrondse basale resistentie, waar 
ze allelopathische of antimicrobiële activiteiten kunnen uitoefenen. Hoofdstuk 4 beschrijft 
de impact van BXs op de interactie tussen maïs en Pseudomonas putida KT2440, een 
competatieve kolonisator van de maïs rhizosfeer met plant-heilzame eigenschappen, zoals 
groeibevordeinrg en verhoging van basale resistentie. Chromatografische analyses wezen 
uit dat DIMBOA de belangrijkste BX is in wortelexudaten van maïs. In vitro analyse van de 
stabiliteit van DIMBOA lieten zien dat DIMBOA-tolerantie van P. putida KT2440 bacteriën is 
gebaseerd op een metabolisme-afhankelijke afbraak van DIMBOA. Transcriptoom analyse 
van DIMBOA-behandelde P. putida suggereerde vervolgens een toegenomen transcriptie 
van genen in de afbraak van aromatische verbindingen, hetgeen de DIMBOA tolerantie 
verklaart. Verder wees dezelfde transcriptoom analyse op een verhoogde expressie van 
genen die de motiliteit van bacteriën beinvloeden. In vitro chemotaxis experimenten 
bevestigde dat P. putida cellen zich inderdaad naar een bron van DIMBOA toebewegen. 
Bovendien lieten wortelkolonisatie assays zien dat DIMBOA-producerende wortels van wild-
type maïs aanzienlijk grotere aantallen van P. putida cellen aantrokken dan wortels van de 
DIMBOA-deficiënte bx1 mutant. De resultaten uit hoofdstuk 3 en hoofdstuk 4 tonen aan 
dat DIMBOA een centrale rol speelt in de regulatie van basale resistentie in zowel boven- 
als ondergrondse delen van maïs. In de bladeren van maïs functioneert DIMBOA als een 
afweer-regulerend  signaal. In de wortel-exudaten functioneert DIMBOA als een signaalstof, 
die een belangrijke motor is achter de aantrekking van nuttige rhizobacteriën tijdens de 
relatief jonge en kwetsbare groeistadia van maïs.
 Het onderzoek wat beschreven staat in dit proefschrift heeft belangrijke 
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inzichten opgeleverd in de rol van specifieke moleculen, genen en mechanismen in basale 
ziekteresistentie van planten en kan een bijdrage leveren aan het verbeteren van de 
weerbaarheid van planten. 
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