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Plants are very capable to defend themselves against the dangers of the environment. In 
general, a plant is resistant to the majority of potentially harmful organisms. This non-host 
resistance is in part based on pre-existing physical barriers, such as thick cuticles, rigid cell 
walls, as well as aggressively looking thorns, needles and trichomes, which deter many 
malevolent micro-organisms and herbivores (Heath, 2000; Lucas et al., 2000; Kamoun, 2001; 
Agrawal and Fishbein, 2006). In addition, plants contain toxic or repellent compounds 
(Osbourn, 1996). Besides these constitutive physical or chemical defense barriers, plant also 
possess pre- and post-invasive inducible defenses that contribute to non-host resistance (Lipka 
et al., 2005). Even when pathogens do manage to find a way to infect a certain host species, the 
plant will not surrender easily.  
 
 
INDUCIBLE DEFENSE RESPONSES AGAINST MICROBIAL 
PATHOGENS 
 
The majority of potential pathogens are recognized by common features like flagellin, 
lipopolysaccharides, glycoproteins and chitin, referred to as pathogen or microbe-associated 
molecular patterns (PAMPs/MAMPs; Bittel and Robatzek, 2007). After recognition by 
transmembrane pattern recognition receptors (PRRs), a wide variety of MITOGEN-
ACTIVATED PROTEIN KINASE (MAPK) dependent signaling events occur, ultimately 
leading to PAMP triggered immunity (PTI; Jones and Dangl, 2006). Ethylene (ET) emission 
and the production of reactive oxygen species (ROS) are one of the earliest responses after 
pathogen recognition (Zipfel and Felix, 2005). Deposition of callose to reinforce the cell wall 
at the site of pathogen attack, the synthesis of PR (PATHOGENESIS-RELATED) proteins 
and phytoalexins, and the transcriptional activation of other defense-related genes all 
contribute to PTI, acting at different stages of infection (Jackson and Taylor, 1996; Nürnberger 
et al., 2004; Lipka et al., 2005; Van Loon et al., 2006b). The first line of inducible plant defense 
concentrates on preventing pathogens to penetrate the host tissue. Recently three novel 
regulatory genes were identified in a screen for mutants impaired in penetration resistance to 
the barley powdery mildew fungus Blumeria graminis f. sp. hordei in its non-host Arabidopsis 
thaliana. These PEN (PENETRATION) genes, PEN1, PEN2, and PEN3 encode, respectively, 
a syntaxin protein, a glycosyl hydrolase and an ABC transporter, which are assumed to take 
part in vesicle-associated cell wall reinforcement and/or secretion of antimicrobial compounds 
(Collins et al., 2003; Assaad et al., 2004; Lipka et al., 2005; Kobae et al., 2006; Stein et al., 2006). 
Pre-penetration resistance against bacterial pathogens also involves the closure of the plant’s 
stomata upon attack to limit microbial invasion (Melotto et al., 2006). 
 If pathogens are able to overcome this first layer of defense, they face a second layer 
of defense consisting of the accumulation of compounds with antimicrobial properties, like PR 
proteins and phytoalexins (Jackson and Taylor, 1996; Van Loon et al., 2006b). These defenses 
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are induced and not expressed constitutively, presumably because they entail fitness costs when 
expressed under enemy free conditions (Heil, 2002; Heil and Baldwin, 2002).  

Successful pathogens have evolved the ability to circumvent or suppress plant defense 
mechanisms. Bacteria deliver numerous effector proteins into host cells using type III 
secretion systems (TTSS). These effectors contribute to pathogen virulence, either by 
redirecting plant cellular processes to obtain more nutrients from the plant or by suppressing 
PTI (Espinosa and Alfano, 2004; Grant et al., 2006). For example, a Pseudomonas syringae strain 
that was mutated in its TTSS, and therefore unable to deliver any effector to its host, triggered 
a faster and stronger defense response than the non-mutated wild-type strain (Jakobek et al., 
1993; Nomura et al., 2005). Effector triggered susceptibility is not restricted to bacterial 
pathogens. Also fungal and oomycete pathogens successfully deploy effectors to suppress host 
defenses. How they are delivered to the host cell and contribute to pathogen virulence is still 
largely unknown. Recently, Van Esse et al. (2008) discovered that the fungal Avr2 effector of 
Cladosporium fulvum contributes to pathogen virulence by inhibiting several proteases that play a 
role in basal defense. Although successful pathogens can partly suppress PTI, this weakened 
PTI response, defined as basal resistance, still contributes to slowing down the invading 
pathogen.  

During the evolutionary arms-race between plants and pathogens, resistance (R) 
genes arose in plants as an answer to the pathogen’s effector proteins (Dangl and Jones, 2001). 
The corresponding R-proteins can specifically recognize, directly or indirectly, pathogenic 
effectors. The recognition of these effectors, previously called avirulence factors, results in an 
accelerated and amplified defense response, named effector triggered immunity (ETI) or R-
gene-mediated resistance (Jones and Dangl, 2006). R-gene-mediated pathogen recognition 
often leads to localized cell death to inhibit further growth of the pathogen, a defense 
mechanism known as the hypersensitive response (HR) (Greenberg et al., 1994). Since HR 
involves cell death it is not surprising that ETI is mostly effective against pathogens with a 
(hemi-)biotrophic life-style (Glazebrook, 2005). Resistance against pathogens with a 
necrotroph life-style has a more multigenic and quantitative character (Denby et al., 2004).  
 
 
SIGNALS INVOLVED IN THE ACTIVATION OF INDUCIBLE 
DEFENSE RESPONSES 
 
The plant hormones salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) have repeatedly 
been implicated as key players in the regulation of induced defense mechanisms. Whereas SA 
and JA are the main players, ET has a more modulating role (Van Loon et al., 2006a). These 
hormones accumulate in response to pathogen infection or insect attack, resulting in the 
transcriptional re-programming of the plant cell to activate distinct sets of defense-related 
genes (Maleck et al., 2000; Schenk et al., 2000; Glazebrook et al., 2003; Van Wees et al., 2003; 
Reymond et al., 2004; De Vos et al., 2005). In response to attack, plants produce highly 
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attacker-specific hormonal blends. This so-called “signal signature” contributes to the 
specificity of the plant’s defense response and regulates different defense mechanisms effective 
against a variety of different pathogens (Reymond and Farmer, 1998; De Vos et al., 2005). In 
this way, resistance is specifically tailored to the attacking pathogen to minimize fitness costs 
due to the activation of unnecessary defenses (Pieterse and Dicke, 2007).  

It is generally accepted that SA-inducible defenses are most effective against 
biotrophic pathogens, whereas JA- and/or ET-inducible defenses are predominantly associated 
with defense against necrotrophic pathogens and herbivorous insects (Thomma et al., 1998; 
Glazebrook, 2001). However, this classification is oversimplified and many exceptions have 
been described (Thaler et al., 2004; Stout et al., 2006). In addition, in different plant species 
different signal transduction pathways can contribute to defense against specific pathogens. 
For example, whereas SA-dependent defenses seem to contribute to basal defense against 
Botrytis cinerea in tobacco, in tomato basal defense against B. cinerea is SA-independent (Achuo et 
al., 2004). 
  
Role of SA in defense signaling  
The importance of SA in the regulation of induced defenses became apparent through 
experiments with transgenic NahG tobacco and Arabidopsis plants. NahG plants are incapable 
to accumulate SA due to constitutive expression of the bacterial salicylate hydroxylase gene 
(NahG), which converts SA into catechol (Gaffney et al., 1993; Delaney et al., 1994). NahG 
plants were more susceptible to oomycete, fungal, bacterial and viral pathogens (Delaney et al., 
1994; Kachroo et al., 2001). Also Arabidopsis mutants unable to raise SA production upon 
pathogen attack, such as enhanced disease susceptibility 1 (eds1), salicylic acid induction deficient 1 and 2 
(sid1, sid2, allelic to respectively eds5 and eds16) and phytoalexin-deficient 4 (pad4) are more 
susceptible to the oomycete Hyaloperonospora arabidopsidis, formerly known as (Hyalo)peronospora 
parasitica, and the bacterial pathogens P. syringae pv. tomato DC3000 and Xanthomonas campestris 
pv. raphani, confirming the importance of SA as a regulator of basal plant resistance (Rogers 
and Ausubel, 1997; Zhou et al., 1998; Nawrath and Métraux, 1999).  

Pathogen-induced accumulation of SA coincides with the expression of PR genes 
(Van Loon, 1997). Several studies have identified NPR1 (NONEXPRESSOR OF PR GENES 
1), also known as NIM1 (NON IMMUNITY 1) or SAI1 (SALICYLIC ACID-INSENSITIVE 
1), as a key regulator in SA-dependent signaling (Cao et al., 1994; Delaney et al., 1995; Shah et 
al., 1997). SA-induced redox changes have been shown to reduce inactive NPR1 oligomers to 
monomers, which subsequently translocate to the nucleus (Mou et al., 2003). In the nucleus 
NPR1 can interact with different transcription factors (TFs), such as TGAs and a select group 
of WRKYs, to regulate the expression of downstream genes, like PR-1 (Fan and Dong, 2002; 
Wang et al., 2006; Figure 1). In addition to TGAs and WRKYs, Wang et al., (2005) identified 
genes involved in the protein secretory pathway as direct targets of NPR1, possibly to ensure 
the proper processing, unfolding and secretion of defense-related proteins during SA-
dependent defense induction.    
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Figure 1: Schematic representation of molecular players in SA-, JA- and ABA-dependent defense 
signaling. Accumulation of SA upon attack by pathogens leads to a change in the redox state of the cell, which 
converts the inactive oligomeric NPR1 complex into active NPR1 monomers. Monomeric NPR1 is 
translocated to the nucleus, where it interacts with TGA transcription factors and several WRKY transcription 
factors to regulate the induction of SA-dependent genes, such as PR-1 (Durrant and Dong, 2004). Necrotrophic 
pathogens activate JA/ET-dependent defenses via the ERF1/ORA59-depedent JA branch, resulting in 
enhanced expression of PDF1.2, CHI, and HEL (Lorenzo et al., 2004; Pre et al., 2008). This ERF1/ORA59-
dependent JA response is antagonistically regulated by the MYC2-dependent JA branch, which is activated in 
response to wounding and is marked by induced expression of VSP2 and LOX2. ABA has a positive effect on 
the MYC2-dependent JA branch (Anderson et al., 2004). Abiotic stress leads to activation of ABA-responsive 
genes like RAB18 and RD29A. Extensive crosstalk occurs between all defense signaling pathways. Scheme 
adapted from Durrant and Dong (2004) and Lorenzo et al. (2004).   
 
Role of JA in defense signaling 
JA and other oxylipin derivatives, collectively called jasmonates (JAs), are considered other key 
regulators of plant responses to biotic challenges. They are produced via the octadecanoid 
pathway upon wounding by insect herbivores or pathogen attack (Wasternack, 2007). The F-
box protein COI1 (CORONATINE INSENSITIVE 1) was discovered to have a central role 
in JA signaling (Feys et al., 1994; Xie et al., 1998). Mutant coi1 plants are completely deprived 
from all JA responses and are consequently enhanced susceptible to various pathogens, like 
Erwinia carotovora (Norman-Setterblad et al., 2000), Alternaria brassicicola, and B. cinerea (Thomma 
et al., 1998). COI1 is part of an SCFCOI1 E3 ubiquitin ligase complex, involved in proteasome-
mediated protein degradation (Devoto et al., 2002; Xu et al., 2002), indicating the involvement 
of ubiquitin-mediated protein degradation of a possible repressor in the JA-dependent signal 
transduction pathway (Devoto et al., 2003). Recently, JAZ (JASMONATE ZIM-DOMAIN) 
proteins were identified as direct targets of the SCFCOI1 E3 ubiquitin ligase complex. These 
JAZ repressor proteins were degraded upon JA treatment (Chini et al., 2007; Thines et al., 
2007). In addition, JAZ1 and JAI3 (JASMONATE-INSENSITIVE 1), another JAZ protein, 
were found to interact with the transcription factor MYC2/JIN1 (JASMONATE 



CHAPTER 1 

14 

 

INSENSITIVE 1; Chini et al., 2007; Thines et al., 2007), a key regulator of JA signaling acting 
downstream of COI1 (Lorenzo et al., 2004). MYC2 and the transcription factor ERF1 (ET 
RESPONSE FACTOR 1) regulate divergent branches of the JA-dependent signal transduction 
pathway, involved in the response to wounding and pathogen attack respectively (Lorenzo et 
al., 2004; Figure 1). Recently, Pre et al. (2008) suggested that ORA59 (OCTADECANOID-
RESPONSIVE ARABIDOPSIS AP2/ERF 59), rather than ERF1, is the main transcription 
factor involved in JA-dependent response to pathogen attack. Whereas MYC2 induces the 
expression of genes such as VSP2 (VEGATIVE STORAGE PROTEIN 2) and LOX2 
(LIPOXYGENASE 2) in response to JA and ABA, ERF1 or ORA59 induces the expression 
of genes like PDF1.2 (PLANT DEFENSIN 1.2), CHI (CHITINASE), and HEL (HEVEIN-
LIKE) in response to JA and ET. Furthermore, both branches are thought to act 
antagonistically of each other (Anderson et al., 2004; Lorenzo et al., 2004). Consistently, jin1 
mutant plants show increased resistance to pathogens (Anderson et al., 2004; Lorenzo et al., 
2004; Nickstadt et al., 2004).  
 
Cross-talk between SA and JA signaling 
As mentioned earlier, SA-inducible defenses are most effective against biotrophic pathogens, 
whereas JA- and/or ET-inducible defenses are predominantly associated with defense against 
necrotrophic pathogens and herbivorous insects (Thomma et al., 1998; Glazebrook, 2001). In 
nature, plants often have to deal with simultaneous or subsequent invasions by very different 
attackers. Therefore, plants need to be able to adequately adapt to changes in their hostile 
environment. Extensive cross-communication between induced defense signaling pathways 
occur to help the plant to fine-tune its defense response to the different attackers present and 
to minimize energy costs of inappropriately induced defenses (Pieterse et al., 2001; Bostock, 
2005). If needed, plants are able to prioritize defense against one attacker above the other. 
Indeed trade-offs between SA-dependent resistance against biotrophic pathogens and JA-
dependent defense against insect herbivores and necrotrophic pathogens have been reported 
(Pieterse et al., 2001; Bostock, 2005; Stout et al., 2006). For example, larvae of Spodoptera exigua 
developed better when tomato and Arabidopsis plants were pretreated with SA, due to 
repression of JA-dependent resistance (Thaler et al., 1999; Cipollini et al., 2004). The regulatory 
protein NPR1 was found to play an important role in this antagonistic effect of SA on JA-
responsive gene expression (Spoel et al., 2003), which is possibly regulated by SA-mediated 
redox modulation of the cell (Koornneef et al., 2008a). However, pathway cross-talk can also 
be synergistic. For example, SA-dependent defenses and JA/ET-dependent defenses have an 
additive effect on the level of induced resistance against virulent P. syringae (Van Wees et al., 
2000). 
 
Role of ABA in defense signaling 
Originally the plant hormone abscisic acid (ABA) was discovered by two independent groups 
to promote the abscission of cotton fruit and to stimulate the buds of sycamore trees to 
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become dormant (Cornforth et al., 1965). Research on ABA has mainly been focused on its 
regulating role in developmental processes, like seed development and germination, 
senescence, and flowering inhibition. ABA has also a primary function in the response of 
plants to abiotic stresses, such as drought, salt, osmotic and cold stress (Finkelstein et al., 
2002a; Finkelstein et al., 2002b). For example, ABA production in response to drought stress 
induces turgor loss in guard cells, resulting in stomatal closure (Schroeder et al., 2001). Drought 
stress induces a variety of ABA-dependent and -independent drought stress-related genes, like 
RAB18 (RESPONSIVE TO ABA 18) and RD29A (RESPONSIVE TO DESICCATION 
29A; Yamaguchi-Shinozaki and Shinozaki, 2006).  

In contrast to the role of ABA in abiotic stress responses, the role of ABA in 
pathogen defense is poorly understood and even controversial. ABA plays an important role in 
the activation of stomatal closure to limit further access to the bacterial leaf pathogen P. syringae 
(Melotto et al., 2006). Noteworthy, coronatine, a jasmonic acid derivate mimic produced by 
virulent P. syringae strains, has been demonstrated to suppress this PAMP-induced stomatal 
closure (Melotto et al., 2006). However, at a later stage of infection, ABA has been reported to 
suppress defense mechanisms activated against this same pathogen (Mohr and Cahill, 2003), a 
process even stimulated by P. syringae itself (de Torres-Zabala et al., 2007).  

ABA has frequently been shown to negatively regulate disease resistance to pathogens 
(Asselbergh et al., 2008), a phenomenon often associated with the antagonistic effect of ABA 
on the SA-dependent signaling pathway (Audenaert et al., 2002; Thaler and Bostock, 2004; 
Mauch-Mani and Mauch, 2005; Yasuda et al., 2008). For example, the ABA-deficient sitiens 
mutant of tomato has an increased resistance to B. cinerea due to a decreased suppression of 
SA-dependent signaling mechanisms (Audenaert et al., 2002). Besides being a known antagonist 
of the SA-dependent signaling pathway, ABA also influences JA-dependent defenses. Through 
the transcription factor MYC2, a positive regulator of ABA signaling (Abe et al., 2003), ABA 
antagonizes JA/ET-regulated pathogen defense genes, like PDF1.2 and HEL (Lorenzo et al., 
2004). Conversely, Adie et al. (2007) recently demonstrated that ABA is an essential signal 
leading to JA biosynthesis in response to infection of the damping-off oomycete Phytium 
irregulare. In this pathosystem, ABA was considered mainly as a positive regulator of JA-
dependent gene expression, even though they confirmed the repression of PDF1.2 gene 
expression by ABA (Adie et al., 2007). Also other examples of ABA positively contributing to 
defense against pathogens are known. For example, ABA stimulates in tobacco callose 
deposition in the plasmodesmata, by suppressing the expression of callose degrading β-1,3-
glucanases, to prevent the tobacco mosaic virus (TMV) from spreading (Whenham et al., 1986; 
Rezzonico et al., 1998). ABA is also required for resistance against the fungus Leptosphaeria 
maculans, the causing agent of blackleg disease in Brassicae, in which both callose-dependent 
and callose-independent mechanisms play a role (Kaliff et al., 2007). In barley, osmotic stress 
induces a papillae-mediated resistance against the powdery mildew fungus Blumeria graminis f. 
sp. hordei. Additionally, enhanced resistance against this pathogen is induced by exogenous 
ABA application (Wiese et al., 2004). Exogenous ABA application also induces a callose-
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dependent resistance mechanism against P. cucumerina and A. brassicicola in Arabidopsis (Ton 
and Mauch-Mani, 2004). The examples above provide a causal link between ABA and callose 
depositions, suggesting a regulating role for ABA in cell wall resistance mediated by callose 
containing papillae (Flors et al., 2005). 

In summary, it is increasingly becoming clear that besides being a key regulator in 
abiotic stress signaling, ABA is also involved in signal transduction pathways regulating 
defenses against biotic stress. Via ABA, abiotic and biotic signal transduction pathways are 
interconnected in various and complex ways (Mauch-Mani and Mauch, 2005; Asselbergh et al., 
2008).  
 
 
SYSTEMICALLY INDUCED RESISTANCE 
 
During the evolutionary arms-race between plants and pathogens, pathogens obtained the 
ability to circumvent or suppress plant defense mechanisms. However, plants can enhance 
their basal defensive capacity against future invaders upon the perception of appropriate 
stimuli. This type of resistance, called induced resistance (IR), is often expressed systemically, 
protecting the entire plant against subsequent pathogen attack (Van Loon, 2000). Characteristic 
for induced resistance is its broad range of effectiveness (Kuc, 1982), in contrast to the narrow 
spectrum of R-gene dependent resistance. The classical form of IR is systemic acquired 
resistance (SAR), which occurs in distal plant parts upon an infection by a necrotizing 
pathogen (Durrant and Dong, 2004). SAR was first observed by Ross (1961), who reported 
that distal non-inoculated leaves of tobacco plants prior infected by TMV were more resistant 
against subsequent infection. Later, SAR was found to be effective in many plant species 
against a broad range of pathogens (Kuc, 1982; Ryals et al., 1996) with a predominantly (hemi-) 
biotrophic lifestyle (Ton et al., 2002b).  
 Besides pathogens, also insect herbivores can induce resistance (Kessler and Baldwin, 
2002; Howe, 2004; De Vos et al., 2006; Ton et al., 2007). The tissue damage caused by chewing 
insects can lead to wound-induced resistance (WIR) due to systemic activation of proteinase 
inhibitors (PIs; Kessler and Baldwin, 2002; Howe, 2004). These proteinase inhibitors obstruct 
the digestive proteases of insects to stop them from further feeding (Farmer and Ryan, 1992). 
Additional to the systemic induction of PIs, also volatiles are produced upon insect infestation, 
which can indirectly protect the plant by attracting the insect’s natural enemies (Turlings et al., 
1990; Dicke et al., 1993). Hence, the production of volatiles by plants to attract parasitic and 
predatory insects to combat attacking herbivores is called indirect induced defense. 
Interestingly, plant volatiles can also enhance the resistance of neighboring plants against 
subsequent insect attack (Baldwin et al., 2006; Ton et al., 2007).  

Plants don’t have to be under attack to enhance their ability to resist future assaults. 
Also beneficial micro-organisms, like mycorrhizal fungi and plant growth-promoting 
rhizobacteria, can elevate the plant’s resistance (Van Wees et al., 2008). A selection of non-
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pathogenic Pseudomonas strains present in the rhizosphere can trigger an induced systemic 
resistance (ISR) response in above ground plant parts. Additional to biologically induced 
resistance, also chemicals can enhance the defense capacity of plants. A well known example is 
the non-protein amino-acid β-aminobutyric acid that can induce broad-spectrum resistance 
(BABA-IR) in a wide range of plant species (Jakab et al., 2001; Cohen, 2002).  
 
SAR 
The induction of SAR is associated with endogenous accumulation of SA, both at the infection 
site and systemically (Mauch-Mani and Métraux, 1998). Furthermore, Arabidopsis mutants 
unable to produce or accumulate SA, like sid1, sid2, pad4, and  transgenic NahG plants, are 
impaired in the development of SAR (Gaffney et al., 1993; Lawton et al., 1995; Zhou et al., 
1998; Nawrath and Métraux, 1999), indicating a role for SA not only in PAMP-triggered or R-
gene-dependent defense responses after pathogen infection, but also in generating an enhanced 
defense capacity against future pathogen attack. Exogenous application of SA and SA 
analogues, like 2,6-dichloroisonicotinic acid (INA) and benzo(1,2,3)thiadiazole-7-carbothioic 
acid S-methyl ester (BTH), can mimic biologically induced SAR (Ward et al., 1991; Uknes et al., 
1992; Lawton et al., 1996). Additional to SA, the presence of the defense regulatory protein 
NPR1 is also required for SAR (Dong, 2004). The onset of SAR is often accompanied by the 
accumulation of PR proteins (Van Loon, 1997), which is preceded by a large-scale 
transcriptional reprogramming of the cell (Maleck et al., 2000). Although some PR proteins are 
thought to contribute to resistance, because several of them possess antimicrobial activity (Van 
Loon and Van Strien, 1999; Van Loon et al., 2006b), direct activation of PR genes alone seems 
not sufficient to explain the broad range of protection (Van Loon, 1997).  

For a long time it has been debated if SA was also the systemic signal to trigger SAR. 
Vernooij et al. (1994) demonstrated that SAR could be expressed in wild-type tobacco plant 
parts grafted on NahG transformed rootstocks infected with TMV. In the reciprocal 
experiment SAR failed to develop, indicating that although needed for the development of 
SAR, SA production is not required for the generation of the mobile signal of SAR. However, 
radioactively labeled SA was still found to be transported from the site of infection to distal 
plant parts in tobacco (Shulaev et al., 1995). Seskar et al. (1998) suggested that methyl salicylic 
acid (MeSA) was the long distant signal in SAR, which is supposed to be converted back to SA 
upon arriving in distal plant parts. In agreement with this, SA METHYL TRANSFERASE 
(SAMT) and the MeSA esterase SABP2 (SA-BINDING PROTEIN 2), were identified in 
tobacco as being essential for SAR (Kumar and Klessig, 2003; Forouhar et al., 2005; Park et al., 
2007).  

Whether MeSA also functions as a critical SAR signal in other plant species remains 
however debatable. In Arabidopsis, for instance, lipid-based molecules might function as long-
distance SAR regulators. First convincing evidence for involvement of lipid-derived long-
distance signals came from the identification of the Arabidopsis dir1 mutant (defective in induced 
resistance 1; Maldonado et al., 2002). Petiole exudates from pathogen-infected dir1 leaves failed 
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to trigger PR-1 gene expression, whereas exudates from infected wild-type leaves did. Because 
DIR1 encodes an apoplastic lipid transfer protein, it was hypothesized that DIR1 may interact 
with a lipid-derived molecule to mediate long-distance signaling. In addition, JA, and not SA 
rapidly accumulated in petiole exudates of pathogen-infected Arabidopsis leaves, and SAR was 
attenuated in the JA response mutant jin1 and the JA biosynthesis mutant opr3 (12-octo-
phytodienoate reductase 3; Truman et al., 2007). However, other studies found that the JA response 
mutants coi1 and jar1 (jasmonate resistant 1) of Arabidopsis are not impaired in SAR expression 
(Pieterse et al., 1998; Cui et al., 2005; Mishina and Zeier, 2007). More insight in the lipid SAR 
signal in Arabidopsis was recently provided by Chaturvedi et al. (2008), who reported that ω3-
fatty acids are involved. Petiole exudates from infected leaves of mutants in the biosynthesis of 
unsaturated galacto- and sulfoglycerolipids failed to trigger SAR in wild-type plants.  
 
ISR 
In contrast to SAR, which is induced by necrotizing pathogens, ISR is induced by non-
pathogenic micro-organisms. Root colonization by beneficial rhizobacteria, such as Pseudomonas 
fluorescens strain WCS417r, induces a systemic resistance against a broad range of pathogens in 
Arabidopsis, with the exception of the accessions Ws-0 and RLD1 (Ton et al., 1999; Ton et al., 
2001a). In contrast to SAR, ISR functions independently of SA, but requires components of 
the JA and ET response pathways (Pieterse et al., 1996; Van Wees et al., 1997; Pieterse et al., 
1998). This indicates that distinct signaling cascades underlie SAR and ISR. Concordantly, ISR 
is effective against predominantly necrotrophic pathogens whereas SAR is effective against 
predominantly biotrophic pathogens (Ton et al., 2002b). Furthermore, ISR is also reported to 
be effective against S. exigua, a generalist herbivore on Arabidopsis (Van Oosten et al., 2008). 
While most SA-signaling mutants of Arabidopsis are still able to induce ISR, ISR does require 
a functional NPR1 protein which acts downstream of the dependency on JA and ET (Pieterse 
et al., 1998; Van Wees et al., 2000). Although SA and JA signal transduction pathways are in 
general mutual antagonistic (Koornneef and Pieterse, 2008), SAR and ISR have been shown to 
have an additive effect on the level of induced resistance against virulent P. syringae (Van Wees 
et al., 2000). Induction of ISR by rhizosphere colonization  by P. fluorescens WCS417 induces 
locally in the roots the expression of the R2R3-MYB-like transcription factor gene MYB72 
(Verhagen et al., 2004). Interestingly, T-DNA myb72 knockout mutants are incapable of 
mounting ISR, indicating that this local MYB72 induction is required for ISR (Segarra et al., 
2008; Van der Ent et al., 2008). However, MYB72 overexpressors do not show enhanced levels 
of disease resistance, indicating that although local MYB72 induction is required, this alone is 
not sufficient for ISR induction, suggesting that a second signal is additionally required (Van 
der Ent et al., 2008).     
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BABA-IR 
In addition to resistance-inducing biological agents, also certain chemicals can trigger an IR 
response in plants. More than 40 years ago, Papavizas and Davey (1963) tested several amino 
acids and related substances on their ability to prevent disease symptoms caused by the 
oomycete pathogen Aphanomyces euteiches in pea and reported that the non-protein amino-acid 
β-aminobutyric acid (BABA) could protect plants against this pathogen. BABA occurs rarely in 
plants, although Gamliel and Katal (1992) once reported the presence of BABA in the root 
exudates of tomato plants grown in solarized soil. BABA has the ability to induce resistance in 
many different plant species (Jakab et al., 2001; Cohen, 2002). No direct toxicity of BABA 
against pathogens has ever been observed (Cohen, 1994). Furthermore, studies with 14C-
labeled BABA demonstrated that BABA is not metabolized in plants, excluding the possibility 
that a metabolic derivative of BABA is directly toxic to pathogens (Cohen and Gisi, 1994; 
Zimmerli et al., 2000). 

In Arabidopsis, BABA-IR is effective against both biotrophic and necrotrophic 
pathogens (Zimmerli et al., 2000; Ton and Mauch-Mani, 2004). Furthermore, BABA induces 
tolerance against certain abiotic stresses, such as salt stress, drought stress and heat stress 
(Jakab et al., 2005; Zimmerli et al., 2008). Moreover, BABA-IR against both chewing and 
sucking insects has been reported in Arabidopsis (Hodge et al., 2006). This broad-spectrum 
effectiveness of BABA-IR is not unique for Arabidopsis. In tobacco, BABA has been 
demonstrated to confer protection to different pathogens and a virus (Siegrist et al., 2000). In 
cereals and tomato, BABA-IR has even been reported to be effective against nematodes (Oka 
et al., 1999; Oka and Cohen, 2001).  

Research on the BABA-IR phenomenon in Arabidopsis revealed that distinct 
signaling pathways, depending on the type of invader encountered, contribute to the broad 
range of effectiveness of BABA-IR. For example, BABA-IR against P. syringae resembles SAR 
in that it depends on a functional SA signal transduction pathway, since BABA-IR against this 
pathogen was no longer functional in the npr1 mutant and NahG transformed plants (Zimmerli 
et al., 2000). Furthermore, npr1 and NahG are impaired in BABA-IR against the necrotroph 
fungus B. cinerea (Zimmerli et al., 2001), whereas this pathogen is also resisted by JA- and ET-
dependent mechanisms in Arabidopsis (Thomma et al., 1998), BABA still reduces disease 
incidence of this fungus in the ethylene insensitive mutant etr1 (ethylene responsive 1) and the JA-
insensitive mutant coi1 (Zimmerli et al., 2001). These results indicate that BABA-induced 
protection against B. cinerea depends on SA, and not on JA and ET signaling. Zimmerli et al. 
(2001) furthermore demonstrated that the chemical SAR inducer BTH was capable to protect 
Arabidopsis plants against B. cinerea, confirming that, besides JA- and ET-dependent defenses, 
also SA-dependent defenses can play a role in induced resistance against B. cinerea. In contrast 
to BABA-IR against P. syringae and B. cinerea, BABA-IR against the oomycete H. arabidopsidis is 
still functional in mutants impaired in SA signaling (Zimmerli et al., 2000),  even though SA-
dependent defenses play a major role in basal resistance against this pathogen (Delaney et al., 
1994; Mauch-Mani and Slusarenko, 1996). Apparently, BABA-IR exploits an additional 
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resistance mechanism against this pathogen. Likewise, BABA is still capable to protect mutants 
impaired in SA-signaling against the necrotrophic fungi Plectosphaerella cucumerina and Alternaria 
brassicicola (Ton and Mauch-Mani, 2004; Flors et al., 2008). BABA-IR against these necrotrophs 
is also still functional in JA- and ET-signaling mutants. In contrast, the callose-deficient mutant 
pmr4 lost the ability to express BABA-IR against P. cucumerina and A. brassicicola (Ton and 
Mauch-Mani, 2004; Flors et al., 2008). The pmr4 mutant carries a mutation in the callose 
synthase gene AtGSL5 and fails to synthesize callose in response to pathogen infection (Jacobs 
et al., 2003; Nishimura et al., 2003). Callose containing papillae are thought to form a physical 
and/or chemical barrier that prevents the pathogen from entering the tissue. The conclusion 
that callose is important for BABA-IR against necrotrophic fungi was suggested earlier by 
experiments with the callose-inhibitor 2-deoxy-D-glucose (2-DGG). Application of 2-DGG 
blocked deposition of callose upon infection by A. brassicicola and concomitantly abolished 
BABA-induced protection against this necrotroph (Ton and Mauch-Mani, 2004). Interestingly, 
BABA-IR against P. cucumerina is blocked in ABA-deficient aba1 and ABA-insensitive abi4 
mutant plants, indicating a role for ABA in BABA-IR against this fungus (Ton and Mauch-
Mani, 2004). Furthermore, application of exogenous ABA induces resistance to P. cucumerina 
and A. brassicicola in a similar mechanism as BABA (Ton and Mauch-Mani, 2004). In addition 
to a role in BABA-IR against certain biotic stresses, Jakab et al (2005) demonstrated that ABA 
was also involved in BABA-induced tolerance against abiotic stresses (Jakab et al., 2005).  

BABA is structurally related to the mammalian neurotransmitter γ-aminobutyric acid 
(GABA). GABA hyper polarizes the neural membrane though the stimulation of Cl- influx 
(Betz, 1992). In contrast to BABA, GABA occurs naturally in plants (Shelp et al., 1999). 
Although GABA has not been reported to induce resistance against pathogens, it is known to 
accumulate in plants during exposure to abiotic stress. GABA is thought to be involved in 
protection against oxidative stress, osmoregulation, nitrogen metabolism, pollen tube growth 
and the regulation of cytosolic pH, although the mechanisms involved remain elusive (Bouche 
and Fromm, 2004). Recently, Mirabella et al. (2008) isolated the E-2-hexenal-response 1 (her1) 
mutant, harboring a mutation in a GABA transaminase, an enzyme that degrades GABA. The 
isolation of this mutant pointed towards a role for GABA in the response to C6-volatiles, 
which are assumed to act as defense signaling molecules in plant defense responses against 
insect herbivores and pathogens.  
 
 
COSTS OF DEFENSE 
 
The benefits of plant defenses are obvious; they help the plant to survive in the presence of 
harmful organisms. However, every coin has its downside and the downside of resistance is 
that there are often fitness costs attached to enhancing resistance. Expressed in the absence of 
enemies, plant defenses are assumed to reduce the fitness of the plant. These costs have been 
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postulated to be a driving force behind the evolution of inducible defenses (Simms and Fritz, 
1990).  

Several studies have reported costs of inducible defenses when they are expressed 
under enemy-free conditions (Bergelson and Purrington, 1996; Strauss et al., 2002). Particularly, 
costs related to JA-inducible defenses against herbivores have been studied intensively 
(Baldwin, 1998; Agrawal et al., 1999). Also costs related to SA-inducible defenses have been 
reported occasionally (Heil et al., 2000; Cipollini, 2002). The Arabidopsis mutant cpr1 (constitutive 
expressor of PR genes 1) shows constitutive expression of SA-inducible defenses and is more 
resistant to pathogens (Bowling et al., 1994). However, cpr1 displays a severely stunted growth 
phenotype and reduced seed production compared to wild-type plants (Bowling et al., 1994; 
Heidel et al., 2004; Heidel and Dong, 2006). This indicates a severe fitness penalty for the 
constitutive expression of SA-inducible defenses, which may be the reason why SA-dependent 
defenses are not expressed constitutively (Bowling et al., 1994; Heidel et al., 2004). In agreement 
with this, Heidel et al. (2004) observed that cpr1 also displays a decreased fitness under field 
conditions, in spite of its enhanced resistance. In the same field experiment SA-insensitive npr1 
plants exhibited a decreased fitness as well, suggesting there is a delicate balance between the 
costs and benefits of defense.  

It has been proposed that costs also play a role in preventing R-genes from being 
conserved in plants by natural selection (Brown, 2003). In agreement with this Tian et al. (2003) 
demonstrated in a field study that the maintenance of the RPM1 (RESISTANCE TO P. 
SYRINGAE PV. MACULICOLA 1) gene in Arabidopsis comes with a cost. However, the 
cost of RPM1 seemed disproportionally high in this study as plants carrying RPM1 displayed a 
9% reduction in seed production. This makes it most unlikely that all R-genes in Arabidopsis 
bring about similar costs, otherwise the genetic load on the population would be unsustainable 
(Tian et al., 2003).   

Fitness costs can arise from various processes (Heil, 2002; Heil and Baldwin, 2002; 
Walters and Heil, 2007). Allocation costs occur when limited resources are allocated to 
resistance traits and not to growth and reproduction. Therefore, one can predict that plants 
experience more costs of defense-related traits under low-nutrient conditions. Conversely, 
resistance levels may be impaired due to limiting resources. Both predictions have been 
empirically confirmed (Cipollini, 2002; Dietrich et al., 2004, 2005). Ecological costs occur when 
defense expression has a negative effect on interactions with other plant-beneficial organisms, 
such as mycorrhizal fungi (Glandorf et al., 1997). Moreover, resistance against one pathogen 
may result in enhanced susceptibility to another pathogen or insect. For example, Spoel et al. 
(2007) recently showed that SA-mediated defenses triggered upon infection with P. syringae 
rendered the infected tissue more susceptible to A. brassicicola. Therefore, lab experiments 
designed to measure fitness costs may not take all ecological costs into consideration.  
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PRIMING 
 
While the inducibility of many plant defenses will save resources in the absence of  pathogens, 
the success of plants to protect themselves in the presence of pathogen or herbivore pressure 
depends on the speed and intensity by which the appropriate defenses are activated. Faster 
recognition and a more effective expression of appropriate defenses can timely rescue a plant 
from becoming utterly diseased or eaten. For instance, a wide array of defenses is induced 
much faster and stronger during R-gene mediated recognition of pathogens, resulting in 
effective protection against otherwise virulent pathogens (Tao et al., 2003; Eulgem, 2005). 
Although successful, this form of resistance is usually effective against one single pathogen 
species or variety. To complement this limitation of ETI, plants can also enhance their basal 
defensive capacity against a broad range of pathogens without directly activating basal defense 
mechanisms. In analogy to a similar phenomenon in animals, this enhanced defensive capacity 
is called priming or sensitization (Conrath et al., 2002; Conrath et al., 2006). For example, 
mammalian macrophages and their precursors, monocytes, are primed upon stimulation by the 
endogenous cytokine, interferon gamma (IFN-γ), resulting in enhanced tumor necrosis factor 
(TNF) gene expression upon subsequent recognition of bacterial lipopolysaccharides (LPS; 
Hayes et al., 1995). The enhanced capacity to express defense responses after pathogen attack is 
a common characteristic of induced resistance phenomena, like SAR, ISR and BABA-IR. 
Moreover, the concept of priming suggests a cost-efficient mode of disease protection, since 
costly defense mechanisms are only activated upon subsequent pathogen or herbivore attack.     
 
Priming during ISR  
Large-scale transcriptome analysis revealed no direct differences in gene expression in systemic 
tissue between P. fluorescens WCS417r-ISR expressing plants and control plants (Verhagen et al., 
2004). However, subsequent infection with P. syringae led to the identification of a set of genes 
that showed an augmented expression in ISR expressing plants compared to control plants 
(Van Wees et al., 1999; Verhagen et al., 2004). This indicates that ISR-expressing plants are 
primed to respond to attack by P. syringae. The set of genes that showed WCS417r-primed 
induction during P. syringae infection was particularly enriched JA/ET-regulated genes 
(Verhagen et al., 2004), which supported the previous conclusion that ISR depends on a JA- 
and ET-dependent signaling pathway (Pieterse et al., 1998). Recently, Pozo et al. (2008) found 
an overrepresentation of MYC2 binding sites in the promoters of priming-responsive genes in 
ISR-expressing plants, suggesting a central role for the MYC2 transcription factor in P. 
fluorescens WCS417r-induced ISR (Figure 2). In agreement with this, MYC2-impaired jin1 
mutants are incapable of mounting WCS417-induced ISR (Pozo et al., 2008). Moreover, both 
myb72 and jin1 are impaired in WCS417r-mediated priming of callose-containing papillae at the 
sites of H. arabidopsidis penetration (Pozo et al., 2008; Van der Ent et al., 2008).  
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Figure 2: Priming pathways for enhanced defense in Arabidopsis. Induction of systemic acquired 
resistance (SAR) results in priming of SA-dependent defense genes and priming of augmented callose 
depositions, which require NPR1 (Kohler et al., 2002; Van der Ent et al., 2008). NPR1 is also essential for 
priming during induced systemic resistance (ISR; Pieterse et al., 1998; Van Wees et al., 2000). Additional to 
NPR1, the transcription factors MYB72 and MYC2 are involved in rhizobacteria-induced priming of JA-
dependent defense gene expression and augmented callose depositions (Van der Ent et al., 2008; Pozo et al., 
2008). Priming by the non-protein amino acid β-aminobutyric acid (BABA) of SA-inducible genes relies on 
NPR1 and IBS1 (Zimmerli et al., 2000; Ton et al., 2005). BABA also primes NPR1-independent deposition of 
callose-rich papillae (Zimmerli et al., 2000), which requires IBS2/AtSAC1 and IBS3/ABA1 (Ton et al., 2005). 
Scheme adapted from Van der Ent et al. (2009). 
 
Priming during SAR 
Although SAR has traditionally been associated with direct expression of defense-related 
genes, priming is also emerging as an important mode of protection of SAR. Already in 1982, 
Hammerschmidt and Kuc (1982) demonstrated that SAR-expressing cucumber leaves show a 
faster and stronger lignification of host cell walls after infection with Colletotrichum lagenarium. In 
the 1990s, Kauss and Conrath and colleagues demonstrated that pretreatment of parsley cells 
with low doses of SA primes the activation of various defense responses in response to PAMP 
elicitors from Phytophthora sojae cell walls (Kauss et al., 1993; Conrath et al., 2006). Also in intact 
tobacco plants, SA treatment and pathogen-induced SAR leads to potentiation of PR gene 
expression upon challenge with TMV (Mur et al., 1996). Moreover, low doses of the synthetic 
SAR-inducer BTH mediated primed PAL (PHENYLALANINE AMMONIA-LYASE ) gene 
activation in Arabidopsis after infection with virulent P. syringae pv. tomato DC3000 (Kohler et 
al., 2002). This was not observed in npr1 mutant plants. While the npr1 mutant is impaired in 
PR-1 gene expression, PAL gene expression can be induced in this mutant, indicating that 
NPR1 is specifically required for the SA-related priming of the PAL gene (Kohler et al., 2002). 
In addition, BTH-induced priming of callose deposition in response to wounding and H. 
arabidopsidis infection was abolished in the npr1 mutant (Kohler et al., 2002; Van der Ent et al., 
2008). Hence, NPR1 not only plays a role in direct activation of SA-inducible defenses, it also 
regulates SA-dependent priming mechanisms (Figure 2).  

In a screen that was specifically designed to identify mutants with enhanced disease 
resistance against P. syringae without constitutive expression of SA-inducible genes, the edr1 
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(enhanced disease resistance 1) mutant was identified (Frye and Innes, 1998). This mutant carries a 
mutation in a putative MAPKKK (Frye et al., 2001). Mutant edr1 plants display a stronger 
and/or faster defense reaction than wild-type plants when challenged, such as enhanced PR-1 
gene expression and enhanced necrosis. Hence, edr1 plants are constitutively primed to activate 
various SA-dependent defense reactions (Frye and Innes, 1998). This suggests that the EDR1 
protein is a repressor of priming of SA-dependent defenses.  
 
Priming during BABA-IR 
Priming is the dominant working mechanisms behind BABA-IR. Low doses of BABA do not 
directly activate gene expression, but prime distinct pathogen-inducible defense mechanisms. 
For instance, pretreatment with BABA leads to augmented SA-dependent defenses after 
subsequent challenge with P. syringae, B. cinerea and H. arabidopsidis (Zimmerli et al., 2000; 
Zimmerli et al., 2001). In addition to primed SA-dependent defenses, BABA primes for 
augmented callose depositions at H. arabidopsidis infection sites, which functions independently 
from SA and NPR1 (Zimmerli et al., 2001). This priming for cell wall defenses is also the 
effective resistance mechanism behind BABA-IR against the necrotrophic fungi A. brassicicola 
and P. cucumerina (Ton and Mauch-Mani, 2004; Flors et al., 2008).  

Application of high concentrations of BABA induces female sterility in Arabidopsis 
(Jakab et al., 2001). A T-DNA mutagenesis screen based on this BABA response identified 
three mutants that are impaired in BABA-induced sterility (ibs; Ton et al., 2005). These mutants 
are affected in distinct signaling routes of BABA-IR. A mutation in the cyclin-dependent 
kinase-like gene IBS1 blocked BABA-induced priming of SA-dependent defenses, whereas ibs2 
and ibs3 mutant plants are specifically affected in BABA-induced priming of cell wall defenses 
(Figure 2). The ibs2 mutant plant harbors an insertion in IBS2/AtSAC1b, a gene encoding a 
polyphosphoinositide phosphatase. This finding linked phosphoinositide signaling to the 
regulation of BABA-induced priming of callose-containing papillae. IBS2/AtSAC1b shows 
homology to the yeast SAC1, whose disruption was shown to affect protein secretion and 
cytoskeleton organization (Hama et al., 1999; Foti et al., 2001; Schorr et al., 2001). Since 
IBS2/AtSAC1b from Arabidopsis could complement the yeast sac1 null-mutant (Despres et al., 
2003), it is likely that IBS2/AtSAC1b plays a similar role in planta. Ton et al. (2005), therefore, 
speculated that IBS2-mediated phosphoinositide signaling may regulate protein secretion and 
cytoskeleton rearrangements that mediate augmented callose depositions in BABA-pretreated 
plant cells during fungal or oomycete attack. Finally, the third mutant, ibs3, harbors a T-DNA 
insertion near the zeaxanthin epoxidase gene IBS3/ABA1/NPQ2 (NON-
PHOTOCHEMICAL QUENCING 1), a gene involved in ABA biosysnthesis. Although the 
ibs3 mutation did not directly affect basal transcription rates of the ABA1 gene, it 
compromised the transcriptional induction of the gene upon ABA and salt stress (G. Jakab, 
personal information). This finding confirmed previous results about the involvement of ABA 
in BABA-induced priming of cell wall defense (Ton and Mauch-Mani, 2004).  
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Like BABA-IR against biotic stresses, BABA-induced tolerance against salt and 
drought stress is not based on direct effects of the ABA signaling pathway, but on an enhanced 
ABA response after stress application. This sensitization leads to an accelerated stomatal 
closure and ABA-responsive gene expression (Jakab et al., 2005), thereby enhancing the plant’s 
water use efficiency. Moreover, the ibs2 and ibs3 mutants were found to be impaired in BABA-
induced tolerance against salt stress as well. Whereas the IBS2/AtSAC1b gene is specifically 
involved in the priming of ABA-responsive genes, the ABA biosynthesis gene 
IBS3/ABA1/NPQ2 is, besides  implicated in priming, also important for basal tolerance 
against salt stress (Ton et al., 2005).  
   In Arabidopsis, BABA does not prime JA-dependent defenses (Zimmerli et al., 2001). 
In contrast, BABA-induced priming of callose in grapevine upon Plasmopare viticola is largely 
dependent on an intact JA signal transduction pathway. Furthermore, a potentiated expression 
pattern for JA-regulated genes like LOX-9 and PR-4 is observed in BABA-pretreated grapevine 
plants, indicating that BABA can enhance different signal transduction pathways in different 
plant species (Hamiduzzaman et al., 2005).           
 
Putative mechanisms of priming 
Although plants do not possess an adaptive immune system, priming may be considered as a 
form of immunological memory of plants. However, the molecular mechanisms underlying 
priming are not clear yet. Since defense genes are not activated directly in primed plants, it is 
hypothesized that the primed state is based on accumulation or post-translational modification 
of signal molecules that remain inactive until a subsequent stress stimulus is perceived 
(Conrath et al., 2006). Due to this enhanced level of signaling components, subsequent 
pathogen attack leads to an increased activation of the appropriate defense pathway and a 
potentiated activation of downstream genes. In agreement with this, inactive MAPK3 proteins 
were found to accumulate upon priming induced by the SA analog BTH (Beckers and Conrath, 
2007). Another possible mechanism for the priming phenomenon is epigenetic regulation 
(Bruce et al., 2007). A more accessible chromatin structure, due to an altered methylation status 
or modification of nucleosomal histones, could facilitate a quicker or more potent gene 
response to subsequent pathogen attack. Alternatively, expression of genes encoding 
transcription factors could enhance the capacity of the plant to respond to pathogen attack as 
is shown for MYC2 in ISR (Van der Ent et al., 2008). The TF likely stays inactive until upon 
pathogen perception, leading to an enhanced expression of priming-responsive genes. 
   
 
THESIS OUTLINE 
 

Current strategies that attempt to integrate disease resistance in agriculture almost exclusively 
focus on classical breeding for R-gene-dependent resistance. Although successful, ETI has a 
narrow spectrum of effectiveness, whereas priming leads to broad-spectrum resistance. Since 
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priming targets a variety of multigenic defense mechanisms, it can be expected that it is harder 
for pathogens to overcome primed resistance. Hence, priming constitutes a durable resistance 
mechanism that has promising potential to protect agronomical important crops.  

Notwithstanding the significant progress that has been made over the past years in 
our understanding of priming, the mechanisms of priming remain largely elusive. Based on the 
common hypothesis that priming is based on enhanced accumulation of inactive signaling 
proteins (Conrath et al., 2006), Chapter 2 focuses on the role of transcription factors in 
priming induced by BABA or the rhizobacterial strain P. fluorescens WCS417r. Using Reverse 
Transcription quantitative PCR (RT-qPCR), a direct up-regulation of specific sets of TF genes 
was observed in the leaves upon treatment of the roots with BABA or WCS417r bacteria. 
Several of these inducible TFs were selected as markers for BABA- and/or WCS417r-induced 
priming. Promoter analysis of all priming-related TF genes revealed overrepresentation of 
specific cis-acting elements, suggesting a role for these TFs in the regulation of plant defense. 
Interestingly, BABA treatment specifically induced several WRKY TF genes in an NPR1-
dependent manner. A putative cis-acting promoter element was discovered that is significantly 
overrepresented in BABA-inducible WRKY genes, which might act as a key element during 
the onset of priming of SA-dependent defenses.  

In order to identify novel regulators of BABA-induced priming of SA-independent 
cell wall defense, we set up an EMS mutagenesis screen in the background of SA-
nonaccumulating NahG plants. In Chapter 3 we describe the identification of mutant ibi1 
(impaired in BABA-induced immunity 1), which provides a novel basis to increase our 
understanding of this priming response. The ibi1-1 mutation maps to the lower arm of 
chromosome 4, The ibi1-1 NahG failed to express BABA-IR against H. arabidopsidis, which 
coincided with the inability to deposit primed levels of callose-containing papillae. Besides 
BABA-IR against H. arabidopsidis, also BABA-IR against P. cucumerina was lost in ibi1-1 NahG 
plants. Previously, SA-independent priming of cell wall defenses by BABA was found to be 
dependent on components of the ABA pathway (Ton and Mauch-Mani, 2004; Ton et al., 
2005). However, there were no indications that ibi1-1 NahG is affected in ABA production 
and/or signaling. In addition, BABA uptake in ibi1-1 NahG is still intact, since application of 
high concentrations of BABA to the roots triggered excessive production of reactive oxygen 
species (ROS) and anthocyanins in the leaves. Since anthocyanins are scavengers of reactive 
oxygen species (ROS), a possible role for IBI1 in cellular redox regulation is put forward.    
 In Chapter 4, we evaluated the costs and benefits of priming. In the absence of 
disease pressure, priming induced by BABA or the edr1 mutation caused relatively minor 
reductions in relative growth rate and seed production. In contrast, direct induction of defense 
by high doses of BABA, BTH, or the cpr1 mutation strongly reduced both fitness parameters. 
Primed plants displayed significantly higher levels of fitness under pathogen pressure than non-
induced plants and plants expressing direct defense, indicating that the benefits of priming 
outweigh the costs under conditions of disease pressure.  
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So far, most studies concentrating on priming occurred under controlled conditions 
optimal for plant growth. Therefore, Chapter 5 describes a study that aimed to evaluate the 
performance of constitutively primed edr1 and jin1 plants under field conditions in the presence 
or absence of the pathogens H. arabidopsidis and P. cucumerina. Although the field conditions 
allowed only marginal levels of disease development, an induction of defense related genes and 
callose could be detected in response to pathogen inoculation. The fitness of wild-type plants 
and the mutants was affected by P. cucumerina infection to similar levels. Interestingly, the level 
of induction of SA- and JA-inducible genes in edr1 and jin1 was similar to that observed in 
wild-type Col-0 plants. This may suggest that Col-0 had acquired a primed defense state under 
field conditions. In agreement with this, field-grown wild-type Col-0 was as resistant to H. 
arabidopsidis as edr1 and displayed similar levels of induced callose depositions. However, it 
cannot be excluded that the disease pressure was too low to trigger a primed defense reaction 
in edr1 and jin1. The putative priming of wild type plants under field conditions suggests that 
priming may be an important trait for plants to adapt to their environment. 

Since priming for enhanced defense seems a beneficial defense strategy for plants to 
cope with pathogens, it was hypothesized that some plants may have adapted to hostile 
environments by acquiring a constitutively primed defense state. In Chapter 6, we investigated 
if natural variation in basal resistance among Arabidopsis accessions is associated with 
differences in the speed and intensity of SA- and JA-inducible defense induction. To this end, 
we investigated the sensitivity of six selected Arabidopsis accessions to the defense hormones 
SA and JA. The responsiveness of the different accessions to SA correlated largely with their 
level of basal resistance against P. syringae pv. tomato DC3000. Furthermore, Arabidopsis 
accessions with primed responsiveness to SA expressed elevated levels of the defense-related 
TF genes, which we had identified as markers for BABA-induced priming in Chapter 2. 
Furthermore, accession Bur-0 displayed primed induction of the ERF1/ORA59-dependent 
PDF1.2 gene and a repressed induction of the MYC2-dependent VSP2 gene upon treatment 
of the leaves with MeJA. This constitutively primed ERF1/ORA59-dependent JA response in 
Bur-0 is associated with enhanced levels of basal resistance to the necrotrophic fungus P. 
cucumerina and the generalist herbivore Spodoptera littoralis. The findings in this chapter suggest 
that selected Arabidopsis accessions have evolved a constant level of defense priming to resist 
the threat of disease and herbivory in their natural environment.   
 Finally, in Chapter 7 the results above are discussed in view of the current status of 
the research on plant defense. 
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ABSTRACT 
 
Pseudomonas fluorescens WCS417r bacteria and ß-aminobutyric acid (BABA) can induce disease 
resistance in Arabidopsis, which is based on priming of defense. We examined the differences 
and similarities of WCS417r- and BABA-induced priming. Both WCS417r and BABA prime 
deposition of callose-rich papillae upon infection by the oomycete Hyaloperonospora arabidopsidis. 
This priming is regulated by convergent pathways, which depend on phosphoinositide 
(PtdIns)- and abscisic acid (ABA)-dependent signaling components. Conversely, induced 
resistance by WCS417r and BABA against the bacterial pathogen Pseudomonas syringae is 
controlled by distinct NPR1-dependent signaling pathways. Since WCS417r and BABA prime 
jasmonate- and salicylate-inducible genes, respectively, we subsequently investigated the role of 
transcription factors (TF). A quantitative PCR-based genome-wide screen for putative 
WCS417r- and BABA-responsive TF genes revealed distinct sets of priming-responsive genes. 
Transcriptional analysis of a selection of these genes showed that they can serve as specific 
markers for the priming. Promoter analysis of WRKY genes identified a putative cis-element 
that is strongly overrepresented in promoters of 21 NPR1-dependent, BABA-inducible 
WRKY genes. Our study shows that priming of defense is regulated by different pathways, 
depending on the inducing agent and the challenging pathogen. We furthermore demonstrate 
priming is associated with enhanced expression of transcription factors.  
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INTRODUCTION 
 

Plants have evolved sophisticated mechanisms to defend themselves against microbial 
pathogens. Apart from constitutive barriers, plants rely on a wide range of pathogen-inducible 
defense mechanisms. Well-known examples of inducible defenses are the production of anti-
microbial compounds, such as phytoalexins, pathogenesis-related (PR) proteins, and the 
formation of cell wall appositions at sites of attack by fungal or oomycete pathogens 
(Hammerschmidt, 1999; Van Loon and Van Strien, 1999; Ton and Mauch-Mani, 2004). The 
plant hormones salicylic acid (SA), jasmonic acid (JA), ethylene (ET), and abscisic acid (ABA) 
are important regulators of these inducible defenses (Flors et al., 2005; Glazebrook, 2005; Van 
Loon et al., 2006a; Seki et al., 2007). Together, constitutive and pathogen-inducible defense 
mechanisms make up the plant’s innate immune system, which determines its level of basal 
resistance (Ausubel, 2005).  

As a result of the evolutionary arms race between plants and their attackers, many 
microbial pathogens have evolved the ability to circumvent or suppress plant innate immunity. 
Consequently, plants have adapted to express additional layers of defense that allow them to 
detect specific invaders at an early stage of infection. Resistance (R) gene-mediated resistance is 
a well-known example of a co-evolved mechanism that enables plants to quickly respond to 
pathogen determinants that suppress plant innate immunity (McDowell and Woffenden, 2003; 
Jones and Dangl, 2006). In addition, plants have evolved the ability to enhance their basal 
resistance after perception of specific biotic or abiotic stimuli, such as pathogen attack, root 
colonization by selective rhizobacteria, or selected chemicals (Van Loon, 2000). This so-called 
induced resistance does not necessarily require direct activation of defense mechanisms, but 
can also result from a sensitization of the tissue to express basal defense mechanisms faster 
and more strongly upon subsequent pathogen attack. This sensitization of plant innate 
immunity is commonly referred to as priming (Conrath et al., 2006). As demonstrated recently, 
induction of priming yields broad-spectrum resistance with minimal reductions in plant growth 
and seed set (Van Hulten et al., 2006; Chapter 4). Hence, priming is a cost-efficient resistance 
strategy that increases the plant’s ability to cope with environmental stress. 

The classic form of induced resistance develops upon attempted or limited infection 
by a pathogen, and results in a systemic acquired resistance (SAR) that protects against various 
types of pathogens (Ryals et al., 1996; Durrant and Dong, 2004). The signaling pathway 
controlling SAR depends on the accumulation of endogenous SA (Gaffney et al., 1993) and on 
the presence of the defense regulatory protein NPR1 (Cao et al., 1994). NPR1 functions in 
both SA-dependent basal resistance and SAR by controlling the expression of many stress-
related genes, including those that encode PR-proteins (Van Loon et al., 2006) and proteins 
involved in the secretory pathway (Wang et al., 2005). Colonization of plant roots by the non-
pathogenic rhizobacterial strain Pseudomonas fluorescens WCS417r also triggers a systemic 
resistance against a wide range of pathogens, including the bacterial speck pathogen 
Pseudomonas syringae pv. tomato DC3000 and the downy mildew-causing oomycete 
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Hyaloperonospora arabidopsidis WACO9 (Pieterse et al., 1996; Ton et al., 2002b). In contrast to 
pathogen-induced SAR, this so-called rhizobacteria-induced systemic resistance (ISR) 
functions independently of SA, but requires components of the JA and ET response pathways 
(Pieterse et al., 1998). ISR elicited by WCS417r bacteria (WCS417r-ISR) is not accompanied by 
direct activation of PR genes (Pieterse et al., 1996), but leads to priming of predominantly JA- 
and ET-responsive genes (Van Wees et al., 1999; Verhagen et al., 2004). Both WCS417r-ISR 
and SAR require NPR1 (Pieterse et al., 1998), suggesting that this protein is important in 
regulating and connecting different hormone-dependent defense pathways. Recently, the 
transcription factors MYB72 and MYC2 have been demonstrated to be crucial for WCS417r-
ISR (Pozo et al., 2008; Van der Ent et al., 2008). MYB72 gene expression is specifically activated 
in the roots of WCS417r-colonized plants (Van der Ent et al., 2008), whereas MYC2 is thought 
to regulate ISR expression in the systemic plant parts (Pozo et al., 2008).  

Apart from biological resistance-inducing agents, many chemicals have been 
reported to trigger induced resistance as well. Most of these agents trigger the SAR pathway, as 
they activate a similar set of PR genes and fail to induce resistance in mutants that cannot 
express SAR (Lawton et al., 1996; Dong et al., 1999). However, the non-protein amino acid ß-
aminobutyric acid (BABA) has been shown to trigger a partially different induced resistance 
response. Like WCS417r-ISR, BABA-induced resistance (BABA-IR) is not associated with a 
major transcriptional activation of defense-related genes (Zimmerli et al., 2000). Instead, BABA 
primes the plant tissue for enhanced activation of SA-responsive genes, such as PR-1 
(Zimmerli et al., 2000; Zimmerli et al., 2001). BABA-IR in Arabidopsis against P. syringae 
DC3000 resembles pathogen-induced SAR in its requirement of SA and NPR1 (Zimmerli et al., 
2000). Yet, BABA-IR against H. arabidopsidis WACO9 is fully expressed in Arabidopsis 
genotypes that are impaired in SAR signaling (Zimmerli et al., 2000). This SA- and NPR1-
independent form of BABA-IR is based on a priming of cell-based defenses, which manifests 
as an augmented deposition of callose-rich papillae at the sites of attempted tissue penetration 
by the attacking pathogen (Zimmerli et al., 2000; Jakab et al., 2001; Ton and Mauch-Mani, 
2004). Screening for Arabidopsis mutants that are impaired in BABA-induced sterility (ibs) 
resulted in the isolation of two mutants, ibs2 and ibs3, which are affected in the BABA-induced 
priming of papillae deposition. The ibs2 mutant carries a mutation in the SAC1b gene that 
encodes a polyphosphoinositide phosphatase (Despres et al., 2003), suggesting involvement of 
a phosphoinositide-dependent signaling pathway in BABA-induced priming of cell wall 
defense (Ton et al., 2005). The ibs3 mutant, on the other hand, is impaired in the regulation of 
the zeaxanthin epoxidase gene ABA1/NPQ2, which linked ABA signaling to BABA-induced 
priming of cell wall defense (Ton et al., 2005). The latter finding was supported by previous 
findings that the ABA biosynthetic mutant aba1-5 and the ABA response mutant abi4-1 are 
impaired in BABA-induced priming of callose deposition after inoculation with the 
necrotrophic fungi Alternaria brassicicola and Plectosphaerella cucumerina (Ton and Mauch-Mani, 
2004). Hence, BABA-induced priming of pathogen-inducible papillae deposition involves 
regulation by a phosphoinositide- and ABA-dependent signaling pathway.  
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Despite the differences in signaling pathways between WCS417r-ISR and BABA-IR, 
both forms of induced resistance are characterized by primed resistance mechanisms (Van 
Wees et al., 1999; Zimmerli et al., 2000; Ton and Mauch-Mani, 2004; Verhagen et al., 2004). 
Although priming has been known for years, the current understanding of its underlying 
mechanisms remains rudimentary. It has been hypothesized that induction of priming leads to 
a subtle increase in the level of signaling components that play a role in basal resistance 
(Conrath et al., 2006). After perception of a second, pathogen-derived signal, the enhanced 
signaling capacity would facilitate a faster and stronger basal defense reaction. Since primed 
plants display a faster and stronger transcription of defense-related genes after pathogen 
challenge (Zimmerli et al., 2000; Kohler et al., 2002; Verhagen et al., 2004; Ton et al., 2007), 
transcription factors (TFs) may well play a role in the onset of priming. We hypothesize that 
induction of priming causes a subtle increase in expression of defense regulatory TFs, which is 
sufficient to prime defense genes, but too weak to activate them directly. On the other hand, 
primed deposition of papillae is a relatively rapid defense reaction that is unlikely to be 
controlled at the transcriptional level, suggesting that transcription-independent mechanisms 
are involved as well.  

In this study, we compared the involvement of two cellular responses in WCS417r-
ISR and BABA-IR: 1) formation of callose-rich papillae and 2) expression of TF genes. To 
study the mechanisms behind priming of papillae deposition, we focused on the roles of IBS2 
and IBS3 in WCS417r-ISR and BABA-IR against H. arabidopsidis WACO9. Since WCS417r-
ISR and BABA-IR are both associated with priming for enhanced transcription of defense-
related genes (Zimmerli et al., 2000; Verhagen et al., 2004; Ton et al., 2005), we also examined 
the involvement of TFs during the onset of the WCS417r- and BABA-induced defense 
priming. Many plant TFs are thought to be tightly regulated at the transcriptional level (Chen et 
al., 2002; Lee et al., 2006). However, some TF genes are expressed at such low levels that DNA 
microarrays are not sensitive enough to reliably quantify their expression (Czechowski et al., 
2004). To obtain a more reliable expression profile of TF genes, we used Reverse 
Transcription quantitative polymerase chain reaction (RT-qPCR) analysis to perform a 
genome-wide screen for putative WCS417r- and BABA-responsive TF genes. Subsequent 
analysis of a selection of TF genes in biologically replicate samples confirmed their specificity 
and identified a putative cis-element in promoters of NPR1-dependent, BABA-inducible 
WRKY genes.  
 
 
RESULTS 

 
WCS417r- and BABA-induced priming of callose deposition upon H. arabidopsidis 
infection differs in the requirement of NPR1. 
The effectiveness of BABA-IR against H. arabidopsidis is almost entirely based on a NPR1-
independent priming of callose-containing cell wall papillae (Zimmerli et al., 2000; Ton et al., 
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2005). Primed callose depositions in SAR expressing plants, on the other hand, require NPR1 
(Kohler et al., 2002). Furthermore, we recently found that augmented callose deposition also 
occurs during expression of WCS417-ISR against H. arabidopsidis (Van der Ent et al., 2008). To 
further elucidate the role of NPR1 in priming of cell wall defense, we quantified levels of H. 
arabidopsidis-induced callose in Col-0 and npr1-1 plants upon treatment with BABA and 
WCS417r. Both priming agents reduced downy mildew disease and colonization by H. 
arabidopsidis in wild-type plants, even though the level of BABA-IR was substantially higher 
than WCS417r-ISR (Figures 1A and B, respectively). WCS417r and BABA both mediated 

 

 
Figure 1. Primed expression cell wall defense against H. arabidopsidis WACO9 during expression of 
WCS417r-ISR and BABA-IR in Arabidopsis wild-type (Col-0) and npr1 plants (see page 177 for full 
color version). (A) Quantification of WCS417r-ISR and BABA-IR against H. arabidopsidis WACO9 at 8 days 
after inoculation. ISR was triggered by transferring 2-week-old seedlings to potting soil containing P. fluorescens 
WCS417r bacteria. BABA was applied to 3-week-old plants by soil drenching to a final concentration of 80 μM 
BABA. One week after transplanting and 1 day after soil drench treatment with BABA, leaves were inoculated 
with H. arabidopsidis spores. Disease ratings are expressed as the percentages of leaves in disease classes I (no 
symptoms), II (trailing necrosis), III (< 50% of the leaf area covered by sporangiophores), and IV (heavily 
covered with sporangiophores, with additional chlorosis and leaf collapse). Asterisks indicate statistically 
significantly different distributions of leaves in disease severity classes compared to the water control (χ2 test; 
α=0.05). (B) Colonization by the pathogen at 8 days after inoculation was visualized by lactophenol/trypan blue 
staining and light microscopy. (C) Quantification of pathogen-induced papillae deposition at 2 days after 
inoculation. Papillae were quantified by determining the percentage of callose-inducing spores in the epidermal 
cell layer by calcofluor/aniline blue staining and epifluorescence microscopy (UV). The data presented are from 
a representative experiment that was repeated twice with similar results. 
 
augmented depositions of callose-rich papillae at 2 days after inoculation with H. arabidopsidis 
spores (Figure 1C), which was proportional to the level of protection (Figures 1A and B). 
Despite these similarities, WCS417r- and BABA-induced priming of cell wall defense differed 
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in their requirement for NPR1: whereas WCS417r-treated npr1 failed to deposit primed levels 
of callose, BABA-treated npr1 plants displayed a similar augmentation in callose deposition as 
BABA-treated wild-type plants (Figure 1). Also here, the level of callose deposition correlated 
with the level of protection: WCS417r-colonized npr1 plants failed to express ISR, whereas 
BABA-treated npr1 was protected to similar levels as BABA-treated wild-type plants (Figure 
1C). Hence, WCS417r-induced priming of cell wall defense depends on NPR1, whereas the 
same priming during BABA-IR is regulated independently of NPR1.  
 
WCS417r- and BABA-induced priming of cell wall defense requires IBS2 and IBS3 
BABA-induced priming of cell wall defense is dependent on IBS2 and IBS3, which encode a 
polyphosphoinositide phosphatase and a zeaxanthin epoxidase, respectively (Ton et al., 2005). 
To test if IBS2 and IBS3 also contribute to WCS417r-induced priming of cell wall defense, we 
quantified levels of ISR and callose deposition in wild-type, ibs2, and ibs3 plants. In contrast to 
wild-type plants, ibs2 and ibs3 failed to express WCS417r-ISR against H. arabidopsidis (Figure 
2A). Furthermore, WCS417r-treated ibs2 and ibs3 plants did not deposit primed levels of 
callose at 2 days after pathogen inoculation (Figure 2B). This demonstrates that WCS417r-
induced priming of cell wall defense requires IBS2 and IBS3. Conversely, the ISR-impaired 
mutants npr1 and myb72 expressed wild-type levels of BABA-IR against H. arabidopsidis 
WACO9 and deposited primed amounts of callose upon BABA treatment (Figure 3). Hence, 
WCS417r-ISR and BABA-IR against H. arabidopsidis differ in their requirement of NPR1 and 
MYB72, but both pathways converge in their requirement for IBS2 and IBS3 to mediate 
primed papillae deposition and induced resistance against H. arabidopsidis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2. Primed expression of cell wall defense against H. arabidopsidis WACO9 during WCS417r-
ISR in leaves of wild-type (Col-0), ibs2, and ibs3 plants. (A) Quantification of WCS417r-ISR against H. 
arabidopsidis. For details see legend to Figure 1A. (B) Quantification of papillae deposition. For details see legend 
of Figure 1C. 
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Figure 3. Primed expression of cell wall defense during BABA-IR against H. arabidopsidis WACO9 in 
leaves of wild-type (Col-0), npr1, and myb72 plants. (A) Quantification of BABA-IR against H. arabidopsidis. 
For details see legend to Figure 1A. (B) Quantification of papillae deposition. For details see legend to Figure 
1C. 
 
WCS417r-ISR and BABA-IR against P. syringae DC3000 function independently of IBS2 
and IBS3  
To test the involvement of IBS2 and IBS3 in WCS417r-ISR and BABA-IR against the bacterial 
pathogen P. syringae DC3000, we quantified levels of bacterial speck disease in wild-type, ibs2, 
and ibs3 plants after treatment with WCS417r or BABA. Since WCS417r-ISR and BABA-IR 
against P. syringae DC3000 both require NPR1 (Pieterse et al., 1998; Zimmerli et al., 2000), the 
npr1 mutant was included as a negative control genotype. As shown in Figure 4, both WCS417r 
and BABA conferred statistically significant levels of disease protection in wild-type, ibs2, and 
ibs3 plants, but not in npr1 plants. This demonstrates that WCS417r-ISR and BABA-IR against 
P. syringae DC3000 do not require IBS2 and IBS3, but depend on NPR1. These results 
furthermore illustrate that WCS417r-ISR and BABA-IR against P. syringae DC3000 are 
differently regulated than WCS417r- and BABA-induced priming of cell wall defense against 
H. arabidopsidis WACO9. 

 
WCS417r and BABA prime defense gene induction in response to exogenously applied 
JA and SA, respectively 
Expression of WCS417r–ISR against P. syringae DC3000 is associated with a faster and stronger 
induction of JA-inducible genes after pathogen infection (Van Wees et al., 1999; Hase et al., 
2003; Verhagen et al., 2004). Recently, Pozo et al. (2008) reported that colonization by 
WCS417r enhances the plant’s transcriptional response to JA. In agreement with this, we 
found that WCS417r-treated plants display an augmented induction of JA-responsive marker 
gene LOX2 at different time-points after treatment of the leaves with 50 μM MeJA (Figure 
5A). Hence, WCS417r bacteria prime the responsiveness to JA, suggesting that WCS417r- 



PRIMING DURING ISR AND BABA-IR: DIFFERENCES AND SIMILARITIES 

37 

 

 
Figure 4. WCS417r-ISR and 
BABA-IR against virulent P. 
syringae DC3000 in leaves of wild-
type (Col-0), ibs2, ibs3, and npr1. 
(A) Quantification of WCS417r-ISR 
at 4 days after inoculation of the 
leaves with a suspension of virulent 
P. syringae DC3000. Data presented 
are means of the average percentage 
of diseased leaves per plant (± SD). 
Asterisks indicate statistically 
significant differences compared to 
non-induced control plants 
(Student’s t-test; α = 0.05; n = 20-
25). (B) Quantification of BABA-IR 
against P. syringae DC3000. 
Inoculation and disease scoring were 
performed as described above. 
 
 
 
 
 
 

 
induced priming targets signal transduction steps downstream of JA accumulation. In contrast 
to WCS417r-ISR, BABA-IR against P. syringae DC3000 is marked by primed induction of SA-
responsive genes after pathogen infection (Zimmerli et al., 2000; Van Hulten et al., 2006; 
Chapter 4). To assess whether BABA-induced priming acts through increased responsiveness 
to SA, leaves of water- and BABA-treated plants were sprayed with increasing concentrations 
of the SA analogue BTH (benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester) and 
examined for induced transcription of the SA-inducible marker gene PR-1. At 6 hours after 
treatment with either 50 or 200 mg.L-1 BTH, BABA-treated plants showed strongly augmented 
induction of PR-1 in comparison to non-primed control plants (Figure 5B). At this time-point, 
BABA-treated plants displayed a faint induction of PR-1 in comparison to control-treated 
plants. In a separate experiment, similar priming effects were observed at 24 h upon treatment 
with 150 and 300 mg.L-1 BTH, whereas the direct effect of BABA on PR-1 expression was no 
longer detectable (Figure 5B). Together, these results demonstrate that BABA boosts the 
plant’s responsiveness to SA, suggesting that signal transduction steps downstream of SA are 
targeted by the priming. 
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Figure 5. Priming for augmented induction of defense genes after exogenously applied JA and SA. (A) 
WCS417r-induced priming for accelerated induction of the JA-inducible LOX2 gene. Shoots of five-week-old 
plants (Col-0) were dipped in a solution containing 50 µM methyl jasmonic acid (MeJA). Leaf rosettes were 
harvested at indicated time points after MeJA treatment. (B) BABA-induced priming for enhanced transcription 
of the SA-inducible PR-1 gene upon treatment with the SA analogue benzothiadiazole (BTH). Five-weeks-old 
plants (Col-0) were soil drenched with 250 μM BABA and one day later sprayed with the indicated 
concentrations of BTH onto the leaves. Leaf rosettes for RNA blot analysis were collected at 6 or 24 h after 
BTH treatment. 
 
WCS417r and BABA influence systemic expression of transcription factor genes 
To examine if the transcriptional priming by WCS417r and BABA is based on enhanced 
expression of TFs, we performed a genome-wide screen for putative WCS417r- and/or 
BABA-inducible TF genes. RNA was extracted from leaves of control-, WCS417r- and BABA-
treated plants and analyzed by RT-qPCR using the previously described set of 2,248 primer 
pairs (Czechowski et al., 2004; McGrath et al., 2005; Libault et al., 2007). Samples from water- 
and BABA-treated npr1 plants were included in the analysis to distinguish between NPR1-
dependent and NPR1-independent priming effects by BABA. The screen identified 90 TF 
genes with more than two (>2)-fold induction upon WCS417r treatment, whereas 31 TF genes 
were >2-fold repressed by WCS417r (Figure S1A; Table S1). Furthermore, soil drenching wild-
type plants with BABA resulted in >2-fold induction of 186 genes and >2-fold repression of 
44 TF genes, whereas BABA treatment of npr1 plants resulted in >2-fold induction of 135 
genes and >2-fold repression of 141 TF genes (Figure S1A; Table S1). Of all putative BABA-
inducible genes, only 32 (10%) were induced in both wild-type and npr1 plants (Figure S1B), 
indicating a major role of NPR1 in the BABA-induced expression of TF genes. Furthermore, 
of all 247 WCS417r- and/or BABA-inducible TF genes, only 27 genes (10.9%) were induced 
by both WCS417r and BABA. This suggests that WCS417r and BABA target largely different 
groups of TF genes. Analysis of the 1-kB promoter sequences of the WCS417r- and BABA-
inducible TF genes revealed a statistically significant overrepresentation of G-box and PLGT1-
box elements, which are associated with pathogen- and salt stress- responsive genes (Dröge-
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Laser et al., 1997; Faktor et al., 1997; Boter et al., 2004; Park et al., 2004). Promoters of BABA-
inducible TF genes in npr1 displayed a significantly stronger enrichment in G-box elements 
than those of BABA-inducible TF genes in the wild-type (Figure S2), suggesting a function of 
G-box elements in the NPR1-independent induction of TF genes by BABA.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Systemic expression of selected TF genes in Arabidopsis upon treatment of the roots with 
WCS417r or BABA (see page 178 for full color version). Root colonization with the ISR-non-inducing P. 
fluorescens strain WCS374r (experiment1) and application of the inactive BABA isomer alpha-amino butyric acid 
(AABA; experiment 2) were included as negative control treatments. The npr1 mutant was included to examine 
the contribution of NPR1 in BABA-responsive TF gene expression (experiment 3). (A) Cluster analysis of 
WCS417r- and BABA-responsive transcription profiles. Color intensity of induced (red) or repressed (green) 
genes is proportional to the fold-induction values of each gene. Fold-induction was defined as the expression 
value in each replicate sample divided by the mean expression value of the three corresponding control samples 
(water or MgSO4). Ln-transformed fold-inductions were subjected to average linkage clustering (Euclidean 
Distance). (B) Principal component analysis of WCS417r- and BABA-responsive gene expression. The analysis 
was based on the Ln-transformed fold-induction values, as described above. Grey dots represent genes; colored 
squares represent treatments. 
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Furthermore, the group of BABA-inducible promoters in wild-type plants displayed a 
statistically significant enrichment of WRKY-binding W-box elements, which was absent in 
promoters of WCS417r-inducible genes and in the set of BABA-inducible genes in npr1 (Figure 
S2). This suggests a role of WRKYs in the NPR1-dependent activation of TF genes by BABA. 

To validate the responsiveness of the putative WCS417r- and BABA-inducible 
genes, we quantified expression levels of a selection of 37 TF genes in three biologically 
replicate samples by RT-qPCR (Table S2). This selection was based on the genome-wide 
screen and contained 5 different categories of TF genes: 1) responsive to BABA in wild type 
only (10 genes), 2) responsive to BABA in wild type and npr1 (6 genes), 3) responsive to 
WCS417r and BABA in wild type only (4 genes), 4)  responsive to both BABA and WCSC417r 
in wild type and responsive to BABA in npr1 (9 genes), and 5) only responsive to WCS417r in 
wild type (8 genes). Although the MYC2/JIN1 gene showed less than 2-fold induction by 
WCS417r in the genome-wide screen, this gene was included as well, since MYC2/JIN1 was 
recently identified as critical for WCS417r-ISR (Pozo et al., 2008). Finally, the selection of 37 
TF genes was supplemented with 7 phytohormone-responsive genes (PR-1, PR-5, RAB18, 
PDF1.2, LOX2, VSP2, and EBF2) and 4 constitutively expressed genes (GAPDH, UBI-10, 
At1g13320, and At1g62930). To test the specificity of the transcriptional response, the ISR-
non-inducing rhizobacterial strain Pseudomonas fluorescens WCS374r (Van Wees et al., 1997) and 
the inactive BABA isomer α-aminobutyric acid (AABA; Jakab et al., 2001) were included as 
negative control treatments. In a third experiment, a comparison was made between the BABA 
response in wild-type and npr1 plants. Hierarchical cluster analysis (Figure 6A) and principal 
component analysis (Figure 6B) of the transcriptional profiles could clearly distinguish the 
WCS417r-induced profiles from the control- and WCS374r-induced profiles. Similarly, the 
transcriptional profiles of BABA-treated plants were clearly distinctive from those of control- 
and AABA-treated plants (Figures 6A and B), whereas the profiles of BABA-treated wild-type 
plants were clearly disguisable from those of BABA-treated npr1 plants and corresponding 
control treatments (Figures 6A and B). These results not only validate the outcome of the 
genome-wide screen, but they also illustrate that the transcriptional behavior of the selected TF 
genes can mark the onset of WCS417-ISR and BABA-IR.  
 
Identification of a novel promoter element in BABA-inducible WRKY TF genes 
Various WRKYs have been shown to regulate SA-inducible defense genes (Eulgem and 
Somssich, 2007). Moreover, some WRKY are directly regulated by NPR1 (Wang et al., 2006). 
In this context, WRKYs may play a significant role in the NPR1-dependent priming of SA-
inducible defenses by BABA. The genome-wide screen for putative BABA-inducible TF genes 
identified 21 WRKY genes that were >2-fold induced by BABA (Table S1). To verify these 
results, we quantified all 71 WRKY genes for BABA responsiveness in samples from 3 
independent experiments. In wild-type plants, 22 of the 71 WRKY genes were on average >2-
fold induced by BABA at a statistical significance level of α < 0.05 (paired Student’s t-test or 
Wilcoxon Mann-Whitney test). In contrast, only 3 WRKY genes, WRKY30, WRKY33, and 
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WRKY54 met these criteria in the npr1 mutant. However, all BABA-responsive WRKY genes, 
except WRKY54, showed fold-induction values that were on average >2-fold reduced by the 
npr1 mutation (Figure 7A; Table S3). Hence, 21 of the 22 BABA-inducible WRKY genes 
require NPR1 for full responsiveness to BABA. To investigate the regulation of these BABA-
inducible WRKY genes, we analyzed their promoter regions for overrepresentation of DNA 
elements. Using the Statistical Motif Analysis tool of TAIR, we found a significant 
overrepresentation of two nearly identical motifs, TAGTCT and TAGACT (binomial 
distribution; P = 7.28e-05 and P = 9.02e-05, respectively). Subsequent comparison between 
promoters of BABA-inducible WRKY genes, promoters of BABA non-inducible WRKY 
genes, and a set of random Arabidopsis promoters revealed clear differences in occurrence. 
Although TAGTCT and TAGACT were both significantly overrepresented in NPR1-
dependent BABA-inducible WRKY promoters (data not shown), the most contrasting 
differences were found for the combined TAG[TA]CT motif (Figure 7B).  
 

 
 
Figure 7. Identification of a putative cis-element in promoter regions of NPR1-dependent, BABA-
inducible WRKY genes. (A) Fold-inductions of 71 Arabidopsis WRKY TF genes in Arabidopsis wild-type 
(Col-0) and npr1 plants upon treatment of the roots with BABA. Asterisks indicate statistically different levels 
of expression in BABA-treated plants compared to control plants in three independent experiments (paired 
Student’s t-test or Wilcoxon Mann-Whitney test; p < 0.05). (B) Occurrences of the TAG[TA]CT motif in 
promoter regions of NPR1-dependent BABA-inducible WRKY genes (blue dashed), BABA non-responsive 
WRKY genes (yellow dashed), and random Arabidopsis promoters (red un-dashed). Different letters indicate 
statistically significant differences in occurrence of the TAG[TA]CT motif (χ2 test; α=0.05). 
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The fact that this motif is strongly overrepresented in NPR1-dependent, BABA-inducible 
WRKY promoters (χ2 = 15.93; P < 0.001) and not in BABA non-responsive WRKY 
promoters (χ2 = 0.025; P = 0.9), points to the existence of a TAG[TA]CT-binding factor to 
regulate NPR1-dependent activation of WRKY genes by BABA. 
 
 
DISCUSSION 

 
WCS417r-ISR and BABA-IR are associated with priming of various pathogen-inducible 
defense mechanisms (Conrath et al., 2006). Since both forms of induced resistance are effective 
against overlapping spectra of pathogens (Zimmerli et al., 2000; Ton et al., 2002b; Ton and 
Mauch-Mani, 2004), it was plausible to assume that WCS417r bacteria and BABA prime at 
least partially similar defense reactions. In this study, we investigated the similarities and 
differences between WCS417r- and BABA-induced priming. A clear difference between both 
priming responses is that they target distinct classes of defense-related genes. While WCS417r 
bacteria prime the induction of JA-dependent genes, BABA primes the induction of SA-
dependent genes (Verhagen et al., 2004; Ton et al., 2005; Pozo et al., 2008; Figure 5). On the 
other hand, both WCS417r and BABA mediated an augmented deposition of callose-
containing papillae after infection by the oomycete pathogen H. arabidopsidis WACO9 (Figures 
1, 2, and 3). In both cases, this priming was impaired in mutants ibs2 and ibs3 (Figure 2), 
indicating that WCS417r-ISR and BABA-IR against H. arabidopsidis share similar ABA- and -
phosphoinositide-dependent signaling components (Figure 8). Mutants ibs2 and ibs3 were not 
affected in their expression of WCS417r-mediated ISR and BABA-IR against the bacterial 
pathogen P. syringae DC3000 (Figure 4). Hence, primed defense against P. syringae requires 
different signaling mechanisms than primed defense against the oomycete H. arabidopsidis. This 
dissimilarity could be related to differences in infection strategy by both pathogens. For 
instance, P. syringae bacteria enter leaves through natural openings (Melotto et al., 2006) and are, 
therefore, less restricted by cell wall barriers, whereas H. arabidopsidis hyphae actively penetrate 
the epidermal cell layer (Slusarenko and Schlaich, 2003). 
 Since WCS417r and BABA prime the transcriptional induction of JA- and SA-
inducible genes, respectively (Figure 5), we examined if this enhanced transcriptional capacity is 
related to a direct increase in TFs. To this end, we screened the level of expression of nearly all 
TF genes in the Arabidopsis genome after priming treatment with WCS417r or BABA. In 
contrast to earlier findings reported by Verhagen et al. (2004), we found consistent effects by 
WCS417r on TF gene expression in the leaves (Figures S1, 6, and 7). This discrepancy can be 
explained by differences in methodology to quantify gene expression. Whereas Verhagen et al. 
(2004) used micro-arrays to quantify gene expression, the transcriptional profiling in this study 
was based on RT-qPCR, This technique is substantially more sensitive than hybridization-
based techniques and, consequently, more reliable for the detection of low-abundant mRNAs 
that are characteristic for the expression of TF genes (Czechowski et al., 2004).  
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Figure 8. Differences and similarities in regulation of WCS417r- and BABA-induced priming of 
defense. Root colonization by the rhizobacterial strain P. fluorescens WCS417r triggers ISR against the bacterial 
pathogen P. syringae DC3000 and oomycete pathogen H. arabidopsidis WACO9. This ISR depends on MYB72- 
and NPR1-dependent signaling pathways. WCS417r bacteria enhance systemic expression of regulatory TFs in 
the JA response, such as MYC2 and ERF/EREBP, which leads to primed expression of JA-dependent defenses 
upon infection by P. syringae DC3000. In addition, WCS417r bacteria trigger IBS2- and IBS3-dependent priming 
of cell wall defense, which leads to augmented deposition of callose-rich papillae upon infection by H. 
arabidopsidis. Root treatment with BABA also induces resistance against P. syringae and H. arabidopsidis. BABA-IR 
against P. syringae DC3000 depends on SA- and NPR1-dependent signaling pathways. Downstream of NPR1, 
the BABA-induced resistance pathway leads to enhanced expression of regulatory TFs in the SA response, such 
as WRKYs, which mediate primed activation of SA-dependent defenses upon infection by P. syringae DC3000 
and H. arabidopsidis. In addition, BABA triggers IBS2- and IBS3-dependent priming for augmented deposition 
of papillae after infection by H. arabidopsidis. This BABA-induced priming of cell wall defense functions 
independently of NPR1. 

 
Our screen for priming-related TF genes revealed that treatment of the roots with 

WCS417r or BABA triggers systemic changes in expression of largely different sets of TF 
genes (Figures S1, 6, and 7). In combination with our previous findings that WCS417r and 
BABA prime for different sets of defense-related genes (Verhagen et al., 2004; Ton et al., 2005), 
we propose that the WCS417r-induced TF genes contribute to priming of JA-inducible genes, 
whereas the BABA-induced TF genes contribute to priming of SA-inducible genes (Figure 8). 
In support of this, WCS417r bacteria induced TF genes that have been related to the regulation 
of JA- and ET-dependent defense reactions, such as AP2/EREBP genes (Table S1). Amongst 
these, the ERF1 gene encodes a key regulator in the integration of JA- and ET-dependent 
signaling pathways (Lorenzo et al., 2003). In addition to ERF1, JA-induced expression of 
defense genes is co-regulated by the MYC2 TF (Lorenzo et al., 2004). Interestingly, also the 
MYC2 gene was weakly, yet consistently, induced by WCS417r (Figure 6A; Table S2). With 
respect to the BABA-inducible group of TF genes, the majority of genes were substantially less 
responsive to BABA in the npr1 mutant, indicating that NPR1 plays an important role in 
BABA-induced expression of TF genes (Figures 6 and 7). These NPR1-dependent, BABA-
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inducible TF genes included 21 members of the WRKY family. Some of these, such as 
WRKY38, WRKY53, WRKY58, and WRKY70, play a role in the fine-tuning of SA-inducible 
defenses and are directly targeted of NPR1 (Eulgem, 2005; Wang et al., 2005). Therefore, we 
conclude that NPR1 plays an important role in the onset of BABA-induced priming of SA-
inducible defenses (Figure 8).  

It is tempting to speculate that the relatively small number of TFs that were induced 
by both WCS417r and BABA regulate defense mechanisms that are primed upon both 
treatments, such as the expression of callose-rich papillae. Priming of this cell wall defense is 
dependent on IBS2 and IBS3, regardless of the nature of the inducing priming agent (Figure 
2). Yet, this priming is regulated differently at the level of NPR1 and MYB72. Our bioassays 
indicated that NPR1 is necessary for WCS417r-induced priming of callose, whereas it is 
dispensable for BABA-induced priming of callose (Figures 1 and 3). Similarly, MYB72 was 
important for WCS417r-induced callose priming, whereas it had no contribution to BABA-
induced callose priming (Figure 3). Since MYB72 is thought to operate at a relatively early 
stage in the WCS417r-induced signaling pathway (Van der Ent et al., 2008), we propose that 
MYB72 and NPR1 act upstream of IBS2 and IBS3 in the WCS417r pathway of cell wall 
defense (Figure 8). 

The role of NPR1 in the priming signaling network is complex. Our data suggest 
that NPR1 not only controls WCS417r-induced priming of cell wall defense, but that it also 
regulates WCS417r-ISR against P. syringae DC3000, which is based on priming of JA-dependent 
defenses (Verhagen et al., 2004; Pozo et al., 2008). In addition, NPR1 is necessary for BABA-IR 
against different pathogens (Zimmerli et al., 2000; Zimmerli et al., 2001) and plays a major role 
in BABA-induced expression of TF genes (Figures S1, 6, and 7). Finally, NPR1 contributes to 
SAR-related priming of pathogen-induced expression of the PHENYL AMMONIA LYASE gene 
(Kohler et al., 2002). Hence, the function of NPR1 in priming depends on the signaling 
pathway that is activated upstream of it (Figure 8). In this context, it would be interesting to 
investigate the role NPR1-interacting signaling proteins, such as TGA transcription factors 
(Dong, 2004). Another potentially interesting component is the SNI1 protein, which functions 
as a negative regulator of NPR1-dependent gene expression. Interestingly, SNI1 has been 
reported to influence chromatin structure around the SA-inducible PR-1 promoter (Mosher et 
al., 2006). It is, therefore, tempting to speculate that priming antagonizes SNI1-dependent 
chromatin remodeling, which would enhance the TF binding capacity to the gene promoters 
and successively facilitate a faster and stronger transcriptional induction of NPR1-dependent 
defense genes after pathogen attack.  

The direct effects of WCS417r and BABA on TF gene expression can point to earlier 
signaling steps in the priming of defense genes. These transcriptional activations are controlled 
by other TFs, whose activity is not necessarily regulated at the transcriptional level. Such 
“early-acting” TFs in the pathway may function as key regulators in the onset of priming. In a 
first step to identify such factors, we analyzed the promoter regions of WCS417r- and BABA-
inducible TFs for overrepresentation of common cis-acting elements. The promoter regions of 
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both WCS417r- and BABA-inducible TF genes were significantly enriched in G- and PLGT1-
boxes (Figure S2). Both elements have been related to transcriptional responses to pathogen 
infection, salt stress, JA, and ABA (Dröge-Laser et al., 1997; Faktor et al., 1997; Boter et al., 
2004; Park et al., 2004). Conversely, we found a statistically significant overrepresentation of 
W-boxes in BABA-inducible genes in the wild-type, but not in the npr1 mutant (Figure S2). 
This result points to involvement of WRKYs in the NPR1-dependent induction of TF genes 
by BABA. In support of this, we identified 22 WRKY genes that were directly induced by 
BABA in wild-type plants but not, or significantly less, in the npr1 mutant (Figure 7A). 
Promoter analysis of the 21 NPR1-dependent WRKY genes revealed a significant 
overrepresentation of an unknown promoter element (Figure 7B). We hypothesize that this 
TAG[TA]CT element functions as an important cis-acting element in the NPR1-dependent 
activation of TF genes by BABA. Future studies will focus on the identification of TF proteins 
that bind to the TAG[TA]CT element, aiming at the identification of a novel key regulator in 
priming of SA-inducible defense mechanisms. 

 
 

MATERIAL AND METHODS 
 
Plants and micro-organisms 
Seeds of Arabidopsis thaliana accession Col-0 and its mutants ibs2-2, which carries a T-DNA insertion in the 5’-
untranslated region of SAC1b (At5g66020; this mutant is also referred to as s-031243; Ton et al., 2005), ibs3-2, 
which harbors an EMS-induced mutation in the ABA1/NPQ2 gene (also referred to as npq2-1; Niyogi et al., 
1998; Ton et al., 2005), myb72-1 (Van de Mortel et al., 2008) and npr1-1 (Cao et al., 1994) were cultivated as 
described previously (Pieterse et al., 1996). Pseudomonas fluorescens strain WCS417r and Pseudomonas syringae pv. 
tomato DC3000 (Whalen et al., 1991) were cultivated as described previously by Pieterse et al. (1996). 
Hyaloperonospora arabidopsidis strain WACO9 was cultivated as described by Ton et al. (2002b). 
 
Induction treatments and disease assays 
ISR was elicited by transplanting two-week-old Arabidopsis seedlings into a sand/potting soil mixture 
containing 5×107 colony forming units (CFU) WCS417r bacteria per gram of soil. Control soil was 
supplemented with an equal volume of 10 mM MgSO4. BABA-IR was triggered by applying BABA (Sigma-
Aldrich Chemie BV, Zwijndrecht, the Netherlands) as a soil drench at the indicated concentrations. Treatment 
with methyl jasmonate (MeJA) was performed by dipping 5-week-old Col-0 plants in an aqueous solution 
containing 50 µM MeJA (Serva, Brunschwig Chemie, Amsterdam, the Netherlands) and 0.015% Silwet L-77 
(Van Meeuwen Chemicals B.V., Weesp, the Netherlands), as described previously (Pieterse et al., 1998). BTH 
(benzothiadiazole; CIBA-GEIGY GmbH; Frankfurt, Germany) was administered by spraying 5-week-old 
plants with a solution containing 19 mg.L-1 wettable powder and BTH at the indicated concentrations. Leaf 
rosettes were harvested at indicated intervals after application and immediately frozen in liquid nitrogen. 
Induced resistance assays with P. syringae DC3000 and H. arabidopsidis WACO9 were performed as described by 
Pieterse et al. (1996) and Ton et al. (2005), respectively. To visualize colonization by H. arabidopsidis WACO9, 
infected leaves were stained with lactophenol/trypan blue and examined microscopically at five days after 
inoculation as described by Koch and Slusarenko (1990). Quantification of callose deposition was performed as 
described by Ton and Mauch-Mani (2004). 
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Northern blot analysis and RT-qPCR analysis 
Total RNA was extracted from pooled shoot samples as described by Van Wees et al. (1999). For northern blot 
analysis, 10 μg RNA was denatured using glyoxal and DMSO (Sambrook et al., 1989), electrophoretically 
separated on a 1.5% agarose gel, and blotted onto Hybond-N+ membranes (Amersham, ’s-Hertogenbosch, the 
Netherlands) by capillary transfer. The electrophoresis and blotting buffer consisted of 10 and 25 mM sodium 
phosphate (pH 7.0), respectively. Northern blots were hybridized with gene-specific probes for PR-1 and LOX2 
as described previously (Pieterse et al., 1998). To check for equal loading, RNA gel blots were stripped and 
hybridized with a gene-specific probe for 18S rRNA. RT-qPCR analysis was performed basically as described 
by Czechowski et al. (2004; for further details see supporting information file 1). 
 
Statistical analysis of expression data 
Cluster analysis (Euclidean distance) and principal component analysis (PCA) of the transcriptional patterns of 
the selected TF genes were based on the expression values from three independent biological samples per 
treatment, using TIGR Multiexperiment Viewer (TMEV) software (Saeed et al., 2003). Both analyses were 
performed with the Ln-transformed values of the fold induction ratio of each gene, which was defined as the 
expression value in each replicate sample divided by the mean expression value of the three corresponding 
control samples. Log-transformed fold-induction values of TF-encoding genes from independent experiments 
were analyzed using a paired Student’s t-tests or a non-parametric Wilcoxon Mann-Whitney test. 
 
Promoter analysis 
Promoter analyses were based on the 1000 bp sequences preceding the 5'-end of each transcription unit, which 
were obtained from the Sequence Bulk Download and Analysis tool of TAIR 
(http://www.arabidopsis.org/tools/bulk/sequences/index.jsp). The promoter sequences of WCS417r- or 
BABA-inducible TFs were examined for overrepresentation of cis-acting elements, using the POBO 
bootstrapping program (Kankainen and Holm, 2004) and the SCOPE for parameter-free de novo computational 
motif discovery POBO and SCOPE analyses were performed under the program settings as recommended at 
(http://ekhidna.biocenter.helsinki.fi/poxo/pobo/help#p2) and (http://genie.dartmouth.edu/scope/), 
respectively. Differences in DNA element frequency between selected groups of promoters were statistically 
analyzed with SPSS 11.5 software, using a Chi-square test to compare proportions between 1) the total number 
of promoters in the selected group 2) the number of promoters containing the DNA element, and 3) the total 
number of DNA elements. The TAG[TA]CT motif in the promoter regions of the BABA-responsive WRKY 
genes was identified with the Statistical Motif Analysis tool of TAIR 
(http://www.arabidopsis.org/tools/bulk/motiffinder/index.jsp). SCOPE analysis was used to verify the 
analysis and identify variations to the TAG[TA]CT motif. 
 
 

SUPPLEMENTARY  MATERIAL 
 
Figure S1.  Genome-wide screen for putative WCS417r- or BABA-responsive TF genes in 
Arabidopsis wild-type (Col-0) and npr1 plants. 
 
Figure S2. Occurrences of cis-acting elements in the promoter regions of WCS417r- and 
BABA-inducible TF genes in Arabidopsis wild-type (Col-0) and npr1 plants. 
 
Table S1.  Genome-wide screen for putative WCS417r- and BABA-inducible TF genes.  
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Table S2.  Fold-induction values of a selection of 37 TF genes in three biologically replicate 
samples upon treatment of the roots with WCS417r or BABA treatment in leaves of 
Ararbidopsis Col-0 (wild-type) or npr1.  
 
Table S3. Fold-induction values of 71 WRKY genes in 3 independent experiments upon 
treatment of the roots with BABA in leaves of Arabidopsis Col-0 (wild-type) or npr1.  
 
Supporting information file 1: RT-qPCR analysis 
 
All supplementary materials can be downloaded from: 
http://www.bio.uu.nl/~fytopath/GeneChip_data.htm 
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ABSTRACT 
 
Treatment of Arabidopsis with the non-protein amino acid β-aminobutyric acid (BABA) 
induces resistance against a wide range of pathogens. This BABA-induced resistance (BABA-
IR) against the oomycete Hyaloperonospora arabidopsidis is predominantly based on priming for 
augmented deposition of callose-containing papillae at the sites of pathogen attack, which 
functions independently of the plant hormone salicylic acid (SA), but requires intact abscisic 
acid (ABA) signaling. To identify novel regulators in this priming of cell wall defense, we 
screened an ethylmethane sulfonate (EMS)-treated population of SA non-accumulating NahG 
plants for mutants impaired in BABA-induced immunity (ibi) against H. arabidopsidis. The ibi1-1 
NahG mutant described here is unable to express BABA-induced priming of cell wall defense 
against H. arabidopsidis. In addition, the ibi1-1 NahG mutant is blocked in BABA-induced 
resistance against the necrotrophic fungus Plectosphaerella cucumerina, but expressed wild-type 
levels of BABA-induced tolerance to salt stress. Treatment with the SA-analogue 
benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH) induced resistance against H. 
arabidopsidis, indicating that IBI1 is not involved in systemic acquired resistance (SAR) signaling 
downstream of SA. Exogenous application of ABA, which primes for enhanced cell wall 
defense, also induced resistance to P. cucumerina in ibi1-1 NahG. This suggests that IBI1 acts 
parallel or upstream of ABA in the priming pathway. After application of relatively high BABA 
concentrations, ibi1-1 NahG accumulated excessive amounts of anthocyanins and hydrogen 
peroxide, suggesting involvement of IBI1 in the regulation of the redox state of the cell. Our 
study shows that IBI1, which maps to the lower arm of chromosome 4, acts as a novel 
regulator in BABA-induced priming of cell wall defense.  
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INTRODUCTION 
 
During attack by potentially harmful micro-organisms, plants strongly rely on inducible 
defense mechanisms. Well known examples of pathogen-inducible defenses are pathogenesis-
related (PR) proteins with anti-microbial activity (Van Loon et al., 2006b), toxic phytoalexins 
(Jackson and Taylor, 1996), and callose-containing cell wall appositions at the sites of 
attempted pathogen attack (Ton and Mauch-Mani, 2004; Soylu et al., 2005). The effectiveness 
of these inducible defenses depends on the speed and intensity by which they are activated. 
Successful pathogens either evade or suppress basal defenses of the plant by deploying 
effectors that contribute to pathogen virulence (Jones and Dangl, 2006).  
 The plant’s basal level of resistance can be increased by application of specific biotic 
or abiotic stimuli, resulting in enhanced protection against future pathogen attack. This type of 
disease protection is commonly referred to as “induced resistance” (IR; Kuc, 1982). A classical 
example of IR is systemic acquired resistance (SAR), which is expressed in distal plant parts 
upon localized infection by a necrotizing pathogen (Ryals et al., 1996). SAR depends on 
endogenous accumulation of the phytohormone salicylic acid (SA) and the defense regulatory 
protein NPR1 (NONEXPRESSOR OF PR-GENES1; Dong, 2004) and is predominantly 
effective against pathogens with a (hemi-)biotrophic lifestyle (Ton et al., 2002b). Beneficial 
micro-organisms, such as mycorrhizal fungi and rhizobacteria can also trigger an IR response 
(Van Wees et al., 2008). In contrast to SAR, Pseudomonas fluorescens WCS417r-induced systemic 
resistance (ISR) in Arabidopsis functions independently of SA, but requires intact jasmonic 
acid (JA) and ethylene (ET) signaling pathways (Pieterse et al., 1998). Similarly as SAR, 
however, WCS417r-ISR requires an intact defense-regulatory protein NPR1. Although the 
spectrum of effectiveness of ISR shares significant overlap to that of pathogen-induced SAR, 
WCS417r-ISR in Arabidopsis appears more effective against necrotrophic pathogens that are 
resisted by JA-dependent defenses (Ton et al., 2002b). In addition to micro-organisms, a variety 
of chemicals can trigger IR responses, such as SA (Mur et al., 1996; Katz et al., 1998), JA (Kauss 
et al., 1994) and the non-protein amino acid β-aminobutyric acid (BABA; Jakab et al., 2001; 
Cohen, 2002).  
 Many of the above–mentioned induced resistance phenomena are not based on direct 
activation of defense mechanisms, but on a sensitization of the plant’s innate immune response 
that leads to a faster and stronger defense reaction to subsequent pathogen attack (Van Wees et 
al., 1999; Zimmerli et al., 2000; Ton et al., 2007). This phenomenon is commonly referred to as 
priming of defense (Conrath et al., 2002; Conrath et al., 2006). In Chapter 4, we demonstrated 
that priming is particularly beneficial under hostile conditions and that it is not associated with 
the major fitness costs that are related to direct induction of plant defenses. Hence, priming 
seems a cost-efficient defense strategy that provides broad-spectrum disease resistance. 
Nevertheless, the mechanistic basis of priming remains unclear. In Arabidopsis, defense-
regulatory protein kinases and transcription factors (TFs) have been reported to accumulate 
directly upon priming-inducing treatment (Beckers and Conrath, 2007; Chapter 2). It is 
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hypothesized that these defense-regulatory proteins remain inactive until the tissue is attacked 
by a pathogen, upon which the enhanced signaling capacity leads to augmented defense 
expression (Conrath et al., 2006). In agreement with this, the inactive form of MAPK3 
accumulates upon priming treatment with the SA analogue benzo(1,2,3)thiadiazole-7-
carbothioic acid S-methyl ester (BTH; Beckers and Conrath, 2007). Furthermore, we found 
that induction of priming by P. fluorescens WCS417r and BABA leads to enhanced expression of 
defense-related TFs, without major induction of defense-related genes (Chapter 2).  
 BABA-induced priming leads to augmented induction of the SA-dependent PR-1 
gene upon pathogen attack (Zimmerli et al., 2000). However, BABA-IR against the oomycete 
Hyaloperonospora arabidopsidis does not require SA signaling, since Arabidopsis genotypes 
disrupted in SA-dependent signaling are still capable of expressing BABA-IR against this 
pathogen (Zimmerli et al., 2000; Ton et al., 2005). It has been shown that BABA-IR against H. 
arabidopsidis is based on priming of cell wall-based defenses, involving augmented deposition of 
callose-rich papillae at the sites of attempted pathogen attack (Zimmerli et al., 2000; Ton et al., 
2005). This priming of SA-independent cell wall defense is also effective against the 
necrotrophic fungi Plectosphaerella cucumerina and Alternaria brassicicola. Because the callose 
synthase mutant pmr4 was no longer capable of expressing BABA-IR to P. cucumerina and A. 
brassicicola, it was concluded that callose is indeed essential for SA-independent BABA-IR (Ton 
and Mauch-Mani, 2004; Flors et al., 2008). BABA-induced priming of callose against these two 
fungi depends on ABA signaling, since mutants in the zeaxanthin epoxidase ABA1 gene and 
the ABA response factor ABI4 gene failed to deposit primed levels of callose in response to 
infection by these pathogens (Ton and Mauch-Mani, 2004; Flors et al., 2008). Importantly, 
these mutants were unaffected in basal callose deposition, indicating that ABA does not 
regulate callose synthesis, but specifically acts in the pathway controlling priming of cell wall 
defense. 
 Previously, Ton et al. (2005) performed a mutagenesis screen to identify mutants with 
an impaired responsiveness to BABA. Based on the fact that high concentrations of BABA 
induce female sterility in Arabidopsis (Jakab et al., 2001), a collection of T-DNA insertion 
mutants was screened for impaired BABA-induced sterility (ibs). Mutant ibs1, carrying an 
insertion in a cyclin-dependent kinase-like gene, reduced BABA-induced priming of SA-
dependent defenses, whereas mutant ibs2 and ibs3 showed reduced amounts of BABA-induced 
priming of cell wall defense (Ton et al., 2005). The ibs2 mutant has a defect in the 
IBS2/AtSAC1b gene, encoding a polyphosphoinositide phosphatase. The third mutant, ibs3, 
carries a T-DNA mutation at the 3’-end of the ABA1 gene, thereby confirming the 
involvement of the ABA/xanthophyll cycle in this priming response. Mutants ibs2 and ibs3 are 
also impaired in BABA-induced protection against salt stress (Ton et al., 2005). This protection 
is based on a sensitization to ABA, which results in a faster stomatal closure upon osmotic 
stress exposure (Jakab et al., 2005).  
 To identify novel signaling components in the SA-independent part of BABA-IR, we 
performed an ethylmethane sulfonate (EMS) mutagenesis screen in which we screened for 
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mutants that are no longer protected against H. arabidopsidis upon treatment with priming-
inducing concentrations of BABA. To prevent contribution of the SA-dependent component 
of BABA-IR, the screen was performed in the background of SA non-accumulating NahG 
plants (Delaney et al., 1994). Here, we describe the isolation and characterization of the impaired 
in BABA-induced immunity1 (ibi1) mutant. The ibi1 mutant is affected in priming of cell wall 
defense, which blocks BABA-IR against H. arabidopsidis and P. cucumerina. Furthermore, we 
provide evidence that the ibi1 mutation blocks the priming pathway upstream or parallel of 
ABA signaling, possibly through a perturbation in redox regulation. Together, our results show 
that IBI1, which maps to the lower arm of chromosome 4, is a novel regulatory gene in BABA-
induced priming of cell wall defenses.  
 
 
RESULTS 
 
Isolation of Arabidopsis mutants impaired in SA-independent BABA-IR  
To identify mutants in SA-independent BABA-IR, an EMS-mutagenized M2 population of SA 
non-accumulating Arabidopsis Col-0 NahG plants (Delaney et al., 1994) were screened for an 
impaired in BABA-induced immunity (ibi) phenotype against H. arabidopsidis. Approximately 
600 individuals per M2 pool (derived from ~25 M1 plants) were screened after soil drench 
induction with 14 mg/L BABA. At these moderately high BABA concentrations, BABA-
induced protection against H. arabidopsidis is still based on priming in NahG plants. In total, 
34,200 plants from 57 different M2 pools were screened, which resulted in 9 putative ibi 
mutants from different pools that still developed downy mildew disease upon BABA treatment 
and subsequent pathogen challenge. Two putative mutants from different pools could be 
confirmed in the M3 generation. All F2 individuals from a cross between these mutants 
displayed the ibi phenotype (data not shown), indicating that both mutations are allelic. Further 
characterization focused on the first mutant isolated, ibi1-1 NahG. Treatment of Col-0 NahG 
plants with priming concentrations of BABA strongly reduced disease symptoms at 7 days 
after inoculation with H. arabidopsidis. In contrast, ibi1-1 NahG plants were not protected by 
BABA and developed similar levels of downy mildew disease as non-treated control plants 
(Figure 1A). Trypan blue staining of leaves at 7 days after pathogen inoculation confirmed that 
BABA-treated ibi1-1 NahG plants allowed similar levels of pathogen colonization as control-
treated NahG and ibi1-1 NahG plants (Figure 1B). Hence, the ibi1-1 NahG mutant is impaired 
in BABA-IR against H. arabidopsidis.  
 To determine the genetic inheritance of the ibi1 mutant phenotype, the ibi1-1 NahG 
mutant was back-crossed with Col-0 NahG. The F2 plants from this backcross were analyzed 
for segregation of the ibi phenotype upon treatment with BABA and subsequent challenge 
with H. arabidopsidis. As shown in Table 1, the frequency of susceptible (ibi1) and resistant 
(IBI1) F2 plants followed a 1:3 ratio, demonstrating that the ibi1 phenotype is caused by a single 
recessive mutation. 
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Figure 1: BABA-IR against H. arabidopsidis is affected in ibi1-1 NahG (see page 179 for full color 
version). (A) Disease severity was quantified 7 days after inoculation with 5 x 104 H. arabidopsidis spores/mL in 
3-week-old plants pretreated by soil drench with water or 7 mg/L BABA. Disease rating is expressed as the 
percentage of leaves in disease classes I, no symptoms; II, trailing necrosis; III, <50% of the leaf covered by 
sporangiophores, and IV, >50% of the leaf covered by sporangiophores with additional chlorosis and tissue 
collapse. Routinely, no trailing necrosis is observed in the presence of the NahG transgene. Asterisks indicate 
statistically significant different distributions of the disease classes compared to the respective controls within 
each genotype (χ2 test; α = 0.05; n = 100 leaves). The experiment was repeated several times with similar 
results. (B) Colonization of H. arabidopsidis-infected leaves, 8 days after inoculation. Colonizing hyphae of H. 
arabidopsidis were visualized by lactophenol/trypan-blue staining using light microscopy.  
 
Table 1. Segregation of ibi phenotype in the F2 of a backcross between ibi1-1 NahG and Col-0 NahG. 
 

ibi1-1 NahG x Col-0 NahG susceptible plants resistant plants total 
Χ2 p-value 

Observed 144 448 592 
 

0.144 
 

0.704 

Expected (1 : 3) 148 444 592 

 
The ibi1-1 NahG mutant is impaired in BABA-induced priming of callose depositions 
To investigate if the lack of BABA-IR in ibi1-1 NahG is caused by a defect in priming of cell 
wall defense, leaves from control- and BABA-treated plants were collected at 2 days after 
pathogen inoculation and microscopically examined for callose-inducing spores in the 
epidermal cell layer. Compared to non-induced plants, BABA-treated wild-type NahG 
deposited three-fold higher levels of callose-containing papillae in response to germinating H. 
arabidopsidis spores (Figure 2). Although basal papillae formation in control-treated ibi1 NahG 
was not affected, the mutant failed to deposit potentiated levels of papillae after pretreatment 
with BABA. Hence, ibi1-1 NahG is not affected in callose biosynthesis or pathogen perception, 
but lacks the ability to express augmented levels of cell wall defense upon priming treatment 
with BABA and subsequent pathogen attack.  
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Figure 2: ibi1-1 NahG is affected in BABA-induced 
priming of callose depositions. Callose deposition was 
quantified 2 days after inoculation  with 5 x 104 H. 
arabidopsidis sporangia/mL in 3-week-old plants pretreated 
by soil drench with water or 7 mg/L BABA. Shown are 
means ± SD (n = 15 leaves). Asterisks indicate statistically 
significant differences compared to the respective controls 
within each genotype (Student’s t-test; α = 0.05).  
 
 
 
 

The ibi1-1 NahG mutant is impaired in BABA-IR against pathogens, but not in BABA-
induced tolerance against salt stress 

To further examine the impact of the ibi1-1 mutation, we quantified BABA-induced 
protection against the necrotrophic fungus P. cucumerina. Similarly to BABA-IR against H. 
arabidopsidis, BABA-IR against P. cucumerina relies on intact ABA signaling and augmented 
callose depositions (Ton and Mauch-Mani, 2004). Compared to control-treated NahG, BABA-
treated NahG showed significantly reduced levels of disease symptoms at 7 days after 
inoculation with P. cucumerina (Figure 3A). Conversely, ibi1-1 NahG plants failed to show a 
statistically significant reduction in disease upon BABA treatment (Figure 3A). These results 
indicate that the ibi1-1 mutation also blocks BABA-IR against P. cucumerina.Besides protection 
against pathogens, BABA can also protect against osmotic stress. This BABA-induced 
tolerance is based on priming of ABA-inducible responses (Jakab et al., 2005; Ton et al., 2005). 
To test the impact of the ibi1-1 mutation on BABA-induced tolerance, plants were pretreated 
with priming concentrations of BABA and subsequently soil drenched with 200 mM NaCl. 
Both Col-0 NahG and ibi1-1 NahG showed a statistically significant reduction in the number 
of wilting plants after pretreatment with BABA (Figure 3B). These results not only indicate 
that the ibi1-1 NahG is unaffected in BABA-induced tolerance to osmotic stress, they also 
illustrate that the mutant is not impaired in the uptake of BABA.  
 
The ibi1-1 NahG mutant is not impaired in ABA signaling  
BABA-induced priming of callose relies on intact ABA signaling (Ton and Mauch-Mani, 2004; 
Ton et al., 2005). Furthermore, exogenous application of ABA mimics BABA for primed 
callose deposition and induced resistance against the necrotrophs A. brassicicola and P. 
cucumerina (Ton and Mauch-Mani, 2004). To determine the position of the ibi1-1 mutation 
relative to ABA in the BABA-induced priming pathway, plants were soil drenched with ABA 
and subsequently tested for resistance against P. cucumerina. Col-0 NahG and ibi1-1 NahG 
expressed similar levels of ABA-induced resistance to P. cucumerina (Figure 4A), indicating that 
IBI1 functions upstream or parallel of ABA in the BABA-induced priming pathway.  
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Figure 3: BABA-IR against P. cucumerina and BABA-induced tolerance to salt stress in Col-0 NahG 
and ibi1-1 NahG. (A) Quantification of disease severity at 7 days after applying 6 µl-droplets containing 5 x 106 
P. cucumerina spores/mL to the leaves of 6-week-old plants pretreated by soil drench with water or 15 mg/L 
BABA . Disease rating is expressed as the percentage of leaves in disease classes 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 respective controls 
within each genotype (χ2 test; α = 0.05; n = 50 leaves). The experiment was repeated with similar results. (B) 
Quantification of wilting plants 3 days after soil drench with 200 mM NaCl to 3-week-old plants pretreated by 
soil drench with water or 7 mg/L BABA. Shown are means ± SE (n = 10 pots). Asterisks indicate statistically 
significant difference compared to the respective controls within each genotype (Student’s t-test; α = 0.05). The 
experiment was repeated with similar results.   
 
 
 

Figure 4: ABA responsiveness is intact in ibi1-1 NahG. (A) Disease severity after applying 6 µl-droplets 
containing 5 x 106 P. cucumerina spores/mL to the leaves of 6-week-old plants pretreated by soil drench with 
water or with 20 mg/L ABA was quantified 7 days after inoculation. See legend of Figure 3A for more 
information. Asterisks indicate statistically significant different distributions of the disease classes compared to 
the respective controls within each genotype (χ2 test; α = 0.05; n = 30 leaves). (B) Percentage of germinated 
seeds on MS agar medium containing increasing concentrations of ABA.  
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To further confirm that ABA responsiveness is unaffected in ibi1-1 NahG, ABA-induced seed 
dormancy was studied. Seeds of Col-0 NahG and ibi1-1 NahG showed a similar decline in 
germination percentage upon application of increasing concentrations of ABA (Figure 4B). 
Hence, ibi1-1 NahG plants are not impaired in ABA response signaling. 
 
BTH induces resistance in ibi1-1 NahG  
The SA analogue BTH can protect NahG-expressing Arabidopsis against H. arabidopsidis 
through activation of the SAR pathway downstream of SA (Lawton et al., 1996). To investigate 
if the ibi1-1 mutation affects this part of the SAR pathway, plants were pretreated with BTH 
and subsequently inoculated with H. arabidopsidis. At 7 days after inoculation, both Col-0 NahG 
and ibi1-1 NahG developed similar levels of BTH-induced resistance against the oomycete 
(Figure 5). This indicates that IBI1 plays no role in the SAR pathway downstream of SA.  
 

 
Figure 5: BTH-induced resistance against H. 
arabidopsidis in Col-0 NahG and ibi1-1 NahG. 
Disease severity was quantified 8 days after inoculation 
with 5 x 104 H. arabidopsidis sporangia/mL in 4-week-old 
plants pretreated by spraying with water or 125 mg/L 
BTH. See legend of Figure 1A for more information. 
Asterisks indicate statistically significant different 
distributions of the disease classes compared to the 
respective controls within each genotype (χ2 test; α = 
0.05; n = 130 leaves).  
 
 
 

High concentrations of BABA induce anthocyanin accumulation and growth inhibition 
in ibi1-1 NahG  
Relatively high concentrations of BABA can activate defenses directly and induce female 
sterility (Jakab et al., 2001; Van Hulten et al., 2006). To investigate the response of ibi1-1 NahG 
to high BABA concentrations, plants were repeatedly soil drenched with 60 mg/L BABA. 
Surprisingly, ibi1-1 NahG developed a noticeable stress response that was characterized by 
severe growth retardation and a distinctive purple coloration of the rosette, which appeared 
already at two days after the first application of BABA (Figure 6A). Subsequent 
spectrophotometrical analysis of leaf extracts revealed that this purple coloration was caused 
by an excessive accumulation of anthocyanins (Figure 6B). To further investigate the 
hypersensitivity of ibi1-1 NahG to relatively high concentrations of BABA, wild-type and 
mutant plants were grown on agar medium supplemented with different concentrations of 
BABA. As shown in Figure 6C and 6D, ibi1-1 NahG seedlings displayed severe growth 
retardation in comparison to NahG seedlings when growing on agar medium supplemented 
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with BABA. These results demonstrate that ibi1-1 NahG reacts hypersensitive to BABA and 
confirm our previous conclusion that ibi1-1 NahG is not impaired in BABA uptake. 
 

 
Figure 6: Treatment with high concentrations of BABA leads to anthocyanin accumulation and root 
growth inhibition in ibi1-1 NahG plants (see page 180 for full color version). (A) Anthocyanin 
accumulation in 6-week-old plants 1 week after soil drench with water or 60 mg/L BABA. (B) Quantification 
of anthocyanin accumulation in 4-week-old plants 3 days after treatment with 60 mg/L BABA. Shown are 
means ± SE (n = 5) of the absorbance of plant extractions measured at 535 nm plotted per gram fresh weight. 
Asterisks indicate statistically significant difference compared to the respective controls within each genotype 
(Student’s t-test; single asterisks p < 0.05; double asterisks p < 0.001). (C) 10-day-old seedlings on MS agar 
medium supplemented with 50 mg/L BABA. (D) Root length of 10-day-old seedlings on MS agar medium 
supplemented with different concentrations of BABA (5, 10 or 50 mg/L). Asterisks indicate statistically 
significant difference between Col-0 NahG and ibi1-1 NahG within each treatment (Student’s t-test; α =  0.05). 
 
The ibi1-1 NahG mutant accumulates light-dependent hydrogen peroxide after 
treatment with high BABA concentrations  
Anthocyanins are scavengers of free radicals, used to protect plants against excessive amounts 
of ROS (Nagata et al., 2003). To test whether their induction in ibi1-1 NahG after treatment 
with high BABA concentrations is caused by excessive ROS accumulation, leaves from 
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control- and BABA-treated plants, which were kept for 2 days under normal light conditions 
or in continuous darkness after induction, were infiltrated for 4 hours with DAB staining 
solution. DAB infiltration allows in vivo study of hydrogen peroxide (H202; Thordal-Christensen 
et al., 1997). Compared to plants that were put in the dark for 2 days, leaves from both Col-0 
NahG and ibi1-1 NahG showed noticeably stronger DAB signals when kept in the light (Figure 
7). There was no visible effect of BABA on the amount of H202 accumulation in Col-0 NahG 
plants under both conditions (Figure 7). In contrast, BABA-treated ibi1-1 NahG accumulated 
more H202 than control-treated plants in the light. The fact that this BABA effect was not 
observed in the dark, suggests that high concentrations of BABA trigger enhanced 
accumulation of photosynthesis-derived H202 in ibi1-1 NahG.   

 
 
Figure 7: Treatment with high 
concentrations of BABA leads to 
H202 accumulation in ibi1-1 
NahG plants (see page 181 for 
full color version).  Accumulation 
of H202 was visualized in vivo by 
DAB staining in 4-week-old plants 
pretreated with 60 mg/L BABA and 
subsequently kept for 2 days at 
either normal day/night conditions 
or continuous darkness.      
 
 

Genetic map position of the IBI1 gene 
To obtain a chromosomal map position of the ibi1-1 mutation, ibi1-1 NahG was crossed with 
the Lansberg erecta rpp5 mutant. The mutation in the RPP5 (RECOGNITION OF 
PERONOSPORA ARABIDOPSIDIS 5) gene causes susceptibility to H. arabidopsidis WACO9 
in the Ler background (Parker et al., 1997). In this mapping population, both the ibi1-1 allele 
and the NahG transgene are segregating. Approximately 8600 F2 plants were tested for BABA-
IR to H. arabidopsidis. Of these plants, 621 displayed severe disease symptoms and were 
selected for mapping. Using a combination of simple sequence length polymorphism (SSLPs), 
cleaved amplified polymorphic sequence (CAPS) and derived cleaved amplified polymorphic 
sequence (dCAPS) markers, we mapped the ibi1-1 mutation to the bottom of chromosome 4, 
to a region encompassed by BACs F17I23, T10C21, F6I18, F6E21 and F8F16 (Figure 8). This 
region contains 114 putative candidate genes (At4g30380 till At4g31350). We are currently 
further fine-mapping the ibi1-1 mutation through enhancing the population size of 
recombinant F2 plants. In parallel, complementation analysis of ibi1-1 NahG is being 
conducted, using 5 JatY cosmids (http://www.jicgenomelab.co.uk) that span the present ibi1-1 
locus interval.     
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Figure 8: Positional cloning of the ibi1-1 
locus. The ibi1-1 locus maps to the bottom 
of chromosome 4 between BAC F17I23 and 
F8F16.  IBI1 was placed on the physical map 
using TAIRs Chromosome Map Tool 
program (http://www.arabidopsis.org/).  
 
 
 
 
 
DISCUSSION 
 
To gain further insight into the mechanisms behind BABA-induced priming of SA-
independent cell wall defense, we performed a forward mutagenesis screen to identify mutants 
impaired in BABA-induced immunity (ibi) to H. arabidopsidis. Screening 34,200 M2 plants from 
57 M2 pools yielded 2 ibi mutants with a reproducible phenotype. All F2 individuals from a 
complementation cross between these mutants displayed the ibi phenotype, indicating that 
both mutants are affected in the same locus. Using a F2 population from a cross between ibi1-1 
NahG and Ler rpp5, the recessive ibi1-1 locus was mapped to the bottom of chromosome 4 
(Figure 8). All F2 plants that displayed the ibi1-1 phenotype had a copy of the NahG transgene 
(data not shown), which suggests that the ibi1-1 phenotype is only sustainable in the presence 
of NahG. However, because we selected for very diseased plants and NahG plants have a 
lower basal resistance than wild-type plants, as a consequence we may have selected for the 
presence of the NahG transgene. Therefore, it remains unclear if BABA-induced priming for 
SA-dependent defenses is still functional in Col-0 ibi1-1 plants. If so, they may result in 
enhanced resistance against H. arabidopsidis, even when the priming of the first layer of defense, 
callose, is impaired. This makes dissecting ibi1-1 from NahG difficult, as long as we have not 
identified the mutation that causes the ibi1-1 phenotype. The previously identified regulators of 
BABA-inducible priming of cell wall defenses, IBS2/AtSAC1b and IBS3/ABA1/NPQ2 (Ton 
et al., 2005) do not map to chromosome 4. It seems, therefore, unlikely that ibi1-1 is allelic to 
the ibs2 and ibs3 mutations. The fact that ibs2 or ibs3 were not picked up in our mutant screen 
suggests that our screen did not yet reach saturation. This is in agreement with the relatively 
small number of M1 plants that we have tested (1425).It may be possible that our ibi screen is 
not suitable to identify ibs2 and ibs3 mutants. Although significantly reduced, ibs2 and ibs3 still 
display a minor level of BABA-induced priming of callose depositions after H. arabidopsidis 
infection (Ton et al., 2005). Therefore, they may not meet the phenotypical requirements of our 
selection. Vice versa, it is unlikely that ibi1 could have been picked up in the ibs screen by Ton et 
al. (2005), since their selection was based on impairment of BABA-induced sterility. Due to 
extreme hypersensitivity of ibi1-1 NahG to sterility-inducing concentrations of BABA, this 
mutant would likely have been discarded in the ibs mutant screen. Hence, the ibi1 mutant 
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constitutes a unique mutant that is expected to contribute novel insights into the regulation of 
priming.  
 The inability of ibi1-1 NahG to express BABA-IR against H. arabidopsidis (Figure 1A 
and B) coincided with its inability to deposit primed levels of callose (Figure 2). Control-treated 
ibi1-1 NahG plants, on the other hand, showed unaffected levels of basal callose deposition 
after H. arabidopsidis infection. Hence, the ibi1-1 mutation specifically blocks the BABA-
induced priming of callose-containing papillae and does not affect the expression of the cell 
wall defense itself. This phenotype is in agreement with our previous conclusions that 
augmented papillae depositions are the active mechanism behind SA-independent BABA-IR 
against H. arabidopsidis (Zimmerli et al., 2000; Ton et al., 2005).  
 The ibi1-1 NahG mutant is not only affected in BABA-IR against H. arabidopsidis, it is 
also blocked in BABA-IR against P. cucumerina (Figure 3). This illustrates that IBI1-dependent 
priming of cell wall defense provides broad-spectrum resistance against taxonomically 
unrelated pathogens. Exogenous application of ABA mimics the effects of BABA in priming 
of callose and induced resistance against P. cucumerina (Ton and Mauch-Mani, 2004). 
Nevertheless, ibi1-1 NahG was unaffected in ABA-induced resistance against P. cucumerina 
(Figure 4A). Together with the finding that ibi1-1 NahG expressed wild-type levels of ABA-
induced seed dormancy (Figure 4B), this indicates that IBI1 does not function in the ABA 
response pathway. It is also unlikely that IBI1 regulates ABA biosynthesis, since ibi1-1 NahG 
plants were not enhanced susceptible to salt stress (Figure 2B), which contrasts the severe 
wilting phenotype of ABA biosynthesis mutants (Xiong et al., 2001; Ton et al., 2005). We, 
therefore, conclude that IBI1 functions either upstream of ABA, or parallel to ABA, in the 
pathway that controls priming of cell wall defense (Figure 9).   
 High concentrations of BABA triggered severe growth inhibition and anthocyanin 
accumulation in ibi1-1 NahG (Figure 6). Although these stress symptoms were also detectable 
in wild-type NahG plants, this toxicity was dramatically more pronounced in the mutant. 
Deleterious effects of high concentrations of BABA have been reported before (Cohen and 
Gisi, 1994; Cohen, 1994; Siegrist et al., 2000; Van Hulten et al., 2006). In Arabidopsis, growth 
retardation induced by high concentrations of BABA is associated with costs of direct 
activation of SA-dependent resistance mechanisms (Van Hulten et al., 2006). However, the 
observed growth retardation in ibi1-1 NahG by high doses of BABA cannot be explained by 
direct activation of SA-dependent responses, since the mutant expresses the SA-degrading 
NahG enzyme. It is, therefore, plausible that the hypersensitivity of ibi1-1 NahG is caused by a 
disability of the plant to cope with detrimental processes that are directly activated by high 
concentrations of BABA. For instance, the ibi1-1 NahG mutant may be affected in the 
detoxification of a BABA-induced metabolite that is potentially toxic to the plant’s own 
physiology. This accumulating compound cannot be BABA itself, nor can it be a breakdown 
product of BABA, since BABA is not metabolized by the plant (Cohen and Gisi, 1994; Jakab et 
al., 2001). Because anthocyanins are known to act as scavengers of free radicals (Nagata et al., 
2003), we tested the possibility that ibi1-1 NahG is impaired in ROS regulation. Indeed, high 
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concentrations of BABA triggered enhanced production of light-dependent H2O2 in ibi1-1 
NahG (Figure 7). Interestingly, extreme anthocyanin accumulation in ibi1-1 NahG was not 
only triggered by high doses of BABA (Figure 6), but also happened under excess light 
conditions (J. Ton, unpublished results). Together with our observation that ibi1-1 NahG 
displays enhanced accumulation of light-dependent ROS in response to high doses of BABA 
(Figure 7), we propose that IBI1 functions as a regulator of redox signals involved in the 
priming pathway (Figure 9). In support of this hypothesis, foliar BABA applications have been 
reported to trigger ROS in tobacco, where it localizes to SA-independent necrotic lesions 
(Siegrist et al., 2000). Furthermore, Ahn et al. (2007) recently proposed a role for H2O2 during 
thiamine-induced priming of defense in Arabidopsis.  
 
Figure 9: Model for BABA-induced priming of callose 
depositions. Treatment with BABA triggers ABA signaling-
dependent priming for enhanced callose depositions, possibly by 
influencing the redox state of the cell. Due to the mutation in the 
IBI1 gene, which functions likely upstream of ABA signaling, the 
redox state of the cell is misregulated, leading to an impaired 
BABA-induced priming signal. Furthermore, high doses of BABA 
may lead to accumulation of ROS (in gray), which may be enhanced 
by a knock-on effect of the NahG transgene (in gray). Due to 
possible incorrect redox regulation of ibi1 plants, these plants have 
become hypersensitive to ROS, as is visible by a drastic enhanced 
root growth inhibition and anthocyanin accumulation after 
treatment with high concentrations of BABA (in gray).     
 

The observed H202 accumulation in ibi1-1 NahG after high BABA treatment may in 
part be caused by the NahG transgene. NahG encodes a salicylate hydroxylase that converts SA 
into catechol, which can cause ROS production in micro-organisms and mammals upon 
oxidation (Schweigert et al., 2001). Moreover, Van Wees and Glazebrook (2003) have 
demonstrated that Col-0 NahG can express a defense-related phenotype, which likely involves 
pleiotropic effects of catechol. In pepper and tobacco, foliar application of high doses of 
BABA directly triggers SA production (Hwang et al., 1997; Siegrist et al., 2000). In Arabidopsis, 
high doses of BABA have been shown to directly induce the expression of SA-inducible PR-1. 
It is, therefore, likely that high amounts of BABA stimulate the biosynthesis of SA, which is 
converted into ROS-promoting catechol in the presence of NahG. Consequently, the observed 
hypersensitivity of ibi1-1 NahG to high BABA could in part be caused by a knock-on effect of 
NahG-derived catechol. It seems nevertheless unlikely that NahG-derived catechol is the cause 
of the disruption of cell wall priming in ibi1-1 NahG. After all, both ibi1-1 NahG and Col-0 
NahG plants are expected to produce similar levels of catechol upon BABA treatment. It is 
also unlikely that the anthocyanins in BABA-treated ibi1-1 NahG disturb the onset of BABA-
induced priming. Col-0 NahG expresses full immunity against H. arabidopsidis upon treatment 
with high concentrations of BABA. Yet, Col-0 NahG accumulates more anthocyanins under 
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these conditions, than ibi1-1 NahG plants after treatment with priming concentrations of 
BABA (data not shown).  

BABA-induced tolerance to salt stress depends on a sensitization of the tissue to 
ABA. This priming results in a faster stomatal closure after exposure to osmotic stress, which 
enhances the plant’s water use efficiency under these conditions (Jakab et al., 2001). In our 
study, we showed that ibi1-1 NahG is not impaired in BABA-induced tolerance to salt stress 
(Figure 3B). These findings confirm that BABA-induced salt tolerance is different from 
BABA-induced priming of cell wall defense (Ton et al., 2005).   
 The enhancement of light-dependent H2O2 in ibi1-1 NahG plants after treatment with 
high concentrations of BABA suggests that IBI1 is involved in the regulation of light-
dependent ROS. Detoxification of H2O2 in plants is regulated by activity of catalases, 
peroxidases and oxidoreductases, the ascorbate-glutathione and the glutathione peroxidase 
cycle, as well as tocopherol, flavonoids, alkaloids and cartenoids with antioxidant activities 
(Apel and Hirt, 2004). It is noteworthy that the region of ibi1-1 locus contains two genes that 
encode for oxidoreductases (At4G30950, At4G31196). Interestingly, one of these is annotated 
to localize to the chloroplast, which might explain the light-dependent induction of H2O2 by 
BABA in ibi1-1 NahG. Another candidate gene is FAD6 (FATTY ACID DESASTURASE 6; 
At4g30950). This gene encodes a plastidic ω6-desaturase that is involved in the synthesis of 
polyunsaturated fatty acid-containing lipids. Mutations in FAD6 affect the recovery from 
photo-inhibition (Vijayan and Browse, 2002), which can cause excessive accumulation of light-
dependent ROS. Moreover, FAD6 regulates anthocyanin accumulation and callose depositions 
in tocopherol-deficient vte2 (vitamin e-deficient 2) plants during conditions of cold stress (Maeda 
et al., 2008).  

Clearly, further study will be necessary to elucidate the exact role of IBI1 in BABA-
induced priming of callose depositions. Identification of the IBI1 gene will ultimately allow us 
to do that. Since BABA-induced priming offers broad-spectrum resistance with only minor 
fitness costs on economically interesting traits as growth and seed set (Van Hulten et al., 2006), 
better knowledge about the mechanisms of priming could provide valuable information for 
durable protection of crop plants.  

 
 
MATERIAL AND METHODS 
 
Plant growth conditions and cultivation of pathogens 
For the H. arabidopsidis and salt stress bioassays plants were grown for the entire assay in a potting soil/sand 
mixture (12:5), with approximately 15 plants/pot. For all other assays, seeds were sown in sand and transferred 
to a potting soil-sand mixture (12:5) when 2 weeks old, as described by Pieterse et al.(1998). Plants were 
cultivated in a growth chamber with an 8h-day (24ºC) and 16h-night (20ºC) cycle at 60-70% relative humidity 
(RH). H. arabidopsidis WACO9 was maintained on susceptible Ws-2 plants as described previously (Koch and 
Slusarenko, 1990). Sporangia were obtained by washing diseased leaves in 10 mM MgSO4. Debris was filtered 
out using Miracloth (Merck) after which the sporangia were diluted in 10 mM MgSO4 to a final density of 5 x 
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104 sporangia /mL. P. cucumerina, isolated from naturally infected Landsberg erecta plants, was grown on 19.5 g.l-1 
potato dextrose agar (PDA; Difco laboratories, Detroit, USA) for two weeks at 22 °C, after which the conidia 
were harvested and suspended in 10 mM MgSO4 to a final density of 5 x 106 spores/mL.  
 
EMS mutagenesis 
Approximately 10,000 Col-0 NahG seeds were imbibed in 0.1% tween for 3 days at 4°C, maintained in 
0.2125% EMS for 3 days, and extensively washed with sterile water, as described by Van Damme et al.(2005). 
Seeds from ± 25 M1 plants per pot were pooled in M2 families to perform the screen.   
 
Mutant screening 
Of each M2 family 600 2-week-old plants were transplanted in trays consisting of 200 cells (Teku Seedling Tray 
cat. no. JP3050/230). Three-week-old plants were given a soil drench to a final concentration of 14 mg/L 
BABA. Two day later, plants were inoculated with H. arabidopsidis by spraying a suspension of 5 x 104 
sporangia/mL onto the leaves and maintained at 100% RH at 17ºC. At 7 days after inoculation, plants were 
visually inspected for H. arabidopsidis sporulation. Diseased plants were transplanted and sprayed with 0.1 
mg/mL ridomil Gold® (Syngenta). M3 plants were retested for BABA-IR to H. arabidopsidis.  
 
Genetic mapping 
The ibi1-1 NahG mutant was crossed with the Ler rpp5 mutant to generate a mapping population. F2 plants 
were tested for lack of BABA-IR against H. arabidopsidis, as described above. Out of approximately 8600 F2 
plants tested, 621 of the most susceptible F2 plants were selected for genotypic analysis (i.e. 1242 meioses). 
DNA for analysis of molecular markers was collected from one or two leaves by using a CTAB extraction 
method (Murray and Thompson, 1980). To establish an initial map position of the ibi1-1 locus, we performed 
bulked segregant analysis, using 22 SSLP markers spaced at a distance of 10 to 30% recombination over the 
entire Arabidopsis genome (Bell and Ecker, 1994; Lukowitz et al., 2000). Further fine-mapping of the ibi1-1 
mutation was based on PCR-based SSLP, CAPS and dCAPS markers. Markers were based on single-nucleotide 
polymorphisms (SNP) or small insertions/deletions (INDELs) between the genomic sequences of Col-0 and 
Ler, using information from the TAIR Polymorphism/Allele search tool (http://www.arabidopsis.org) and the 
Monsanto genomic sequence comparison (Jander et al., 2002). More detailed information about the 
polymorphism markers is available upon request.  
 
Induced resistance bioassays 
For induced resistance assays against H. arabidopsidis, BABA was applied as a soil drench to a final concentration 
of 7 mg/L to 3-week-old plants, whereas BTH (125 mg/L) was applied by spraying to 4-week-old plants. Two 
days after application of the chemicals, plants were challenged with H. arabidopsidis strain WACO9 as described 
above. Plants were maintained at 17ºC and kept at 100% RH for 1 day to ensure infection. Subsequently, 
humidity was lowered to 70% to reduce the change of secondary infections by opportunistic pathogens. Five 
days after challenge inoculation, plants were placed back at 100% RH to induce sporulation. Disease symptoms 
were evaluated 7 days after challenge. Leaves of representative plants were stained with lactophenol trypan blue 
and examined microscopically as described previously (Koch and Slusarenko, 1990). For quantification of 
callose deposition, leaves were collected 3 days after challenge inoculation and incubated overnight in 96% 
ethanol. Distained leaves were washed in 0.07 M of phosphate buffer, pH 9, incubated for 15 min in 0.07 M of 
phosphate buffer containing 0.005% calcofluor (fluorescent brightener; Sigma-Aldrich, St. Louis, MO) and 
0.01% aniline-blue (water blue; Fluka, Buchs, Switzerland), and subsequently washed overnight in 0.07 M 
phosphate buffer containing 0.01% aniline-blue. Leaves were analyzed by epifluorescence microscopy, using an 
UV filter. Callose depositions were quantified as the proportion of callose-inducing sporangia per infected leaf. 
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 For induced resistance assays against P. cucumerina, BABA and ABA were applied to 5- to 6-week-old 
plants as a soil drench to a final concentration of 15 mg/L or 21 mg/L, respectively. Two days after chemical 
induction treatment, plants were challenge with P. cucumerina by applying 6-μL droplets containing 5 x 106 

spores/mL to fully expanded leaves, as described by Ton and Mauch-Mani (2004). After challenge inoculation 
plants were maintained at 100% RH. Disease symptoms were evaluated at 7 days after challenge inoculation.  
 For induced resistance assays to salt stress, BABA was applied as a soil drench to a final 
concentration of 7 mg/L to 3-week-old plants. Two days after BABA induction, plants were soil drenched to a 
final concentration of 200 mM of NaCl, as described previously by Ton et al.(2005). Three days after salt 
application the percentage of wilted plants in each pot was determined.   
 
DAB staining  
BABA was applied as a soil drench to a final concentration of 60 mg/L to 5-week-old plants, which were 
subsequently placed by a normal day-night cycle or by continuous dark. Two days after BABA treatment, leaves 
were injected with DAB (SIGMAFASTtm DAB with metal enhancer) and maintained either under normal light 
conditions (200 μE/m2/sec), or in the dark. After 4 hours, the reaction was stopped by infiltration of 
phosphate-buffered saline solution (PBS; pH 7.4). Leaves were subsequently cleared of chlorophyll by 
incubation in 96% ethanol at 65°C for 10 min and examined microscopically.       
 
Extraction and measurement of anthocyanins 
Anthocyanins were extracted as described previously (Nagata et al., 2003). Briefly, tissue samples were grinded 
in propanol/HCl/H20 buffer (18:1:81), boiled for 3 min and incubated overnight. ODs at 535 and 657 nm were 
measured. The difference between the two values was normalized according to the fresh weight of the samples.    
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ABSTRACT 
 
Induced resistance protects plants against a wide spectrum of diseases; however, it can also 
entail costs due to the allocation of resources or toxicity of defensive products. The cellular 
defense responses involved in induced resistance are either activated directly or primed for 
augmented expression upon pathogen attack. Priming for defense may combine the advantages 
of enhanced disease protection and low costs. In this study, we have compared the costs and 
benefits of priming to those of induced direct defense in Arabidopsis. In the absence of 
pathogen infection, chemical priming by low doses of β-aminobutyric acid caused minor 
reductions in relative growth rate and had no effect on seed production, whereas induction of 
direct defense by high doses of β-aminobutyric acid or benzothiadiazole strongly affected both 
fitness parameters. These costs were defense-related, because the salicylic acid-insensitive 
defense mutant npr1-1 remained unaffected by these treatments. Furthermore, the constitutive 
priming mutant edr1 displayed only slightly lower levels of fitness than wild-type plants and 
performed considerably better than the constitutively activated defense mutant cpr1. Hence, 
priming involves less fitness costs than induced direct defense. Upon infection by Pseudomonas 
syringae or Hyaloperonospora arabidopsidis, priming conferred levels of disease protection that 
almost equaled the protection in benzothiadiazole-treated wild-type plants and cpr1 plants. 
Under these conditions, primed plants displayed significantly higher levels of fitness than 
noninduced plants and plants expressing chemically or cpr1-induced direct defense. 
Collectively, our results indicate that the benefits of priming-mediated resistance outweigh the 
costs in environments in which disease occurs. 
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INTRODUCTION 
 
Plants resist the attacks of harmful micro-organisms and insects through constitutive and 
inducible defenses. It is generally believed that inducible defenses have evolved to save energy 
under enemy-free conditions, but costs still arise upon activation of these defenses under 
hostile conditions. These costs can result from allocation of limited resources to defensive 
compounds or toxicity of the defense to the plant’s own metabolism (Heil, 2002). In addition, 
costs can arise from external factors, when the defensive trait affects a beneficial interaction 
with another organism in the environment. It is therefore reasonable to assume that plants 
express their inducible defenses only if the benefits (i.e., protection against the attackers) 
outweigh the costs of the resistance.  

Various studies have demonstrated costs related to jasmonic acid (JA)-inducible 
defense against herbivory. These costs can affect plant growth and reproductive traits 
(Baldwin, 1998; Agrawal et al., 1999; Van Dam and Baldwin, 2001). There are also studies that 
demonstrated ecological benefits of JA-inducible defense. Agrawal (1998) showed that 
induction of defense in wild radish against insects correlated with enhanced seed production. 
Additionally, JA-induced defense in wild populations of Nicotiana attenuata conferred enhanced 
seed production in populations exposed to herbivory (Baldwin, 1998). Hence, costs of JA-
inducible defenses are outweighed by the benefits of protection when plants are attacked by 
herbivores. A cost–benefit balance of salicylic acid (SA)-inducible defenses against pathogens 
has also been supposed. In wheat, Heil et al. (2000) demonstrated costs of SA-inducible 
defenses on growth and seed set. In Arabidopsis, Cipollini (2002) showed that exogenously 
applied SA reduced seed production. Recently, Heidel et al. (2004) performed a field 
experiment with two sets of Arabidopsis genotypes: one group that is blocked in SA-inducible 
defenses and another group that constitutively expresses SA-inducible defenses. Both classes 
of genotypes were negatively affected in growth and seed set, suggesting that plant fitness 
reaches an optimum at a certain intermediate level of resistance that balances fitness and 
defense.                                                                                         

Upon appropriate stimulation, plants can increase their level of resistance against 
future pathogen attack. This phenomenon is known as induced resistance. Based on 
differences in signaling pathways and spectra of effectiveness, different types of induced 
resistance have been defined. The classic form of induced resistance is referred to as systemic 
acquired resistance (SAR) and occurs in distal plant parts upon localized infection by a 
necrosis-inducing pathogen (Ryals et al., 1996). SAR is controlled by a signaling pathway that 
depends on endogenous accumulation of SA and the defense regulatory protein NPR1 (Dong, 
2004) and is predominantly effective against biotrophic pathogens (Ton et al., 2002b). Selected 
strains of nonpathogenic rhizobacteria can also induce systemic resistance, which is referred to 
as induced systemic resistance (ISR; Van Loon et al., 1998). In Arabidopsis, ISR triggered by 
Pseudomonas fluorescens WCS417r functions independently of SA but requires NPR1 and 
responsiveness to JA and ethylene (Pieterse et al., 1998). P. fluorescens WCS417r-mediated ISR 
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has a different spectrum of effectiveness than SAR, and is predominantly effective against 
pathogens that are sensitive to JA- and ethylene-dependent basal resistance (Ton et al., 2002b). 
A third type of induced resistance is activated upon application of the chemical β-aminobutyric 
acid (BABA). The signaling pathway controlling BABA-induced resistance (BABA-IR) (14) 
differs from that of SAR and ISR. Although BABA-IR against Pseudomonas syringae depends 
solely on SA and NPR1 (Zimmerli et al., 2000), against pathogenic fungi and oomycetes it is 
controlled by a pathway that involves abscisic acid- and phosphoinositide-dependent signaling 
(Ton and Mauch-Mani, 2004; Ton et al., 2005). BABA-IR is effective against biotrophic and 
necrotrophic pathogens, as well as certain types of abiotic stress (Zimmerli et al., 2000; Jakab et 
al., 2001; Zimmerli et al., 2001; Cohen, 2002; Ton and Mauch-Mani, 2004; Jakab et al., 2005; 
Ton et al., 2005).  

For a long time, it was assumed that protection by induced resistance is based on 
direct activation of defenses by the resistance-inducing agent. Accumulation of pathogenesis-
related proteins is an example that occurs directly upon induction of SAR. However, the 
suggested contribution of pathogenesis-related proteins to resistance is uncertain and appears 
insufficient to explain the broad-spectrum of protection by SAR (Van Loon, 1997). Moreover, 
both rhizobacteria-mediated ISR and BABA-IR are not associated with direct activation of 
defense-related genes (Van Loon et al., 1998; Jakab et al., 2001). Interestingly, plants expressing 
SAR, ISR, or BABA-IR exhibit a faster and stronger activation of specific defense responses 
after they have been infected by a pathogen. This capacity for augmented defense expression is 
called priming (Conrath et al., 2002).  

Since the discovery of priming in plant cell suspension cultures by Kauss et al. (1992), 
priming has been demonstrated in different plant species against pathogens, insects, and 
abiotic stress (Conrath et al., 2002). Hence, priming appears to be a common feature of a 
plant’s immune system that offers protection against a wide spectrum of environmental 
stresses. In Arabidopsis, Kohler et al. (2002) demonstrated that SAR-induced Arabidopsis 
expressed augmented levels of the defense-related PAL gene upon infection by P. syringae. Van 
Wees et al. (1999) and Verhagen et al. (Verhagen et al., 2004) demonstrated that treatment of 
Arabidopsis with ISR-inducing P. fluorescens WCS417r bacteria did not directly activate defense-
related genes; however, Arabidopsis was primed for enhanced expression of JA- and ethylene-
inducible genes upon infection by P. syringae. Treatment with BABA primes Arabidopsis for 
SA-dependent defenses (Zimmerli et al., 2000; Zimmerli et al., 2001) and enhanced formation 
of callose-rich papillae that functions independently from SA and NPR1 (Ton and Mauch-
Mani, 2004). Recently, we showed that these forms of priming require specific cellular signaling 
components (Ton et al., 2005), suggesting a regulation mechanism that is exclusively dedicated 
to priming. Priming accelerates and increases the plant’s ability to activate the defense that is 
best adapted to cope with a certain stress situation. In this perspective, priming represents an 
important ecological adaptation to resist environmental stress.  

As most studies on costs and benefits of induced resistance have focused on 
situations in which the defense is activated directly by the inducing agent, the possibility of 
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studying costs and benefits of priming has so far been overlooked. This lack of data prompted 
us to determine the costs and benefits of priming in Arabidopsis and compare those to the 
costs and benefits of induced direct defense. By using BABA as a chemical inducer of priming 
and a constitutive priming mutant of Arabidopsis, we compared fitness parameters in the 
absence and presence of pathogen attack. We demonstrate that priming involves considerably 
fewer costs than induction of direct defense. In addition, we demonstrate that the benefits of 
priming outweigh the costs when infection by pathogens occurs. 

 
 
RESULTS 
 
Effectiveness of chemically induced priming and direct defense 
To compare the effectiveness of priming and direct defense, 3- and 6-week-old Arabidopsis 
plants (Col-0) were treated with increasing concentrations of BABA or benzothiadiazole 
(BTH). Two days later, the 3-week-old plants were mock or challenge inoculated with 
Hyaloperonospora arabidopsidis, whereas the 6-week-old plants were mock-inoculated or challenge-
inoculated with P. syringae. To determine the level of priming and/or direct defense, leaves 
were collected at different time points after inoculation for quantification of PR-1 gene 
activation and callose deposition. In 3-week-old plants, treatment with 5 and 10 mg/liter 
BABA did not activate the PR-1 gene, whereas treatment with 40 mg/liter BABA and 200 
mg/liter BTH triggered PR-1 expression directly (Figure 1A). After challenge with H. 
arabidopsidis, PR-1 was induced transiently in water-treated control plants, reaching a maximum 
at 96 h after inoculation. Treatment with 5mg/liter BABA did not accelerate this pathogen-
induced activation of PR-1. However, treatment with 10 mg/liter BABA conferred enhanced 
levels of PR-1 expression at 44 and 72 h after inoculation, indicating that this treatment primed 
Arabidopsis for SA-inducible defenses. All treatments with BABA primed Arabidopsis for 
callose deposition, as evidenced by enhanced numbers of callose-rich papillae at the sites of 
spore germination (Figure 1B). Resistance against H. arabidopsidis was quantified by 
determining disease symptom severity and pathogen colonization at 8 days after inoculation. 
Compared with water-treated control plants, all treatments with BABA and BTH strongly 
reduced colonization by H. arabidopsidis and disease severity (Figure 1C). Apparently, BABA-
induced priming is equally effective against H. arabidopsidis as induction of direct defense by 
BABA or BTH. In 6-week-old Arabidopsis, treatment with 10 or 25 mg/liter BABA did not 
induce PR-1 expression directly, but it did prime plants for earlier and stronger PR-1 
expression upon P. syringae infection (Figure 1D). Treatment with BTH induced PR-1 directly 
in noninfected plants of this age. In addition, 60 mg/liter BABA induced PR-1 expression in 
noninfected plants, although it did so much later and to a lower extent than BTH (Figure 1D). 
Induced resistance against P. syringae was quantified by determining the percentage of diseased 
leaves and the extent of bacterial proliferation in the leaves at 3 days after inoculation. 
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Compared with control plants, priming-inducing concentrations of BABA significantly reduced 
the level of disease and  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Chemical induction of priming and direct defense against H. arabidopsidis WACO9 and P. 
syringae pv. tomato DC3000 (see page 182 for full color version). Col-0 plants were soil drenched with 
increasing concentrations of BABA or sprayed with BTH and pathogen-inoculated 2 days later. (A) PR-1 gene 
expression in 3-week-old control plants or BABA- or BTH-treated plants at different time points after 
inoculation. hpi, hours postinoculation. (B) Callose deposition 2 days after H. arabidopsidis inoculation. (Inset) A 
representative example of H. arabidopsidis spores triggering callose deposition in epidermal cells. (Scale bar, 
20µm.) n.d., not determined. (C) Induced resistance against H. arabidopsidis at 8 days after inoculation. Asterisks 
indicate statistically different distributions of disease severity classes compared with the water control (χ2 test; α 
=  0.05). Colonization by the pathogen was visualized by lactophenol-trypan blue staining and light microscopy. 
(D) PR-1 gene expression in 6-week-old control plants or BABA- or BTH-treated plants at different time points 
after inoculation. (E) Induced resistance against P. syringae. Shown are means ± SEM (n = 15-20) of the 
percentage of leaves with symptoms at 3 days after inoculation. Different letters indicate statistically significant 
differences (least significant difference test; α = 0.05). (F) Growth of P. syringae over a 3-day time interval. 
Shown are means ± SD (n = 5-10). Different letters indicate statistically significant differences (least significant 
difference test; α =  0.05). All experiments shown were repeated with comparable results. 
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bacterial growth (Figures 1E and F). Activation of direct defense with 60 mg/liter BABA or 
200 mg/liter BTH induced only slightly higher levels of resistance, indicating that priming is 
almost as effective against P. syringae as induction of direct defense. 

 
 
 
 
 
Figure. 2. Costs and benefits of chemically 
induced priming and direct defense in the 
absence and presence of H. arabidopsidis 
or P. syringae. Plants were treated as 
described in the legend of Figure 1. (A) RGR 
of mock- and H. arabidopsidis-inoculated plants 
(3–4 weeks old) over the 12-day period from 
chemical treatment. Shown are mean values ± 
SEM (n = 8–12). (B) RGR of mock- and P. 
syringae-inoculated plants (6–7 weeks old) over 
the 12-day period from chemical treatment. (C) 
Seed production of mock- and P. syringae-
inoculated plants. Shown are mean values ± 
SEM (n = 8–12) of the seed weight per plant. 
Different letters indicate statistically significant 
differences (least significant difference test; α= 
0.05). All experiments shown were repeated 
with comparable results. 

 
 
 
 
 
 

 
Costs and benefits of chemically induced priming and direct defense 
Costs and benefits of BABA- and BTH-induced resistance on plant growth were analyzed by 
quantifying the relative growth rate (RGR). In 3- to 4-week-old plants, induction of priming by 
5 or 10 mg/liter BABA did not lead to statistically significant reductions in RGR in the 
noninfected plants (Figures 2A and B). In contrast, the direct defense-inducing treatments, 40 
mg/liter BABA and 200 mg/liter BTH, reduced RGR by 44% and 39%, respectively (Figure 
2A). In 6- to 7-week old plants, induction of priming by 10 mg/liter BABA had no significant 
effect on RGR, whereas 25 mg/liter BABA resulted in a 27% reduction of RGR (Figure 2B). 
The direct defense-inducing treatments 60 mg/liter BABA and 200 mg/liter BTH caused 
significantly stronger reductions in RGR (41% and 71%, respectively). Hence, induction of 
direct defense involves higher costs on plant growth than induction of priming. Upon 
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inoculation with H. arabidopsidis, control plants were significantly reduced in RGR in 
comparison with noninfected control plants (24%) (Figure 2A). Infection with P. syringae 
caused an even stronger reduction in RGR (62%) (Figure 2B). These disease-related costs were 
absent in all BABA- and BTH-treated plants (Figures 2A and B). Interestingly, of all pathogen-
inoculated plants, the primed plants displayed the highest growth rates (Figures 2A and B), 
which indicates that priming yields optimal levels of plant growth under conditions of disease 
pressure.  

To further examine the impact of priming and direct defense on plant fitness, seed 
production was determined in mock- and P. syringae-inoculated plants. In mock-inoculated 
plants, the priming-inducing treatments did not affect seed production, whereas the direct 
defense-inducing treatments, 60 mg/liter BABA and 200 mg/liter BTH, reduced seed 
production by 31% and 37%, respectively (Figure 2C). Inoculation of control plants with P. 
syringae reduced seed production by 38% (Figure 2C). In contrast, inoculation with P. syringae 
had no significant effect on seed production in plants treated with priming- or direct defense-
inducing concentrations of BABA and BTH. Most importantly, the primed plants produced 
the highest amount of seeds of all P. syringae-inoculated plants. Hence, priming provides 
enhanced fitness under conditions of disease pressure. 
 
 
 
 
 
Figure 3. Effects of direct defense-inducing 
amounts of BABA and BTH on RGR (A) and seed 
production (B) in Col-0 and npr1-1. Six-week-old 
plants were soil drenched with water or 60 mg/liter 
BABA or were sprayed with 200 mg/liter BTH. See the 
legend of Figure 2 for further details. Asterisks indicate 
statistically significant differences compared with the 
water control (Student’s t-test; α = 0.05). 

 
 
 
 
 

Fitness reduction by BABA and BTH is caused by NPR1-dependent defenses 
To exclude the possibility that the fitness-reducing effects of high concentrations of BABA 
and BTH are caused by direct phytotoxicity of the chemicals, RGR and seed production were 
quantified in npr1-1 plants, which are unable to express SA-dependent defenses (Cao et al., 
1994). In contrast with wild-type plants, npr1-1 was not affected in growth or seed production 
after treatment with 60 mg/liter BABA or 200 mg/liter BTH (Figure 3), indicating that the 
BABA- and BTH-induced reductions in plant fitness are not caused by direct phytotoxicity but 
are due to costs of NPR1-dependent resistance mechanisms. 
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Figure 4. Priming in the edr1 mutant and constitutive direct defense in the cpr1 mutant against H. 
arabidopsidis and P. syringae (see page 183 for full color version). (A) PR-1 gene expression in 3-week-old 
plants at different time points after inoculation. hpi, hours postinoculation. (B) Callose deposition at 2 days 
after challenge with H. arabidopsidis. (C) Induced resistance against H. arabidopsidis 8 days after inoculation. (D) 
PR-1 gene expression in 6-week-old plants at different time points after inoculation. (E) Induced resistance 
against P. syringae. (F) Growth of P. syringae over a 3-day time interval. See the legend of Figure 1 for details. 
 
Effectiveness of edr1-induced priming and cpr1-induced direct defense 
The edr1 mutant has been described as having an enhanced response to infection by biotrophic 
pathogens (Frye and Innes, 1998) and could be regarded as a constitutive priming mutant. In 
contrast, the cpr1 mutant displays constitutive expression of SA-inducible defenses (Bowling et 
al., 1994). To confirm these phenotypes in our bioassay systems, both mutants were tested for 
PR-1 expression, papillae formation, and resistance against H. arabidopsidis and P. syringae. 
Noninfected edr1 plants did not express elevated levels of PR-1 gene expression (Figure 4A). 
However, after inoculation with either H. arabidopsidis or P. syringae, edr1 activated this marker 
gene faster and/or stronger than wild-type plants (Figures 4A and D), confirming that edr1 is 
constitutively primed for SA-inducible defenses. In addition, edr1 deposited more callose-rich 
papillae at 2 days after inoculation with H. arabidopsidis than did wild-type and cpr1 plants 
(Figure 4B). These findings indicate that edr1 is also constitutively primed for enhanced callose 
deposition. The cpr1 mutant showed enhanced PR-1 expression in the absence of a pathogen 
(Figures 4A and D), confirming its constitutive defense phenotype. Upon infection with P. 
syringae or H. arabidopsidis, cpr1 and edr1 displayed enhanced levels of resistance compared with 
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wild-type plants (Figures 4C,E, and F). However,  the level of resistance against both 
pathogens was consistently higher in cpr1 than in edr1. 
 
 
 
 
 
 
 
 
Figure 5. Costs and benefits of edr1-induced priming 
and cpr1-induced defense in the absence and 
presence of H. arabidopsidis  and P. syringae. (A) 
RGR in 3- to 4-week-old plants over the 10-day period 
after mock or challenge inoculation with H. arabidopsidis. 
Shown are mean RGR values ± SEM (n = 8–12). (B) 
RGR in 6- to 7-week-old plants over the 12-day period 
after mock or challenge inoculation with P. syringae. (C) 
Seed production by mock- and P. syringae-inoculated 
plants. Shown are mean values ± SEM (n  =  8–12) of the 
seed weight per plant. See the legend of Figure 2 for 
further details. 
 
 
 
 
 
 
 
Costs and benefits of edr1-induced priming and cpr1-induced direct defense 
Costs of edr1-induced priming and cpr1-induced direct defense were quantified by RGR and 
seed production. Noninfected, 3- to 4-week-old edr1 plants showed similar growth rates as 
wild-type plants (Figure 5A), whereas 6- to 7-week-old edr1 plants grew significantly slower 
than the wild-type (Figure 5B), indicating that edr1-inducing priming involves costs on plant 
growth only at the relatively old age of a plant. The edr1 mutant did not show a significant 
reduction in seed production (Figure 5C). Compared with the wild type, cpr1 displayed strongly 
reduced RGR, irrespective of its age, and produced significantly less seeds than wild-type and 
edr1 plants (Figure 5). After inoculation with H. arabidopsidis or P. syringae, wild-type plants were 
significantly reduced in RGR compared with noninfected plants (Figures 5A and B). 
Inoculation with P. syringae also decreased seed production in wild-type plants (Figure 5C). 
These disease-related effects were considerably less pronounced in the more resistant edr1 and 
cpr1 plants (Figure 5). Upon infection by H. arabidopsidis, edr1 showed a higher RGR than wild-
type and cpr1 plants (Figure 5A). This effect was not evident among the P. syringae-infected 
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plants (Figure 5B). However, seed production upon infection with P. syringae was significantly 
higher in edr1 than in wild-type plants, whereas that of cpr1 did not significantly differ from the 
wild-type (Figure 5C). Hence, edr1-induced priming yields a higher level of fitness than cpr1-
induced defense upon infection by H. arabidopsidis or P. syringae. 
 
 
DISCUSSION 

 
In this study, we have shown that priming by BABA or the edr1 mutation is associated with 
only marginal reductions in growth, whereas induction of direct defense by high 
concentrations of BABA, BTH, or the cpr1 mutation, causes much stronger reductions in plant 
growth and even reduced seed production (Figures 2 and 5). Thus, induction of priming 
involves fewer costs than direct defense. Despite the fact that chemically and cpr1-induced 
direct defense yielded high levels of resistance (Figures 1 and 4), the costs on plant growth and 
seed production were in the same order of magnitude as the disease-related costs in 
noninduced plants (Figures 2 and 5). Therefore, it can be concluded that the costs of induced 
direct defense are not outweighed by the benefits of the enhanced protection. In contrast, 
primed plants were almost equally resistant to P. syringae and H. arabidopsidis but suffered from 
considerably fewer fitness costs. Moreover, after pathogen infection, primed plants displayed 
higher levels of fitness than noninduced plants and plants expressing direct defense, which 
strongly indicates that the benefits of induced resistance through priming outweigh the costs 
under conditions of disease pressure.  

An important challenge for the future will be to assess the role of priming under field 
conditions. However, at this stage, there are no clear genetic, molecular, or physiological 
markers available to quantify the state of priming. Therefore, the only way to experimentally 
determine priming is by measuring the speed and intensity by which defense is activated after 
disease exposure. Such experiments require two conditions: (i) no disease pressure before the 
measurements of defense and (ii) sufficient disease pressure during the measurements of 
defense. Unfortunately, both conditions are very difficult to control under field conditions.  

Interestingly, the effects of the edr1 mutation on plant growth were age-dependent: 3- 
to 4-week-old edr1 plants displayed similar growth rates as wild-type plants (Figure 5A), 
whereas 6- to 7-week-old edr1 plants were significantly reduced in growth compared with wild-
type plants (Figure 5B). Hence, costs of edr1-induced priming are only apparent in relatively old 
plants. This age-dependency might be explained by the enhanced senescence phenotype of the 
edr1 mutant (Tang et al., 2005). 

Because the defense arsenal in primed plants remains dormant until pathogen 
infection, priming does not confer major fitness costs under pathogen-free conditions (Figures 
2 and 5). But even upon infection, the augmented defense expression in primed plants remains 
mostly localized at the sites of pathogen attack. For instance, BABA-induced priming leads to 
augmented callose deposition only in cells that were in contact with the invading pathogen 
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(Zimmerli et al., 2000; Ton and Mauch-Mani, 2004). Hence, priming provides the plant with a 
timely and spatially efficient strategy to deploy its defensive mechanisms. Yet, priming caused 
low but statistically significant reductions in plant fitness (Figures 2 and 5). These priming-
related costs could be explained by the observations that Arabidopsis shows enhanced 
expression of signaling-related genes upon induction of priming (Maleck et al., 2000; Chapter 
2). Because the defense is not activated before pathogen attack, it is assumed that the 
corresponding signal transduction pathways remain inactive until the plant is exposed to 
pathogen attack. Nevertheless, enhanced expression of inactive signaling proteins could already 
involve small allocation costs. Hence, only if the environment imposes relatively high levels of 
disease pressure will the plant benefit from priming. 

In this study, we have shown that induced resistance through induction of active 
defense is not an optimal strategy for disease protection, because the associated costs outweigh 
the benefits of protection. Conversely, induced resistance by means of priming offers an 
efficient form of plant protection with significant benefits under conditions of disease 
occurrence. Hence, knowledge about the molecular mechanisms underlying priming can be 
instrumental in the development of new concepts for disease control, because it provides 
broad-spectrum resistance without major trade-offs on growth and fruit and seed set. Our data 
show that priming has significant effects on plant growth and seed production that depend on 
the extent of disease pressure. Given the fact that growth and seed set are crucially important 
for the ecological performance of plants, it is plausible that priming plays an important role in 
nature. Hence, investigating the evolutionary and ecological function of priming will be an 
exciting challenge for future research. 
 
 

MATERIAL AND METHODS 
 
Plants and pathogens 
Arabidopsis Col-0 mutants npr1-1 (Cao et al., 1994), cpr1 (Bowling et al., 1994), and edr1 (Frye and Innes, 1998) 
were kindly provided by X. Dong (Duke University, Durham, NC) and R. Innes 
(IndianaUniversity,Bloomington, IN), respectively. Seedlings were grown in sand for 2 weeks and subsequently 
transferred to 60-ml pots containing a potting soil–sand (12:5) mixture as described in ref. 13. Plants were 
cultivated in a growth chamber with a 9-h day (24°C) and 15-h (20°C) night cycle at 60–70% relative humidity. 
P. syringae pv. tomato strain DC3000 (Whalen et al., 1991) and H. arabidopsidis strain WACO9 were cultured as 
described by Ton et al. (2002b). 
 
RNA extraction and blotting 
For RNA extraction, leaves from 4–10 plants were collected. RNA extraction, RNA blotting, and labeling of 
the PR-1 probe was performed as described by Ton et al. (2002a). Equal loading was verified by ethidium 
bromide staining of the gel. 
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P. syringae bioassays  
For the chemically induced resistance assays, 6-week-old plants were soil drenched with water (control) or a 
BABA solution. BTH was administered by spraying the leaves with a BTH solution containing wettable 
powder. Two days later, plants were inoculated by dipping the leaves in a suspension of P. syringae, as described 
by Ton et al. (2005). Mock inoculation was performed by dipping the leaves into a similar solution without 
bacteria. Three days after inoculation, the percentage of leaves with symptoms was determined per plant (n =  
15–20). Leaves showing water-soaked lesions surrounded by chlorosis were scored as diseased. Bacterial 
proliferation over a 3-day time interval was determined as described by Ton et al. (2005). Plant material for RGR 
analysis was collected at the day of chemical treatment and 12 days later. During the experiments with edr1 and 
cpr1, material was collected 1 day before pathogen inoculation and 12 days later. Plants started to flower in the 
period of RGR analysis after inoculation, enabling disease progression into the flower stalk. 
 
H. arabidopsidis bioassays 
For the chemically induced resistance assays, BABA and BTH were applied to 3-week-old plants as described 
above. Two days later, H. arabidopsidis inoculation was performed by spraying the leaves with 10 mM MgSO4 
containing 5 x 104 sporangia per milliliter. To ensure infection, plants were put at 17°C and kept at 100% 
relative humidity for 24 h after inoculation. At 6 days after inoculation, plants were returned to 100% relative 
humidity to trigger sporulation. Disease symptoms were scored in 40 plants per treatment (~200 leaves) at 8 
days after inoculation. Disease rating was expressed as severity of disease on each leaf: I, no symptoms; II, 
trailing necrosis; III, <50% of the leaf area covered by sporangiophores; IV, >50% of the leaf area covered with 
sporangiophores, with additional chlorosis. Leaves from five plants were stained with lactophenol trypan blue 
and examined microscopically (Koch and Slusarenko, 1990). Callose staining was performed as described by 
Ton et al. (2005). Callose deposition was quantified as the proportion of the attempted penetration sites per leaf 
with callose depositions. For RGR analysis, plant material was collected at the day of chemical treatment and 10 
days later. During the experiments with edr1 and cpr1, plant material was collected at 1 day before pathogen 
inoculation and 10 days later. 
 
Fitness parameters.  
RGR (g x g-1 x day-1) was calculated according to RGR = (lnW2 - lnW1)/t2 - t1, whereW1 andW2 is plant dry 
weight at time points t1 and t2, respectively. At each time point, rosette dry weights from 8–12 randomly 
collected plants were determined (dried for 48 h at 70°C). After time point t2, plants were transferred to a 16-h 
day/8-h night cycle. Seeds from 8–12 plants per treatment were collected in Aracon tubes (Beta Developments, 
Gent, Belgium). Plants were watered regularly until they had fully senesced. Seed production was expressed as 
the average seed weight per plant.  
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ABSTRACT 
 

Plants that are primed for disease resistance have acquired the capacity to respond faster 
and/or stronger to pathogen attack. Under controlled growth conditions, primed plants were 
previously found to have a fitness advantage in the presence of pathogens compared to non-
primed plants. Here, we tested the fitness of primed Arabidopsis plants when cultivated under 
less optimal growth conditions. When grown under controlled growth conditions, but in close 
competition with wild-type Col-0 plants, the fitness costs of mutant edr1, which is 
constitutively primed for salicylic acid (SA)-dependent defenses and cell wall defenses, were 
higher than when grown under optimal growth conditions. In the presence of the pathogen 
Hyaloperonospora arabidopsidis, to which edr1 is enhanced resistant, the fitness of edr1 relative to 
that of Col-0 was enhanced, but the resistance benefits did not exceed the costs of edr1 when 
plants were grown in competition. Furthermore, priming was evaluated under field conditions. 
In addition to edr1, mutant jin1 was tested, since this mutant is primed to activate the 
ERF1/ORA59-dependent branch of the jasmonic acid (JA) response pathway, which is 
correlated with enhanced resistance to necrotrophic pathogens. Challenge with the oomycete 
H. arabidopsidis and the necrotroph Plectosphaerella cucumerina induced the expression of marker 
genes for SA- and JA-dependent defenses to similar extents in Col-0, edr1, and jin1 plants. This 
suggests that under field conditions Col-0 may have acquired a primed capacity to express 
defense. In agreement with this, field-grown Col-0 was as resistant to H. arabidopsidis as mutant 
edr1 and displayed similar levels of induced callose depositions at sites of attempted pathogen 
penetration. Moreover, the fitness of the wild-type plants and the mutants was affected by P. 
cucumerina infection to similar levels. However, it cannot be excluded that disease pressure in 
the field was too low to detect a primed defense response in edr1 and jin1. The putative primed 
state of Col-0 plants under field conditions suggests that priming may be an important trait for 
plants to adapt to their environment. 
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INTRODUCTION 
 
The efficiency of induced plant defenses to combat pathogen attack determines whether a 
plant can resist the infection. When defenses are expressed too late or at too low levels, the 
plant will become diseased. However, when plants are primed for disease resistance they 
possess an enhanced defensive capacity to express defenses faster and/or stronger upon 
pathogen perception (Conrath et al., 2002; Conrath et al., 2006). Priming can be induced in the 
plant upon the perception of certain stimuli, leading to enhanced defense responses and 
improved protection when encountering future environmental stresses.  

Priming for disease resistance has been described for several plant species and can be 
induced by diverse stimuli (Conrath et al., 2002). For instance, local infection by a necrotizing 
pathogen induces systemic acquired resistance (SAR), which is associated with direct activation 
of SAR marker genes like PR-1 (PATHOGENESIS-RELATED 1; Ryals et al., 1996; Sticher et 
al., 1997; Durrant and Dong, 2004; Van Loon et al., 2006b), but also with priming of defense 
responses in systemic tissue (Mur et al., 1996; Van Wees et al., 1999). SAR is dependent on 
endogenous accumulation of the plant hormone salicylic acid (SA; Gaffney et al., 1993) and 
requires the regulatory protein NPR1 (NONEXPRESSOR OF PR GENES 1; Cao et al., 1994; 
Dong, 2004). Application of low doses of the synthetic SAR inducer benzo-(1,2,3)-thiadiazole-
7-carbothioic acid S-methyl ester (BTH) results in enhanced PAL (PHENYLALANINE 
AMMONIA-LYASE) gene expression after infection of Arabidopsis with virulent Pseudomonas 
syringae pv. tomato DC3000 (Kohler et al., 2002). Besides pathogen infection, also insect 
herbivory can prime plants for a faster and stronger response to subsequent stresses in both 
systemic tissues (De Vos et al., 2006) and in neighboring plants by means of the production of 
volatile organic compounds (Engelberth et al., 2004; Ton et al., 2007). These responses are also 
inducible by the plant hormone jasmonic acid (JA), which is a critical component for resistance 
against insects (Howe and Jander, 2008). In addition, beneficial micro-organisms, such as plant 
growth-promoting rhizobacteria and mycorrhizal fungi, can enhance the defense capacity of 
plants (Van Wees et al., 2008). Induced systemic resistance (ISR) triggered by non-pathogenic 
rhizobacteria like Pseudomonas fluorescens WCS417r, functions independently of SA, but requires 
functional JA and ethylene (ET) signaling pathways (Pieterse et al., 1998). The enhanced 
resistance observed in leaves of WCS417r-mediated ISR-expressing plants seems entirely 
attributed by priming, since an augmented expression of JA/ET-dependent defenses is 
observed only upon pathogen attack (Van Wees et al., 1999; Verhagen et al., 2004; Pozo et al., 
2008). 

Besides biological induction of priming, plants can also be primed chemically. A well-
known inducer of priming is the non-protein amino acid β-aminobutyric acid (BABA), which 
potentiates both SA-dependent defenses and SA-independent callose depositions in the cell 
wall (Zimmerli et al., 2000; Zimmerli et al., 2001). In general, priming by different inducers of 
SA-dependent responses is mostly effective against pathogens with a (hemi-)biotrophic 
lifestyle, while priming of JA-dependent responses is predominantly successful to ward off  
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necrotrophic pathogens (Ton et al., 2002b) and generalist herbivores (Van Oosten et al., 2008). 
Priming of callose is induced during SAR, ISR, and BABA-induced resistance, although 
regulated likely through different mechanisms, and can be effective against a variety of both 
biotrophic and necrotrophic pathogens (Ton and Mauch-Mani, 2004; Van der Ent et al., 2008; 
Chapter 2). 

Expressing resistance responses is a costly matter for the plant, as is shown with 
Arabidopsis cpr (constitutive expression of PR genes) mutants that display SA-inducible defenses 
continuously. The cpr mutants show decreased fitness, visualized by reduced growth rate and 
seed set compared to wild-type (Heidel et al., 2004; Van Hulten et al., 2006). Under conditions 
of pathogen pressure, cpr mutants expose a fitness level that equals that of wild-type (Van 
Hulten et al., 2006) or is in some cases lower (Heidel and Dong, 2006), demonstrating that the 
fitness costs associated with constitutive resistance are higher than the resistance benefits, thus 
precluding a net benefit. In contrast, Arabidopsis plants that are primed for defense and hence 
do not directly activate defenses show only minimal reductions in fitness (Van Hulten et al., 
2006), and these costs are outweighed by the resistance benefits of priming under conditions 
of disease pressure (Van Hulten et al., 2006). Priming thus offers a plant the ability to 
adequately respond to pathogen attack, with only minimal reductions in plant growth and seed 
set, which may represent an important ecological adaptation to resist environmental stress 
(Van Hulten et al., 2006). 

Priming has predominantly been studied under tightly controlled growth conditions 
with optimum temperature, light intensity, humidity, and nutrient availability for plant growth. 
In natural environments the above mentioned parameters could be less favorable. 
Furthermore, in nature plants interact with many other organisms, such as pathogens, 
herbivores, other plants, and beneficial micro-organisms (Pieterse and Dicke, 2007). All of 
these parameters or the fluctuations in the parameters may exert an effect on the priming 
response. Studies on the fitness consequences of primed plants under natural conditions will 
be instrumental to better understand the ecological impact of priming of defense responses. In 
earlier studies priming-inducing agents have shown to protect plants in the field (Beckers and 
Conrath, 2007; Goellner and Conrath, 2008). However, since most chemical priming agents 
can activate defenses also directly when applied at high doses (Kohler et al., 2002; Chapter 4; 
Van Hulten et al., 2006), it cannot be concluded in most cases that induced protection 
observed in the field is caused by priming or whether also direct activation of defenses is 
involved.  
 In this study we investigated the fitness effects of priming for defense responses 
under more natural conditions. Previously, we demonstrated that the edr1 (enhanced disease 
resistance1) mutant (Frye and Innes, 1998) displayed augmented SA-dependent gene expression 
and callose deposition compared to Col-0 at the site of attempted H. arabidopsidis attack. This 
constitutive priming phenotype of edr1 was associated with enhanced resistance to H. 
arabidopsidis leading to a fitness benefit in the presence of this pathogen compared to Col-0 
plants (Van Hulten et al., 2006; Chapter 4). Here the edr1 mutant was grown in competition 
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with Col-0 plants under controlled growth chamber conditions, in the absence and presence of 
H. arabidopsidis. Competition caused a steep decrease in fitness of edr1 but under pathogen 
pressure the resistance benefit of edr1 caused a gain of fitness relative to Col-0. 

Furthermore, we assessed whether primed plants have fitness benefits under disease 
pressure when grown in the field and tested whether they did show the expected augmented 
defense response upon pathogen inoculation of field-grown plants. Besides mutant edr1, 
mutant jin1 (jasmonate-insensitive1) was included. In jin1 the expression of a set of JA-dependent 
genes like PDF1.2 (PLANT DEFENSIN 1.2) is primed, which is associated with enhanced 
resistance to necrotrophic pathogens (Anderson et al., 2004; Lorenzo et al., 2004). Plants were 
challenged with the biotrophic oomycete pathogen H. arabidopsidis and the necrotrophic fungal 
pathogen Plectosphaerella cucumerina. Our results suggest that field-grown Col-0 plants may have 
acquired a primed capacity to defend themselves, leading to absence of differences in fitness 
effects by pathogen infection between the three genotypes.  
 
 

RESULTS 
 
Wild-type Col-0 produces more offspring than mutants edr1 and cpr1 when grown in 
competition, but edr1 performs relatively better under pathogen pressure 
Previously, we demonstrated that the constitutively primed Arabidopsis edr1 mutant displayed 
slightly reduced growth rates compared to Col-0. However, in the presence of disease pressure 
this fitness cost was outweighed by the benefit of enhanced resistance of this mutant. In 
contrast, the constitutive defense expressing cpr1 mutant, which has a dwarfed phenotype, did 
not display a net fitness benefit in the presence of pathogens (Van Hulten et al., 2006; Chapter 
4). The costs related to priming and defense activation may have a greater impact on plant 
fitness when resources are limited, for instance when plants are grown in competition. Here, 
we determined the fitness of Col-0, edr1, and cpr1 plants while they competed with each other 
for light, space, and nutrients. Seeds of the different genotypes were sown densely together in 
equal amounts in pots. Their offspring was genotyped to assess their origin and is thus a 
measure for seed set which is a suitable parameter for fitness since Arabidopsis is a highly 
selfing species (Abbot and Gomez, 1989).  

Germination and flowering rate did not differ between Col-0, edr1, and cpr1 under the 
conditions tested (data not shown). When grown in competition and in the absence of 
pathogens, Col-0 produced significantly more offspring than edr1 (Figure 1A), suggesting that 
the costs of edr1-mediated priming that were previously determined to be moderate (Van 
Hulten et al., 2006; Chapter 4) are more profound under sub-optimal growth conditions. 
However, the high fitness costs may have arisen not from priming but from other edr1-related 
phenotypes, e.g. enhanced ET-induced senescence that was demonstrated for edr1 (Frye et al., 
2001; Tang et al., 2005). Since ethylene is induced in crowding situations such as in our 
experimental set up for competition, enhanced ethylene levels may have lead to earlier 
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senescence in edr1, which may have affected flower development and seed set. The amount of 
offspring produced by mutant cpr1 was low as well compared to Col-0 (Figure 1A). This 
confirms earlier findings under optimal growth conditions (Van Hulten et al., 2006; Chapter 4), 
indicating that the cpr1-induced direct defense response is relatively costly.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Relative amount of offspring of competition-grown Col-0, edr1, and cpr1 plants. (A) Relative 
amount of Col-0, edr1, and cpr1 offspring of plants grown under competition conditions. Shown is the 
percentage of the different genotypes present when offspring was genotyped in the next generation. Open 
circles indicate that the ratio between Col-0 and mutant-derived offspring differs significantly from a 1:1 ratio 
(Fisher’s exact test, p<0.05, n=30). (B) Relative amount of Col-0, edr1, and cpr1 offspring of plants grown under 
competition conditions in the presence of H. arabidopsidis. For details see the legend to Figure 1A. Asterisk 
indicates a statistically significant difference between the ratios of Col-0- and edr1-derived offspring in the 
presence and absence of H. arabidopsidis (Fisher’s exact test, p<0.05, n=30). Open circles indicate that the ratio 
between Col-0 and mutant-derived offspring differs significantly from a 1:1 ratio (Fisher’s exact test, p<0.05, 
n=30). The data presented in 1A and B is derived from the same experiment. 

 
In the presence of the pathogen H. arabidopsidis, edr1 produced relatively more seeds 

in comparison to Col-0 than if no pathogen was present. Col-0 seemingly produced still more 
offspring, but the difference with edr1 was not statistically significant (Figure 1B). This suggests 
that having an edr1-induced primed defensive capacity has a beneficial effect on plants under 
conditions of disease pressure, even when grown in competition. However, the costs 
associated with the edr1-mediated phenotype are high under these sub-optimal growth 
conditions and do not exceed the benefits of enhanced resistance. Mutant cpr1 produced 
relatively the same amount of offspring under pathogen pressure by H. arabidopsidis in 
comparison to the non-inoculated condition (Figure 1B). Even under optimal growth 
conditions cpr1-associated benefits of enhanced resistance in the presence of H. arabidopsidis 
never exceeded the costs of constitutive defense expression (Heidel and Dong, 2006; Van 
Hulten et al., 2006; Chapter 4).  
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Choice of constitutively primed mutants edr1 and jin1 for a field experiment  
We aimed to further evaluate the priming phenomenon under more natural conditions by 
performing a common garden experiment. Field conditions expose the plants to possible 
shortages in nutrient availability, different weather situations like wind and temperature 
fluctuations, and simultaneous threats by natural herbivores and pathogens. Because mutant 
edr1 harbors a single ethylmethane sulfonate (EMS)-induced point mutation (Frye and Innes, 
1998; Lorenzo et al., 2004), it could be used in the field without the need to apply to the strict 
GMO regulations, which is needed for the use of transgenic plants in the field. Mutant cpr1 
carries the transgene NEOMYCIN PHOSPHOTRANSFERASE to render them resistant to 
kanamycin (Bowling et al., 1994) and was therefore excluded from the field experiment. Besides 
edr1 also the jin1 mutant, carrying an EMS-induced point mutation in the MYC2 gene, was 
tested. Mutant jin1 displays a primed responsiveness of the ERF1/ORA59-dependent branch 
of JA-inducible defenses (Lorenzo et al., 2004; Pre et al., 2008). The SA-controlled pathogen H. 
arabidopsidis and the JA-controlled pathogen P. cucumerina were used to measure the effects of 
pathogen infection on the plants.  
 

Figure 2: Responsiveness to exogenously applied SA and MeJA of Col-0, edr1, and jin1. (A) Northern 
blot analysis of PR-1 gene expression in 5-week-old plants 24 hours after treatment with different 
concentrations of SA. (B) Northern blot analysis of PDF1.2 gene expression in 5-week-old plants 6 hours after 
treatment with different concentrations of MeJA. (C) Signal intensities of Figure 2A. PR-1 transcript level of 
control-treated Col-0 was set at 1. (D) Signal intensities of Figure 2B. PDF1.2 transcript level of control-treated 
Col-0 was set at 1.  
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First, we verified the constitutive priming phenotype of both mutants under 
controlled growth conditions. To this end, we determined the expression of the SA-responsive 
marker gene PR-1 and the JA-responsive marker gene PDF1.2 after treatment with a 
concentration range of SA and methyl-JA (MeJA). As expected edr1 mutants showed an 
augmented PR-1 gene expression after SA treatment compared to Col-0 plants (Figures 2A and 
C). Also jin1 mutants showed an enhanced level of SA-induced PR-1 expression albeit to a 
lesser extent than edr1 (Figures 2A and C). These results confirm previous observations of 
enhanced PR-1 gene expression after pathogen attack in edr1 and jin1 compared to Col-0 (Frye 
and Innes, 1998; Laurie-Berry et al., 2006; Van Hulten et al., 2006). PDF1.2 gene induction by 
MeJA treatment was clearly enhanced in jin1 compared to Col-0 (Figures 2B and D), as was 
described previously (Anderson et al., 2004; Lorenzo et al., 2004). Surprisingly, also in edr1 an 
augmented PDF1.2 gene expression was observed, but only after treatment with 100 μM 
MeJA. This suggests that besides constitutive priming of SA-dependent defenses and callose, 
the edr1 mutant is slightly capable to potentiate the expression of JA-responsive 
genes.Previously, we demonstrated that under controlled conditions the edr1 mutant is 
enhanced resistant to H. arabidopsidis (Van Hulten et al., 2006; Chapter 4), whereas this is not 
the case for the jin1 mutant (Pozo et al., 2008). Here, we tested under controlled conditions the 
resistance of both mutants against P. cucumerina, a fungal pathogen that is resisted through JA-
dependent defense mechanisms (Thomma et al., 2000; Berrocal-Lobo et al., 2002). Mutant edr1 
was not enhanced resistant to P. cucumerina (Figure 3), whereas enhanced resistance of jin1 
against this pathogen was confirmed (Lorenzo et al., 2004; Figure 3). This indicates that the 
moderately enhanced responsiveness of edr1 to MeJA (Figures 2B and D) does not lead to 
increased resistance against P. cucumerina (Figure 3). Likewise, the moderate responsiveness of 
jin1 plants to SA (Figures 2A and C) did not correlate with enhanced resistance against H. 
arabidopsidis (Pozo et al., 2008).  
 
 
Figure 3: Resistance of Col-0, edr1, and jin1, grown 
under controlled conditions, to P. cucumerina. 
Disease severity after drop inoculation with P. 
cucumerina spores in 5-week-old plants was quantified 7 
days after inoculation. Disease rating is expressed as the 
percentage of leaves in disease classes 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 genotype Col-0 (χ2 test; α = 0.05; n = 
240 leaves). 
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Set up of the field experiment 
Experiences in two preceding common garden experiments (autumn 2006 and spring 2007) 
have ultimately shaped the experimental set up of the field trial described here. Both former 
experiments were performed under unusually warm spells. We have learned from them that 
the survival of Arabidopsis plants under field conditions improves drastically when the plants 
are protected against bright sunlight by maze nettings, and that transplanting of 2-week-old 
greenhouse-grown seedlings into the field leads to more uniform plants compared to sowing 
seeds directly into the field.  
  
 
 
 
 
 
 
 
 
 
 
Figure 4: Impression of plot set up in the field experiment (see page 184 for full color version). This 
particular plot is a mock-treated plot. In the left picture plants are 4 weeks old and have been grown in the field 
for nearly 2 weeks. In the right picture the plants are 6 weeks old, 2 weeks after mock treatment; the empty 
spots indicate that plants have been harvested for analysis. White labels indicate wild-type Col-0 plants, green 
labels the mutant edr1 and purple labels the mutant jin1. 

 
For the field experiment described here, plants were grown for 2 weeks in a 

controlled greenhouse compartment and then transferred to an uncontrolled plastic semi-
dome greenhouse to acclimatize, since temperatures below freezing point were observed at 
night at that time. Three-week-old plants were transplanted into a field near Utrecht, The 
Netherlands. Approximately 37 plants per genotype per plot were randomly divided over 11 
plots. Figure 4 shows an impression of such a field plot. Plants were spaced 3.9 cm apart to 
prevent crowding effects. The plants were watered regularly and provided with shade. With the 
exception of protection from slugs, the plants were not protected from pathogens, herbivorous 
insects, or animals during the experiment. Of the 1227 transplanted plants 1225 survived until 
harvest. Besides some degree of anthocyanin production expressed after transfer of the 
seedlings to non-controlled conditions, the plants seemed to develop normally and grew 
steadily. Few insects crawling in the plots were detected but hardly any herbivory symptoms 
were spotted in this experiment. After growing for 10 days in the field, all plants of each plot 
were challenge inoculated with the pathogens.  
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The edr1 mutant is not enhanced resistant to H. arabidopsidis in the field 
In contrast to experiments that were performed under controlled growth conditions, in the 
field experiment inoculation with H. arabidopsidis did in general not cause visible disease 
symptoms on the plants throughout the experiment, although minor trailing necrosis was 
observed in some plants. Actin2 mRNA of H. arabidopsidis was found to accumulate in infected 
plants, reaching higher levels at 4 days than at 2 days after pathogen challenge, indicating that 
the pathogen did grow in the plants of the field experiment (Figure 5A). Although there were 
large variations in H. arabidopsidis Actin2 mRNA accumulation between the different samples, 
no statistically significant differences were observed between the genotypes, suggesting that 
field-grown edr1 and jin1 plants were not enhanced resistant to this pathogen. For jin1 this 
finding is in agreement with findings under optimal growth conditions (Pozo et al., 2008). For 
edr1 we conclude that its constitutive priming phenotype is not sufficient to provide enhanced 
protection against H. arabidopsidis when growing under field conditions.  

 

 
Figure 5: Resistance of field-grown Col-0, edr1, and jin1 plants to H. arabidopsidis. (A) Relative H. 
arabidopsidis Actin2 expression in 4-week-old Col-0, edr1, and jin1 plants grown for 2 weeks under field 
conditions at 2 and 4 days after inoculation with H. arabidopsidis by spraying a suspension of sporangia onto the 
leaves. Shown are means ±SE of three independent biological replicas, each consisting of 4 plants. (B) 
Quantification of callose depositions 2 days after challenge with H. arabidopsidis. Callose deposition was 
quantified by determining the percentage of spores on each individual leaf that induced callose-containing 
depositions in the epidermal cell layer at the site of attempted pathogen entry. Shown are means ±SE (n = 30 
leaves). Asterisks indicate statistically significant differences between mutant genotypes compared to wild-type 
Col-0 (Student’s t-test; α = 0.05).  

 
The priming potential of the edr1 mutant was investigated by determining callose deposition in 
the cell wall upon H. arabidopsidis infection. Previous results indicate that the enhanced 
resistance phenotype of edr1 is correlated with augmented depositions of callose-containing 
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papillae at the site of attempted pathogen entry (Van Hulten et al., 2006; Chapter 4). Figure 5B 
shows that edr1 grown in the field did not show enhanced callose formation compared to Col-0 
at 2 days after inoculation, which can explain why field-grown edr1 plants were not enhanced 
resistant to H. arabidopsidis. The lack of difference in callose deposition between edr1 and Col-0 
may be indicative for a primed responsiveness of Col-0 plants in the field to H. arabidopsidis, 
making edr1 and Col-0 respond equally well regarding induced callose deposition. Mutant jin1 
displayed significantly less callose deposition upon H. arabidopsidis infection (Figure 5B), 
whereas under controlled growth conditions no such difference was observed (Pozo et al., 
2008). Hence, the lower callose deposition of field-grown jin1 mutants compared to wild-type 
plants further suggests a primed responsiveness of the wild type. In jin1 plants, rhizobacteria-
induced priming of callose deposition was recently shown to be impaired (Pozo et al., 2008). 
Priming of callose induced by naturally occurring rhizobacteria in the field may explain the 
greater responsiveness of wild type compared to jin1. The callose data also show that relatively 
few sporangia of H. arabidopsidis induced callose when compared to infection under controlled 
growth conditions, suggesting that the spores germinated either later or not at all due to 
inadequate environmental conditions, resulting in a relatively low disease pressure.  
 Resistance of Col-0, edr1, and jin1 plants grown under field conditions against P. cucumerina 
is currently under investigation using PCR methods to detect relative abundance of the pathogen in 
infected tissues. However, visible disease symptoms were hardly observed in the field, confirming 
our impression that the plants were rather resistant. Alternatively, the conditions in the field were 
not favorable to allow for significant disease development.  
 
Induction of PR-1 and PDF1.2 expression by pathogens in field-grown plants is not 
affected in edr1 and jin1 
The primed state of the edr1 and jin1 mutants grown in the field was further investigated by 
monitoring the expression of the SA-dependent marker genes PR-1 and PR-5, and the JA-
dependent marker gene PDF1.2. Using Reverse Transcription quantitative PCR (RT-qPCR), it 
was found that upon application of either one of the three pathogens the expression of PR-1, 
PR-5, and PDF1.2 was induced to different extents (Figure 6A-D); expression of PR-5 (data 
not shown) followed the same pattern as PR-1 in all treatments. Mock challenge did not trigger 
expression of any of the genes tested (data not shown). The induction of PR-1 and PDF1.2 in 
Col-0 plants by all three pathogens is in line with greenhouse observations (Thomma et al., 
2001; Van Hulten et al., 2006; Huibers, 2008). Statistical analyses of the expression levels of the 
different genes identified no significant differences between the mutants and the wild type 
treated with the different pathogens. For H. arabidopsidis-treated edr1, this finding correlates 
with the similar levels of H. arabidopsidis growth in edr1 and wild type in the field (Figure 5A). 
The finding that defense responses are activated also upon treatment with P. cucumerina 
confirms that this pathogen had infected the plants to some extent, despite the absence of 
clearly visible disease symptoms in the field. The lack of augmented defense expression in the 
different mutant-pathogen interactions further supports the idea that Col-0 plants in this field 
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experiment may have become primed for disease resistance, leading to a similar responsiveness 
as edr1 and jin1 mutants. The variance in gene expression levels between the different biological 
replicates in this field experiment is high, especially for PDF1.2 expression, making it hard to 
find differences of statistical significance. 
 

 
 
Figure 6: PR-1 and PDF1.2 expression in field-grown Col-0, edr1, and jin1 plants after pathogen 
challenge. PR-1 and PDF1.2 gene expression was monitored in field-grown Col-0, edr1, and jin1 plants at 0, 2, 
and 4 days after challenge with H. arabidopsidis or P. cucumerina. Shown are means ±SE of 3 independent 
biological replicas, each consisting of 4 plants. No statistical differences were detected (Student’s t-test; α = 
0.05). (A) Relative PR-1 expression after inoculation with H. arabidopsidis. (B) Relative PDF1.2 expression after 
inoculation with H. arabidopsidis. (C) Relative PR-1 expression after inoculation with P. cucumerina. (D) Relative 
PDF1.2 expression after inoculation with P. cucumerina.  
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Mutants edr1 and jin1 do not have a fitness benefit under pathogen pressure in the field  
Plant fitness was determined by measuring rosette diameters, starting at the day of inoculation. 
In all plots, jin1 mutants had the largest average rosette diameter of 4-week-old non-challenged 
plants that had grown in the field for 10 days, whereas edr1 plants stayed behind in growth 
(Figure 7A). Seven and 13 days later, edr1 was still the smallest genotype, also in the pathogen-
inoculated plots (Figures 7B and C), indicating a significant loss of fitness of edr1 under field 
conditions. When grown under controlled growth conditions no or only minor growth 
inhibition have been found for edr1 (Frye and Innes, 1998; Tang et al., 2005; Van Hulten et al., 
2006). Drought stress is a known inhibitor of growth of edr1 (Tang et al., 2005) and some 
extent of drought stress or another stress in the field may have lead to the observed growth 
defect of edr1. This reduction in growth is likely not related to priming for disease resistance 
because the intensities of the assessed defense responses did not differ between edr1 and wild 
type (Figures 5B and 6). Although edr1 stayed behind in absolute size during the time of our 
measurements, the relative rosette growth of the rosettes in the 2 weeks following inoculation 
was similar to that of Col-0 in all of the differently treated plants (Figures 7D and E). This 
suggests that the growth inhibition had likely occurred in the preceding two weeks, after the 
seedlings were transferred from optimal to harsh conditions. 

The difference in average size between jin1 and Col-0, with jin1 being the largest when 
4 weeks old, had ceased to nil for mock-, H. arabidopsidis-, and P. cucumerina-treated plants when 
6 weeks old (Figure 7C). This difference in relative rosette growth rate between jin1 and Col-0, 
as depicted in Figures 7D and 7F, correlated with a 5 days earlier onset of bolting of jin1, 
which started when the plants were 5 weeks old (data not shown). In analogy to the reduced 
size of edr1, also the initial greater size of jin1 can unlikely be explained by an effect on priming 
for disease resistance because no significant enhancement of defense responses was 
demonstrated. 

 
Growth compensation subsequent to pathogen-induced growth depression  
Upon careful inspection of the relative rosette growth per day monitored over two periods, 0-7 
days past inoculation (dpi; week 1) and 8-13 dpi (week 2), a reduced rosette growth was 
noticed for all genotypes in the first week after challenge with P. cucumerina (Figures 7D, E, and 
F). Interestingly, the P. cucumerina-treated plants compensated for this growth depression by 
exhibiting higher growth rates compared to mock-treated plants in the second week (Figures 
7D, E, and F). Similar observations were made for plants challenged with H. arabidopsidis, 
although the growth repression in the first week was less severe (Figures 7D, E, and F). When 
relative rosette growth was calculated over the total 2-week-period after inoculation, hardly any 
differences were observed between pathogen- and mock-treated plants, suggesting that the 
pathogen-challenged plants fully compensated the observed initial growth retardation 
following pathogen attack. However, more profound statistical testing is required to make a 
statement like this. Therefore we are currently in the process of in-depth analyses of the data 
obtained in our field experiment.  
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Figure 7: Fitness of field-grown Col-0, edr1, and jin1 plants. (A) Rosette diameters of 4-week-old Col-0, 
edr1, and jin1 grown under field conditions for 2 weeks. Shown are means ±SE. Asterisks indicate statistically 
significant differences between mutants and wild-type Col-0 (Student’s t-test; α = 0.05, n= 407 plants). (B) 
Rosette diameters of 5-week-old Col-0, edr1 and jin1 grown for 3 weeks under field conditions, 7 days after 
challenge with mock, H. arabidopsidis, or P. cucumerina. Shown are means ±SE. Asterisks indicate statistically 
significant differences within each treatment between mutants and wild-type Col-0 (Student’s t-test; α = 0.05, n 
= 100-140 plants). (C) Rosette diameters of 6-week-old Col-0, edr1 and jin1 grown for 4 weeks under field 
conditions, 13 days after challenge with mock, H. arabidopsidis, or P. cucumerina. Shown are means ±SE. Asterisks 
indicate statistically significant differences within each treatment between mutants and wild-type Col-0 
(Student’s t-test; α = 0.05, n = 100-140 plants). (D) Relative rosette growth of wild-type Col-0 plant after 
challenge inoculation. Shown are means ±SE of the relative increase in rosette diameter per day as compared 
with the rosette diameter 1 week earlier, calculated for all individual plants. Week 1 covers 0-7 days past 
inoculation (dpi) and week 2 covers 7-13 dpi. Relative growth from time of inoculation until 2 weeks after 
inoculation is indicated by 0-13 dpi. Absolute growth was greater in the first week than in the second. Asterisks 
indicate preliminary statistically significant differences between mock- and pathogen-inoculated plants 
(Student’s t-test; α = 0.05, n = 100-140 plants). (E) Relative rosette growth of edr1 mutants after challenge 
inoculation. For details see the legend of figure 7D. (F) Relative rosette growth of jin1 mutants after challenge 
inoculation. For details see the legend of figure 7D.  

 
 
DISCUSSION 
 
In this study we aimed to determine the fitness costs of priming for disease resistance under 
different non-optimal growth conditions, which may be ecologically more relevant. In a 
competition experiment, the plants grew closely together while competing with each other for 
space and nutrients in a greenhouse setting. In a common garden experiment, the plants grew 
in a field where they faced natural environmental challenges.  
 
Mutant edr1 has a relative fitness benefit under pathogen pressure, even when grown 
under competition, whilst cpr1 has not 
We demonstrate that under competition conditions the fitness of the constitutively primed 
mutant edr1 was enhanced relative to Col-0 when the pathogen H. arabidopsidis was present 
(Figure 1), suggesting that possessing a primed defensive state has a beneficial effect on plants 
in the presence of pathogens, even when they grow at sub-optimal conditions. However, in 
contrast to primed plants grown under optimal conditions, the benefits of edr1-mediated 
enhanced resistance in the presence of pathogens did not exceed the costs of edr1-regulated 
mechanisms when plants were grown in competition with other plants (Figure 1). Various 
reports describe that competition can indeed increase the fitness costs of defense-related traits 
(Bergelson, 1994; Van Dam and Baldwin, 1998; Van Dam and Baldwin, 2001), although these 
studies did not take into account the potential benefits of enhanced resistance in the presence 
of pathogens. It is however also likely that the reduced fitness of edr1 in our experimental set 
up is at least partly due to an additional, non-defense-related, phenotype of edr1. This mutant is 
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known to display enhanced senescence upon ET application (Frye and Innes, 1998; Tang et al., 
2005) which may affect flower development and thus seed set. When growing densely together 
such as in our experiment, plants are likely to produce more ET (Pierik et al., 2006). This makes 
it difficult to determine the exact fitness costs of edr1-induced priming for defense under the 
tested conditions. 

Mutant cpr1 exhibited equal fitness costs as edr1 when growing in competition with 
Col-0 (Figure 1A), but in contrast to edr1 no relative fitness benefit was observed for cpr1 in the 
presence of H. arabidopsidis (Figure 1B). Under optimal growth conditions this mutant does not 
suffer any additional fitness costs in the presence of H. arabidopsidis, in contrast to Col-0 plants 
whose fitness declines in the presence of this pathogen. This suggests that under optimal 
conditions the cpr1 mutant benefits from its constitutively enhanced resistance in the presence 
of H. arabidopsidis, although this does not result in a net fitness benefit (Heidel and Dong, 2006; 
Van Hulten et al., 2006; Chapter 4). Hence, constitutive expression of inducible defenses could 
have a beneficial effect on plants, but not in the set up of our competition assays, and has 
never been shown to outweigh the costs of constitutive defense expression.   
 
Field-grown edr1 and jin1 have no fitness benefit in the presence of pathogens 
In the field experiment, we determined the performance of constitutively primed mutants edr1 
and jin1 in comparison to Col-0. Mutant edr1 stayed smaller and mutant jin1 was bigger 
compared to Col-0 when grown under field conditions (Figures 7A and B). Differences in 
plant growth between both mutants and Col-0 was not accompanied with differences in 
pathogen-induced defense gene expression levels (Figure 6). Furthermore, the effect of 
pathogen inoculation on the relative growth was similar for the mutants and Col-0 (Figure 7D, 
E and F). This indicates that the fitness effects observed in our field trial are unlikely attributed 
to defense-related traits. Interpretation of the different growth capabilities of edr1 and jin1 fall 
beyond the scope of this study and are therefore not discussed here. 
 Under controlled growth conditions both edr1 and jin1 exhibited enhanced SA- and 
MeJA-responsivess with regard to expression of PR-1 and PDF1.2, respectively. In comparison 
with each other, edr1 responded stronger than jin1 to SA, while jin1 responded stronger than 
edr1 to MeJA (Figure 2), which was associated with enhanced resistance to H. arabidopsidis (Van 
Hulten et al., 2006) and P. cucumerina (Lorenzo et al., 2004; Figure 3), respectively. The relative 
growth of the rosette of plants grown in the field was not greater for either of the mutants 
compared to the wild type under pathogen pressure (Figures 7D, E, and F), indicating that edr1 
and jin1 did not display fitness benefits specifically in the presence of pathogens. For edr1 
grown under controlled growth conditions, whether or not in the presence of fierce 
competition with Col-0, contrasting results were found (Van Hulten et al., 2006; Chapter 4; 
Figure 1). For jin1, no fitness studies have been performed before, so no comparison can be 
made.  
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Wild-type plants may have acquired a primed defensive capacity when grown under 
field conditions  
An explanation for the lack of fitness benefit of edr1 and jin1 in the field under pathogen 
pressure could be that the mutants are not enhanced resistant to the pathogens tested, which 
may be due to either loss of priming of the mutants or gain of priming of the wild type. This 
hypothesis is supported by the result that edr1 is infected to a similar extent as wild type by H. 
arabidopsidis (Figure 5A). Consistent with this, neither augmented deposition of callose nor 
primed defense gene expression was observed in field-grown edr1 plants after infection with H. 
arabidopsidis or P. cucumerina compared to Col-0 plants (Figures 5B and 6). Suppression of the 
constitutive priming phenotypes of edr1 and jin1 is unlikely because the mechanisms behind 
these priming phenomena are very different and are thus unlikely both subjected to a directed 
inhibition of priming. A more plausible explanation may be that wild-type plants grown in the 
field have also acquired an enhanced disease resistance. Direct activation of SA-dependent 
defenses seems not plausible for this enhanced disease resistance of field-grown Col-0 plants, 
since basal PR-1 gene expression in our field-grown plants was remarkably similar to that of 
plants grown in controlled environments (data not shown). Alternatively, priming of callose 
deposition and SA-dependent defenses could have been triggered in the field, since levels of 
callose and PR-1 gene expression after pathogen inoculation were similar in Col-0 and edr1 
(Figures 5B and 6A, C), while under controlled growth conditions edr1 exhibits augmented 
induction of these responses (Frye and Innes, 1998; Van Hulten et al., 2006; Chapter 4; Figures 
2A and C). Intriguingly, basal PDF1.2 gene expression was approximately 500 times higher in 
field-grown plants than was routinely observed under controlled growth conditions (data not 
shown). Why PDF1.2 gene expression was enhanced in our field-grown plants is currently 
unknown, but it may point to some level of constitutive activation of JA responses. PDF1.2 
was further induced by pathogen challenge to comparable levels in the different genotypes 
(Figures 6B, D), pointing again to a primed responsiveness of Col-0. The herbivore- and 
wound-responsive part of JA signaling that is under control of the MYC2 transcription factor 
(Lorenzo et al., 2004) was not triggered in field-grown plants, as was evidenced by low 
expression of VSP2 (VEGATIVE STORAGE PROTEIN 2) and LOX2 (LIPOXYGENASE 
2) throughout the field trial (data not shown). This was in agreement with the low herbivore 
pressure that was observed in the field experiment. 

Recently it was shown that jin1 plants are impaired in P. fluorescens WCS417r-induced 
priming of callose deposition in response to H. arabidopsidis (Pozo et al., 2008). Therefore the 
lower level of callose deposition in field-grown jin1 mutants compared to Col-0 (Figure 5B) 
may be indicative for priming of Col-0 by e.g. rhizobacteria that were naturally present at the 
field site. The lower cell wall resistance of field-grown jin1 plants compared to Col-0 plants 
(Figure 5B) did not result in lower resistance levels against H. arabidopsidis (Figure 5A). This 
indicates that other defense mechanisms against this pathogen are still intact in field-grown 
jin1, as is evidenced by a level of PR-1 gene expression in response to H. arabidopsidis that is not 
statistically significant different from wild type and edr1 (Figure 6A). It should be noted 
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however, that jin1 has been described to be blocked in SAR induced by avirulent P. syringae 
(Truman et al., 2007). Hence, jin1 is blocked in both pathogen-induced SAR and rhizobacteria-
mediated ISR. This suggests that the putative enhanced resistance of jin1 is based on a yet 
unknown mechanism. The involvement of jasmonates or other lipid signals such as ω-fatty 
acids which have recently been proposed to be involved in SAR (Chaturvedi et al., 2008), 
presumably takes place at the early initiation stage of systemic resistance (Truman et al., 2007). 
Therefore, it is possible that the observed field resistance is based on production of SA by 
micro-organisms in the soil, which is a feature that has been shown for example for 
Pseudomonas aeruginosa 7NSK2 (De Meyer and Höfte, 1997) and P. fluorescens P3 (Maurhofer et 
al., 1998). Such an exogenous supply of SA would potentially activate the SAR response 
downstream of JIN1/MYC2 (Truman et al., 2007). 

Comparison of gene expression and callose deposition between Col-0, edr1, and jin1 
suggests that the field-grown plants in our experiment may have acquired an enhanced 
resistance through priming of callose and defense gene expression. However, this suggestion 
should be interpreted cautiously. Conditions for disease development were not optimal during 
the field experiment, resulting in smaller and variable induction of defense-related marker 
genes compared to assays performed under controlled conditions. It is possible that priming 
under such low pathogen pressure is not sufficient to trigger a primed defense reaction. 
However, primed defense expression in edr1 and jin1 was already detectable after application of 
relatively low concentrations of SA and MeJA, suggesting that primed defense can already be 
triggered at relatively low stress signaling intensity (Figure 2). 

More reliable testing of primed defense expression in the field may be possible during 
natural outbreaks of disease and pests, which only occur under disease-conductive conditions. 
Interestingly, both jin1 and edr1 suffered significantly less from infestation by naturally 
occurring aphids in a previous field experiment (data not shown). This suggests that wild-type 
Col-0 plants were not primed to resist aphids in that particular field experiment. In order to 
ascertain whether Col-0 had indeed acquired a primed defense state during our last field 
experiment, we ideally should have incorporated a loss-of-priming mutant in our study. 
However, to our knowledge, such a mutant that is impaired in all possible mechanisms of 
priming without exerting an effect on basal resistance has not been identified yet. As an 
alternative to using pathogens to trigger defense in the field, a pharmaceutical approach could 
be used by applying different concentrations of SA or MeJA, similar to the experiment shown 
in Figure 2. Previously we identified specific sets of transcription factors, whose induced 
expression is associated with BABA-induced or WCS417r-induced priming (Chapter 2). Future 
testing of the basal expression level of these priming-related TFs in our field-grown plants may 
give us a more decisive answer whether Col-0 was primed under our field conditions or not.  
  
Plants compensated for growth reduction after pathogen infection 
At 2 weeks after challenge, no differences in rosette size were observed between mock- and 
pathogen-treated plants (Figure 7B). However, the relative rosette growth in the first week 
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after inoculation was found to decrease in all genotypes after P. cucumerina challenge (Figures 
7D, E, and F). Interestingly, in the second week the plants compensated for this growth 
depression (Figures 7D, E, and F). Growth compensation for damage has been described 
extensively in the context of herbivory (Trumble et al., 1993). But also compensation for 
growth depression caused by treatment with the defense-inducing SA analogue BTH has been 
demonstrated (Dietrich et al., 2005). In our field experiment, the depression in growth in the 
first week after pathogen challenge is possibly caused by allocation of limited resources from 
the primary metabolism of the plant to the synthesis of defense-related compounds. Upon 
pathogen attack there is a large transcriptional and metabolic reprogramming in the plant 
(Hahlbrock et al., 2003); defense-related gene expression is upregulated, while simultaneously 
photosynthesis is downregulated (Berger et al., 2007). The growth compensation that we 
observed following the growth depression is likely associated with the transient nature of 
pathogen-induced defense responses, freeing up resources for plant growth when defense 
responses go down again. Compensatory growth in plants attacked by herbivores is in general 
achieved through increases in photosynthesis, nutrient uptake, utilization of stored resources 
and activation of dormant meristems (Tiffin, 2000). More detailed study is necessary to 
elucidate the mechanisms behind the compensatory growth observed in pathogen-treated 
plants in our field trial. In addition, thorough statistical analysis of the obtained data is 
required.   

  
Conclusions 
The results obtained in our field experiment can be interpreted in two ways. It is conceivable 
that Arabidopsis plants may have acquired a primed defensive capacity to fend off pathogens 
under the conditions of this field experiment. Alternatively, the disease pressure may have been 
too low to trigger a primed defense reaction in the constitutively primed mutants. The first 
explanation raises the question whether the priming phenomenon can only be observed under 
optimal laboratory conditions. However, the fact that the primed state is an inducible 
physiological state indicates that the default status of a plant is non-primed. It would be 
challenging to investigate whether or not plants grown in their natural habitat, in which they 
co-evolved with indigenous micro-organisms, acquire the primed state as well. The presumably 
acquired priming of Arabidopsis plants under our field conditions suggests that priming may 
be an important trait for plants to adapt to their environment. We have recently identified 
Arabidopsis accessions that have naturally evolved a primed capacity to respond to SA and/or 
JA (Chapter 6). It would be interesting to test the fitness of these accessions under pathogen 
pressure in non-optimal conditions. However, such a study will be hampered by the multiple 
genetic differences between these accessions. Ultimately, genetically uniform plants treated 
with low concentrations of a priming-agent may best address the question about the potential 
to use priming in agriculture. The challenge lies for molecular biologists and ecologists to 
interact for studying a complex mechanism as priming in an equally complex environment.  
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MATERIAL AND METHODS 
 
Cultivation of pathogens 
Hyaloperonospora arabidopsidis WACO9 was maintained on susceptible Ws-0 plants by weekly transfer to healthy 
14-day-old seedlings as described by Koch and Slusarenko (1990). Sporangia were obtained by washing diseased 
leaves in demi water. Debris was filtered out using Miracloth (Merck) and the spores were resuspended in demi 
water to a final density of 5 x 104 sporangia/mL. 
 Plectosphaerella cucumerina, isolated from infected Arabidopsis, was grown on 19.5 g/L potato dextrose 
agar (PDA; Difco Laboratories, Detroit, USA) plates for two weeks at 22°C. Spores were harvested as 
described by Van Wees et al. (2003), and resuspended in half strength Potato Dextrose Broth (PDB) to a final 
density of 5 x 106 spores/mL.  
    
Competition assay 
Equal amounts of Col-0 wild-type, edr1 mutant (Frye and Innes, 1998) and cpr1 mutant (Bowling et al., 1994) 
seeds to a total of 100 were sown in 350 mL pots on a surface of 90 cm2 in autoclaved potting soil-sand mixture 
(12:5) and imbibed at 4°C for 3 days. Subsequently, seeds were incubated at 100% relative humidity (RH) in a 
growth chamber with an 8h-day (24°C) and 16h-night (20°C) cycle till germination. After germination, plants 
were cultivated in the same growth chamber at 60-70% RH. They were watered regularly, but received no 
additional nutrients. After 3 weeks, plants were challenged weekly with 10 mM MgSO4 (mock) or 5 x 104 H. 
arabidopsidis sporangia/mL until the plants were 7 weeks old. Plants were transferred to 16h-day and 8h-night 
cycle after 5 weeks to induce flowering. Inflorescences were harvested for seeds. Their progeny was genotyped 
to determine their origin. DNA was extracted from individual plants using the CTAB extraction method 
described by Murray and Thompson (1980). Gene-specific dCAPs PCR primers were designed to discriminate 
Col-0 and edr1 genotypes. The cpr1 plants were distinguished by using specific primers to detect the 
NEOMYCIN PHOSPHOTRANSFERASE gene present in cpr1. Primers are available upon request. 
 
SA and MeJA treatments and Northern blot analysis 
Five-week-old plants were treated with SA (Malinkrodt Baker, Deventer, The Netherlands) and MeJA (Serva, 
Brunschwig Chemie, Amsterdam, The Netherlands) by dipping the leaves in a solution, supplemented with 
0.02% Silwet L-77 (Van Meeuwen Chemicals BV, Weesp, The Netherlands). MeJA was added to the solution 
form a 1000-fold stock solution in 96% ethanol. Control treatment consisted of dipping the leaves in 0.02% 
Silwet L-77, amended with ethanol in equal amounts as for the MeJA treatment. Plants were placed at 100% 
RH after the chemical treatment and leaves from 3-5 plants per sample were harvested 6 h and 24 h later for 
the MeJA and SA treatments, respectively. RNA extraction, RNA blotting, labeling of specific probes for PR-1 
and PDF1.2, and blot hybridization was performed as described previously (Pieterse et al., 1998). After 
hybridization with α-32P-dCTP-labeled probes, blots were exposed for autodiography and signals were 
quantified using a BioRad Molecular Imager FX (BioRad, Veenendaal, The Netherlands) with Quantity One 
software (BioRad Molecular Imager FX (BioRad, Veenendaal, The Netherlands).  
 
P. cucumerina bioassays 
Five-week-old plants were challenge inoculated with P. cucumerina by applying 6-μL droplets containing 5 x 106 

spores/mL to 5 to 8 fully expanded leaves, as described by Ton and Mauch Mani (2004). After challenge 
inoculation plants were maintained at 100% RH. Disease symptoms were evaluated at 7 days after challenge 
inoculation.  
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Field experiment 
Seeds (800/genotype) were incubated in 0.1% agar at 4°C for 3 days. They were sown on non-autoclaved 
potting soil-sand mixture (12:5) in trays consisting of 200 cells (Teku Seedling Tray cat. no. JP3050/230) and 
each seed was placed in a separate cell. Plants were kept in a greenhouse compartment with an 8 h-day (24°C) 
and 16 h-night (20°C) cycle at 100% RH till germination. After germination, plants were cultivated in the same 
compartment at 70% relative humidity for 2 weeks. They were watered regularly. The 2-week-old seedlings were 
placed in an uncontrolled plastic semi-dome greenhouse to acclimatize for 5 days. On 15 April 2008 the 
seedlings, that possessed 4 true leaves, were transplanted to a field site near Utrecht, the Netherlands (Latitude 
52° 5'23.88"N, Longitude 5°10'21.70"E). The seedlings were transplanted with an intact root system 
surrounded by ~ 1 cm3 of the original sand-potting soil mixture. Approximately 37 plants/genotype/plot were 
randomly divided over 11 different plots. Plants were spaced 3.9 cm apart in each plot and plots were spaced 30 
cm apart in two rows which were spaced 150 cm apart. To protect the plants from slugs, Escar-Go® pellets 
(ecostyle) were scattered between the plots at the beginning of the trial. Shade was provided by maze nettings 
placed at 1.5 meter above the plants. Plants were watered regularly (three times per week on average). Plants 
were not protected by active management from insect herbivores or pathogens. 
 On 25 April 2008 all plants within each plot were sprayed with mock (2 plots with demi water and 2 
plots with half strength PDB; differences between the two different mocks were minimal so the results were 
pooled), 5 x 104 H. arabidopsidis sporangia/mL in demi water (4 plots), 5 x 106 P. cucumerina spores/mL in half 
strength PDB (3 plots), using an artist paintbrush. We harvested duplicate or triplicate samples of plant material 
for gene expression, each consisting of 4 plants per sample, at 0, 2, and 4 days after inoculation. H. arabidopsidis-
infected plants were harvested for callose staining at 2 days after inoculation (n = 15). Rosette diameters were 
measured at 0, 7, and 13 days after inoculation. On 3 June 2008 inflorescences were harvested to determine 
seed set.     
 
Quantification of infection by H. arabidopsidis 
Relative abundance of H. arabidopsidis in plants was determined by RT-qPCR using H. arabidopsidis Actin2 
specific primers HpACT Fw 5’-GTGTC GCACA CTGTA CCCAT TTAT-3’ and Rv 5’-ATCTT CATCA 
TGTAG TCGGT CAAG T-3’ (Huibers, 2008). Callose staining was performed as described previously by Ton 
et al. (2005). Two days after inoculation, leaves were harvested and incubated overnight in 96% ethanol. 
Subsequently, the leaves were washed in 0.07 M phosphate buffer pH 9, incubated for 15 min in 0.07 M 
phosphate buffer containing 0.005% Calcofluor (fluorescent brightner; Sigma-Aldrich Chemie BV. Zwijdrecht, 
the Netherlands) and 0.01% aniline-blue (water blue; Fluka, Buchs, Switzerland), and then incubated overnight 
in 0.07 M phosphate buffer containing 0.01% aniline-blue. Leaves were analyzed by epifluorescence microscopy 
using a UV filter. Callose depositions were quantified as the proportion of callose-inducing sporangia per 
infected leaf. 
 
Reverse Transcription quantitative PCR (RT-qPCR)  
Total RNA was obtained by phenol/chloroform extraction and LiCl precipitation, as described by Sambrook et 
al. (1989). Five µg of RNA was digested with Turbo DNA-freeTM (Ambion, Huntingdon, United Kingdom) 
according to the manufacturer’s instructions. RNA was checked for genomic DNA contamination by PCR. 
Subsequently, DNA-free total RNA was converted into cDNA using oligo-dT20 primers (Invitrogen, Breda, the 
Netherlands), dNTPs, and SuperScriptTM III Reverse Transcriptase (Invitrogen, Breda, the Netherlands) 
according to the manufacturer’s instructions. Prior to RT-qPCR analysis of the genes of interest, all cDNA 
samples were normalized to a Ct value (threshold cycle) of 21±0.5 of the constitutively expressed reference 
gene At1G13320 (Czechowski et al., 2005). 

PCR reactions were performed in optical 384-well plates (Applied Biosystems) with an ABI PRISM® 
7900 HT sequence detection system, using SYBR® Green to monitor the synthesis of double-stranded DNA. 
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The qPCR analysis was performed by mixing 1 µl of cDNA with 5 µl 2x SYBR® Green Master Mix reagent 
(Applied Biosystems) and 200 nM of a gene-specific primer pair in a total volume of 10 µl. Gene-specific 
primers for PR-1 (At2g14610), PR-5 (At1g75040), PDF1.2 (At5g44420), VSP2 (At5g24770) and LOX2 
(At3g45140) were used, and are available upon request. For each reaction two technical replicas were analyzed. 
A standard thermal profile was used for all qPCR reactions: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C 
for 15 s, and 60°C for 1 min. Amplicon dissociation curves were recorded after cycle 40 by heating from 60°C 
to 95°C with a ramp speed of 1.9°C min-1. Transcript levels were calculated relative to the reference gene 
At1G13320 (Czechowski et al., 2005), 2005) using the 2-ΔΔCt method described previously by (Livak and 
Schmittgen, 2001; Schmittgen and Livak, 2008). 
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ABSTRACT 
 
The success of plants to resist harmful pathogens and insects depends on the speed and 
intensity by which they activate defenses. The plant hormones salicylic acid (SA) and jasmonic 
acid (JA) play important roles in these inducible defenses. Here, we describe natural occurring 
variation among Arabidopsis thaliana accessions in their responsiveness to SA and JA. Upon 
treatment with SA, Arabidopsis accessions Bur-0, Can-0 and Sf-2 expressed augmented levels 
of the SA-inducible marker gene PR-1. This primed responsiveness to SA is associated with 
elevated levels of basal resistance against Pseudomonas syringae pv. tomato DC3000. Furthermore, 
Bur-0, Can-0 and Sf-2 constitutively expressed enhanced levels of defense-related transcription 
factor genes. Upon treatment with methyl-JA, accession Bur-0 displayed enhanced induction 
of the ERF1/ORA59-dependent PDF1.2 gene and repressed induction of the MYC2-
dependent VSP2 gene. This priming of the ERF1/ORA59-dependend JA response is not 
caused by differences in expression of ERF1, ORA59, or MYC2, or by polymorphisms in the 
genomic coding sequence of these regulatory genes. In addition, Bur-0 expresses enhanced 
levels of basal resistance against the necrotrophic fungus Plectosphaerella cucumerina and the 
generalist herbivore Spodoptera littoralis. Together, our findings suggest that selected Arabidopsis 
accessions have evolved a constant level of defense priming to resist the threat of disease and 
herbivory in their natural environment.   
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INTRODUCTION 
 
Plants possess a sophisticated immune system that protects them against microbial pathogens 
and herbivorous insects. This regulatory system governs the activation of a wide spectrum of 
defensive mechanisms in response to attack. Typically, pathogen-induced defenses are 
triggered after perception of pathogen-associated molecular patterns (PAMPs) by pattern 
recognition receptors (PRRs). This defense response is commonly referred to as PAMP-
triggered immunity (PTI; Jones and Dangl, 2006). Many virulent pathogens have evolved to 
suppress PTI by deploying effectors that can interfere with signaling components of the plant’s 
immune system (Nomura et al., 2005). During these interactions, the weakened PTI response, 
commonly referred to as basal resistance, is no longer sufficient to protect the plant entirely, 
even though it can still contribute to slowing down the invading pathogen. To counteract the 
effects of pathogen effectors, plants have co-evolved the ability to recognize and respond to 
the effectors (Jones and Dangl, 2006). The resulting effector triggered immunity (ETI) requires 
the presence of resistance (R) genes, whose products recognize pathogen effectors and activate 
downstream signaling pathways. Expression of ETI is often associated with a hypersensitive 
response (HR). Since the HR is characterized by localized cell death (Greenberg et al., 1994), 
this defense response is predominantly effective against pathogens with a (hemi-)biotrophic 
life-style (Glazebrook, 2005). Protection against necrotrophic pathogens relies on multigenic, 
basal resistance mechanisms (Denby et al., 2004). Even though (hemi-)biotrophic pathogens 
are more effectively resisted by ETI than by basal resistance, transcriptome analyses of 
defense-related genes revealed that the difference between both resistance mechanisms lies in 
the speed and intensity of the plant’s response (Tao et al., 2003; Eulgem, 2005). This illustrates 
that timing and intensity of inducible defenses is of critical importance to combat pathogens. 

There has been an increasing interest in the regulatory mechanisms behind basal 
resistance. Arabidopsis accessions show substantial natural variation in basal resistance against 
Pseudomonas syringae pv. tomato DC3000 (Kover and Schaal, 2002; Perchepied et al., 2006; Van 
Poecke et al., 2007), Erysiphe graminaris (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 Hammerschmidt, 2002). Quantitative trait loci (QTL) analysis 
has identified novel genetic determinants in the regulation of basal resistance. For instance, 
Llorente et al. (2005) revealed that basal resistance to P. cucumerina is regulated by the ERECTA 
gene, which encodes for a LRR receptor like kinase protein. Interestingly, genetic analysis of 
natural variation in basal resistance against P. syringae identified various QTLs, which mapped 
to genomic regions that are rich in putative R and/or PRR genes (Kover et al., 2005; 
Perchepied et al., 2006). This suggests that a considerable part of the natural variation in basal 
resistance against P. syringae is based on differences in the perception of the pathogen. 
However, also downstream signal transduction components can contribute to variation in basal 
resistance. For instance, natural variation in basal resistance against necrotrophic fungi in 
Arabidopsis is often based on the phytoalexin camalexin (Kagan and Hammerschmidt, 2002; 
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Denby et al., 2004), which is due to variation in signaling, rather than synthesis per se (Denby et 
al., 2004). Furthermore, Van Leeuwen et al. (2007) reported that Arabidopsis accessions vary in 
their transcriptional response to exogenous application of the plant defense signaling molecule 
salicylic acid (SA; Van Leeuwen et al., 2007). Moreover, a set of 18 Arabidopsis accessions was 
found to exhibit substantial natural variation in the level of cross-talk between SA and JA 
signaling (Koornneef et al., 2008a), suggesting that differences downstream of plant hormones 
may contribute to natural variation in basal resistance as well.  
  In addition to direct activation of defensive mechanisms, the plant’s innate immune 
system can be sensitized by specific environmental stimuli. This so-called priming of defense 
results in a faster and/or stronger basal resistance response upon subsequent attack by 
pathogenic microbes or herbivorous insects (Conrath et al., 2006). Priming can be induced 
biologically by pathogens (Cameron et al., 1999; Van Wees et al., 1999), insects (Engelberth et 
al., 2004; De Vos et al., 2006; Ton et al., 2007; Van Oosten et al., 2008), or  beneficial micro-
organisms, such as non-pathogenic rhizobacteria (Van Wees et al., 1999; Verhagen et al., 2004; 
Pozo et al., 2008) and mycorrhizal fungi (Pozo et al., 2004). Priming can also be induced 
chemically through exogenous application of low doses of SA (Mur et al., 1996), methyl 
jasmonate (MeJA; Kauss et al., 1994) and β-aminobutyric acid (BABA; Jakab et al., 2001; Ton et 
al., 2005). Although much has yet to be discovered about the molecular regulation of priming, 
it is commonly assumed that the primed defense state is based on enhanced expression of 
signaling proteins that remain inactive until a subsequent stress stimulus is perceived (Conrath 
et al., 2006). In agreement with this, we recently demonstrated that establishment of 
rhizobacteria- and BABA-induced priming coincides with enhanced expression of defense-
regulatory transcription factor (TF) genes (Chapter 2). Accumulation of these TFs could 
contribute to an augmented induction of defense-related genes after pathogen attack.  

Previously, we demonstrated that induction of priming is associated with minor 
fitness costs when compared to the costs of direct activation of defense (Van Hulten et al., 
2006; Chapter 4). Moreover, we found that the costs of priming are outweighed by the benefits 
of protection under conditions of disease pressure (Van Hulten et al., 2006; Chapter 4). Hence, 
priming of defense seems a beneficial strategy for plants in hostile environments. Accordingly, 
it can be predicted that selected plant communities have adapted to hostile environments by 
acquiring a constitutively primed immune system. This hypothesis prompted us to investigate 
whether natural variation in basal resistance of Arabidopsis is related to primed or reduced 
responsiveness to the defense hormones SA and JA. To this end, we selected 6 Arabidopsis 
accessions that had previously been reported to differ in basal resistance to P. syringae (Ton et 
al., 1999; Kover and Schaal, 2002).We provide evidence that  this selection of accessions varies 
substantially in their defense responsiveness to SA and JA. Accessions with a primed 
responsiveness to SA expressed relatively high levels of defense-related TF genes and displayed 
enhanced resistance to the hemi-biotrophic pathogen P. syringae. Furthermore, we identified 
one accession with primed responsiveness to both SA and JA, which expressed broad-
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spectrum resistance to P. syringae, the necrotrophic fungus P. cucumerina, and the generalist 
herbivore Spodoptera littoralis.  
 
 
RESULTS 
 
Natural variation in responsiveness to SA 
Six Arabidopsis accessions were selected on the basis of their previously reported levels of 
basal resistance to P. syringae pv. tomato DC3000 (Table 1). In comparison to the reference 
accession Col-0, accessions Bur-0, Sf-2, Can-0 have been described as enhanced resistant to P. 
syringae, whereas accession No-0 was found to be equally susceptible as Col-0 (Kover and 
Schaal, 2002). Accession Ws-2 has been described as enhanced susceptible to P. syringae (Ton et 
al., 1999).  
 
Table 1. Arabidopsis thaliana accessions used in this study and their geographical origin. 
Accession NASC ID Geographical origin 

Ws-2 N1601 Wassilewskija (Russia) 

Col-0 N1092 Colombia (USA) 

Can-0 N1064 Canary Islands (Spain) 

No-0 N3081 Halle (Germany) 

Bur-0 N1028 Burren (Ireland) 

Sf-2 N1516 San Feliu (Spain) 

 
Responsiveness to SA was quantified on the basis of induced expression of the SA-inducible 
marker gene PR-1 at 6 hours after treatment of the plants with increasing concentrations of 
SA. Compared to Col-0, accessions Bur-0, Can-0 and Sf-2 displayed enhanced levels of PR-1 
induction, whereas accessions No-0 and Ws-2 expressed reduced levels of PR-1 upon 
treatment with SA (Figure 1). In a second experiment, similar results were obtained for all 
accessions with the exception of No-0, which showed constitutive expression of PR-1 (data 
not shown). This may be related to the observation that No-0 occasionally develops 
spontaneous lesions under our greenhouse conditions (data not shown). Together, these 
results show that there is consistent variation in the responsiveness to SA among the different 
Arabidopsis accessions.   
 
Accessions with primed responsiveness to SA express higher levels of priming-related 
transcription factor genes 
Previously, we demonstrated that priming of SA-dependent defenses upon treatment with the 
chemical priming agent BABA is marked by enhanced expression of 28 defense-regulatory TF 
genes (Chapter 2). Since Can-0, Sf-2 and Bur-0 were primed to respond to SA in comparison  
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Figure 1: Natural variation in defense gene 
induction by SA. Northern blot analysis of PR-1 
gene induction in different 5-week-old Arabidopsis 
accessions at 6 hours after treatment with different 
concentrations of SA. The experiment was 
repeated with comparable results for all accessions 
except for No-0 that showed occasionally 
constitutive activation of PR-1. 
 
 
 
 
 
 
to Col-0 (Figure 1), we used Reverse Transcription quantitative PCR (RT-qPCR) to examine 
whether this phenotype is similarly marked by enhanced expression of the selected TF genes. 
Out of the 28 genes tested, the expression level of 23, 22 and 21 genes was significantly 
enhanced in Can-0, Sf-2 and Bur-0, respectively (p<0.05; Figure 2A). To compare this gene 
expression profile with the profile of chemically primed Col-0 plants, we used multivariate 
cluster analysis to compare the TF gene expression profiles from this experiment to those of 
non-primed and BABA-primed Col-0 plants from a previous experiment. As shown in Figure 
2B, the basal expression profiles in Bur-0, Can-0 and Sf-2 resembled the expression profiles 
from BABA-primed Col-0 plants. This demonstrates that the primed responsiveness of Bur-0, 
Can-0, and Sf-2 to SA is marked by elevated expression of the same set of defense-related TF 
genes that are induced upon ectopic defense priming by BABA.  
 
 
 
Figure 2: Accessions with primed responsiveness to SA express enhanced levels of priming-related TF 
genes (see page 185 for full color version). (A) Expression levels of 28 priming-related TF genes that had 
previously been identified as markers for BABA-inducible priming of SA-inducible defense (Chapter 2). Data 
presented are 10log-transformed fold-change values in accessions Bur-0, Can-0 and Sf-2 relative to the mean 
expression level in accession Col-0 ±SE. Asterisks indicate statistically enhanced levels of expression compared 
to Col-0 (Wilcoxon Mann-Whitney-test or Student’s t-test; α = 0.05). (B) Cluster analysis of transcriptional 
profiles of 28 TF genes and 2 reference genes (GAPDH and At1g13220) to compare basal expression profiles 
in Bur-0, Can-0, Col-0, Sf-2 (experiment 1; blue letter fond) with expression profiles in control- and BABA-
treated Col-0 plants (experiment 2; red letter fond). Leaf material for experiment 2 was collected at 2 days after 
soil drench treatment with water or BABA (70 μM). Color intensity of induced (red) or repressed genes (green) 
is proportional to their level of expression. Data presented are Log-transformed fold-change values relative to 
the average expression value in Col-0 (experiment 1) or water-treated Col-0 (experiment 2). Values were 
subjected to average linkage clustering (Euclidean Distance). 
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Accessions with primed responsiveness to SA express higher levels of basal resistance 
against P. syringae 
To relate the natural variation in SA responsiveness to plant defense, we quantified levels of 
basal resistance against the hemi-biotrophic pathogen P. syringae, which is resisted by SA-
dependent defense mechanisms (Ton et al., 2002b; Glazebrook, 2005). To this end, the 
accessions were inoculated by dipping the rosettes into a bacterial suspension. At 3 days after 
inoculation, the level of disease symptom severity and bacterial proliferation were quantified in  
 

Figure 3: Natural variation in basal resistance to the hemi-biotrophic bacterium P. syringae. Five-week-
old plants were inoculated by dipping the leaves into a bacterial suspension (A and B), or by pressure 
infiltration of a bacterial suspension into the leaves (C). Asterisks indicate statistically significant differences 
compared to reference accession Col-0 (Student’s t-test; α = 0.05). (A) Average percentage of leaves showing 
chlorotic symptoms (diseased leaves) per plant (± SE; n = 25–30) at 4 days after dip-inoculation. (B) Average 
bacterial proliferation (± SE; n = 5–10) over a 3-day time interval after dip-inoculation. Proliferation was 
calculated relative to the average bacterial titer at 30 min after inoculation (dpi). (C) Average bacterial 
proliferation (± SE; n = 5–10) over a 3-day time interval after pressure-inoculation. Proliferation was calculated 
relative to the average bacterial titer at 20 min after inoculation. 
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the leaves. Accessions Bur-0, Can-0, Sf-2 and No-0 developed significantly fewer disease 
symptoms and allowed less bacterial growth compared to Col-0 (Figures 3A and B). 
Conversely, accession Ws-2 allowed higher levels of bacterial growth than Col-0 (Figures 3A 
and B). To investigate if this variation is caused by differences in early acting defense barriers at 
the stage of bacterial entry, we quantified bacterial proliferation upon pressure infiltration of 
the leaves. This experiment yielded similar differences in proliferation between accessions 
(Figure 3C), indicating that the genetic variation in basal resistance to P. syringae is not based on 
early acting defenses, but rather on post-invasion defense responses. The finding that the 
enhanced resistance of Bur-0, Can-0, and Sf-2 correlates with primed SA responsiveness, 
whereas the enhanced susceptibility of Ws-2 is associated with reduced SA responsiveness, 
suggests that the natural variation in basal resistance to P. syringae is related to differences in the 
sensitivity of the SA response pathway. 
 
Natural variation in responsiveness to JA 
To test the response of the accessions to the defense-regulatory hormone JA, induction of the 
JA-responsive marker gene PDF1.2 was determined at 4 hours 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 upon treatment with 100 μM MeJA, which typically becomes 
detectable on Northern blots around 6 h after treatment (Koornneef et al., 2008a). 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 a detectable induction of PDF1.2 
(Figure 4). Hence, accession Bur-0 is not only primed to respond to SA, it is also sensitized to 
activate the PDF1.2 gene upon exogenous application of MeJA.  
 

 
 
 

Figure 4: Natural variation in defense gene induction 
by MeJA. Northern blot analysis of PDF1.2 gene 
expression in 5-week-old plants 4 hours after treatment with 
different concentrations of MeJA. The experiment was 
repeated with comparable results. 
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Accession Bur-0 is enhanced resistant to infection by P. cucumerina and feeding by S. 
littoralis larvae 
To investigate whether the natural variation in JA sensitivity relates to resistance against a 
pathogen that is resisted through JA-dependent defense mechanisms (Thomma et al., 2000; 
Berrocal-Lobo et al., 2002) we quantified levels of basal resistance against the necrotrophic 
fungus P. cucumerina. At 6 days after inoculation of 5-week-old plants, the different accessions 
displayed a gradual difference in symptom severity. Amongst all accessions, Ws-2 was most 
severely affected by the pathogen. On the other hand, Bur-0 and, to a lesser extend, Sf-2 were 
more resistant than Col-0 (Figure 5). Microscopical analysis of lactophenol trypan-blue stained 
leaves confirmed that the differences in disease symptoms are consistent with differences in 
the extent of tissue damage and colonization by the fungus (Figure 5).  
 
Figure 5: Natural variation in basal resistance to 
the necrotrophic fungus P. cucumerina (see 
page 186 for full color version). Disease severity 
ratings at 7 days after drop inoculation with 6-μL 
droplets of 5 x 105 P. cucumerina spores/mL in 5-
week-old plants. Disease rating is expressed as the 
percentage of leaves in disease classes 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 caused by pathogen 
infection was visualized by lactophenol-trypan blue 
staining using light microscopy. Photographs show 
the mildest and most severe symptoms observed 
within each accession. 
 
To further investigate if the natural variation in JA responsiveness also relates to basal 
resistance against JA-resisted herbivores, we quantified levels of basal resistance against the 
generalist herbivore S. littoralis (Mewis et al., 2005; Bodenhausen and Reymond, 2007). Upon 18 
hours of infestation of 5-week-old plants, Ws-2 and Col-0 were severely damaged, whereas 
Can-0, No-0 and Sf-2 showed intermediate levels of damage. In comparison, accession Bur-0 
was relatively resistant to caterpillar feeding (Figure 6A). Accordingly, larval growth on 
accession Bur-0 was the lowest of all combinations tested, and statistically significant in 
comparison to the larval growth values on Col-0 and Ws-2 (Figure 6B). This experiment 
yielded identical results when it was repeated with 3.5-week-old plants (data not shown), 
indicating that the variation in herbivore resistance is not age-related. Thus, the enhanced 
responsiveness of accession Bur-0 to JA is associated with enhanced resistance against 
attackers that are controlled by JA-inducible defense mechanisms.  
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Figure 6: Natural variation in basal resistance to the generalist herbivore S. littoralis (see page 187 for 
full color version). (A) Damage in leaves of 5-week-old plants at 18 hours of feeding by S. littoralis larvae. (B) 
S. littoralis larval weight was quantified before and after 18 hours of feeding on the different accessions. 
Different letters indicate statistically significant difference in weight of S. littoralis larvae fed on different 
accessions (Fisher’s LSD test; α = 0.05; n=10). The experiment was repeated with 3.5-week old plants, yielding 
similar results.  
 
Accession Bur-0 is primed to activate ERF1/ORA59-dependent PDF1.2 but repressed 
in MYC2-dependent induction of VSP2 
The expression of PDF1.2 is regulated by the TFs ERF1 and ORA59 via integration of JA- 
and ET-dependent defense signals (Lorenzo et al., 2003; Pre et al., 2008) Conversely, expression 
of the JA-inducible VSP2 gene is regulated by the TF MYC2 through integration of JA- and 
abscisic acid- (ABA-)dependent signals (Anderson et al., 2004; 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 if accession Bur-0 is altered in this ERF1/ORA59- 
and MYC2-dependent balance of the JA response, we monitored expression of PDF1.2 and 
VSP2 in Col-0 and Bur-0 at different time points after treatment with increasing 
concentrations of MeJA. Again, accession Bur-0 showed strongly augmented levels of MeJA-
induced PDF1.2 expression in comparison to Col-0 (Figure 7A). In contrast, expression of 
VSP2 remained consistently lower in Bur-0 at all time points after MeJA application. These 
antagonistic induction profiles of PDF1.2 and VSP2 indicate a priming of the ERF1/ORA59-
dependent JA response and a concomitant repression of the MYC2-dependent JA response in 
accession Bur-0.  However, no consistent differences in the level of expression of ERF1, 
ORA59, or MYC2 could be detected (Figure 7B), nor did we detect differences in the genomic 
coding regions of these TF genes between Bur-0 and Col-0 (Figure 7C). This suggests that the 
differentially regulated JA response in accession Bur-0 is caused by modulating factors that act 
up- or downstream of ERF1, ORA59, or MYC2.  
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Figure 7: Bur-0 is primed to activate PDF1.2 but repressed in induction of VSP2 (see page 188 for full 
color version). (A) 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 application of MeJA. Expression of PDF1.2 and VSP2 was normalized to 
the expression of GAPDH. (B) RT-qPCR analysis of basal ERF1, ORA59, and MYC2 gene expression in 5-
week-old Col-0 and Bur-0 plants. The expression 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. (C) Single nucleotide polymorphisms 
between Col-0 and Bur-0 in the 3000 bp regions covering the genomic sequences of ERF1, ORA59, and 
MYC2. Black and red letters indicate polymorphic nucleotides between Col-0 and Bur-0, respectively. Yellow 
bars represent open reading frames; blue bars indicate untranslated gene regions.  
 
 
DISCUSSION 
 
The success of plants to resist microbes and herbivores largely depends on the speed and 
intensity by which they can activate their inducible defenses. Expression of these inducible 
defenses is costly due to allocation of limited resources to the synthesis of defensive 
compounds or toxicity of defensive mechanisms to the plant’s own metabolism (Heil, 2002; 
Heil and Baldwin, 2002). Priming of defense, on the other hand, is not associated with direct 
induction of these costly defense mechanisms. Previously, we demonstrated that priming of 
Arabidopsis under controlled growth conditions 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; Chapter 4). Hence, priming seems to represent a beneficial 
resistance strategy for plants in hostile environments. To investigate if a primed immune 
system can contribute the survival of plants in hostile environments, we examined the 
possibility that constitutive priming has evolved as a genetic trait to resist disease and/or 
herbivory. In this study, we demonstrated naturally occurring variation in the sensitivity to the 
plant hormones SA and JA between different Arabidopsis accessions, which positively 
correlates with resistance to pathogens and herbivores. This genetic variation in defense 
responsiveness indicates that some Arabidopsis accessions have evolved a constant level of 
defense priming, confirming the ecological importance of priming.   

Accessions Bur-0, Can-0 and Sf-2 displayed primed responsiveness to SA, whereas 
accessions Ws-2 and No-0 were less responsive to SA compared to the reference accession 
Col-0 (Figure 1). In support of this, Van Leeuwen et al. (2007) recently reported 
polymorphisms between different Arabidopsis accessions in the transcriptional response to 
exogenously applied SA. The natural variation in SA sensitivity reported in our study, largely 
correlated with levels of basal resistance against the (hemi-)biotroph P. syringae  (Figure 3). The 
exception to this relationship was accession No-0, which displayed enhanced resistance to P. 
syringae despite its reduced levels of SA-induced PR-1 expression. Different studies describe 
that No-0 is either equally susceptible to P. syringae as Col-0 (Kover and Schaal, 2002), or 
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enhanced resistant (Kover et al., 2005). This variable phenotype of No-0 could be related to the 
spontaneous lesion formation and the constitutively enhanced PR-1 gene expression that we 
occasionally observed for this accession (data not shown). Accession Ws-2 on the other hand, 
showed a weakened SA response in combination with reduced levels of basal resistance to P. 
syringae. It is known that Ws accessions carry a recessive mutation in the flagellin receptor 
FLS2, which affects basal resistance against P. syringae (Gómez-Gómez et al., 1999). In addition, 
we have found previously that Ws-2 displays reduced sensitivity to the plant hormone ethylene 
(Ton et al., 2001b). Since ethylene is known to synergize SA-inducible gene expression (Lawton 
et al., 1994), reduced responsiveness to ethylene may contribute to this accession’s delayed SA 
response and its reduced level of basal resistance to P. syringae. Our observation that accessions 
with enhanced SA responsiveness were all relatively resistant to P. syringae suggests that 
signaling components downstream of PAMP perception can contribute to natural variation in 
basal resistance as well.  

It is commonly hypothesized that priming is based on enhanced accumulation of 
signaling proteins, which remain inactive until a environmental stress signal is perceived by the 
plant (Conrath et al., 2006). In support of this, we previously reported  that priming of SA-
dependent defenses by BABA is marked by enhanced expression of a set of defense-related TF 
genes (Chapter 2). Interestingly, accessions Bur-0, Can-0 and Sf-2, which all displayed 
enhanced responsiveness to SA, also expressed elevated levels of BABA-inducible TF genes 
(Figure 2). It is, therefore, tempting to speculate that the primed defense state of Bur-0, Can-0, 
and Sf-2 is based on similar mechanisms as BABA-induced priming. An increase in defense-
regulatory TFs could mediate a faster and stronger induction of SA-inducible genes after P. 
syringae infection. This finding also illustrates that the selection of BABA-inducible TF genes 
serves as a marker to identify plants with a primed immune system. 
 Apart from its enhanced responsiveness to SA, accession Bur-0 also displayed 
strongly augmented expression of PDF1.2 upon treatment with MeJA (Figures 4 and 7A). 
Interestingly, this primed induction of PDF1.2 coincided with a repressed induction of VSP2 
(Figure 7A). 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., 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 (Anderson et al., 2004; Lorenzo et al., 2004; Pre et al., 2008). The augmented PDF1.2 
response of Bur-0 suggests an increased capacity to activate the ERF1/ORA59-dependent 
branch of the JA response. This part of the JA response has been described to be effective 
against necrotrophic pathogens (Anderson et al., 2004; Lorenzo et al., 2004). In agreement with 
this, accession Bur-0 displayed enhanced resistance to the necrotrophic fungus P. cucumerina 
(Figure 5). Additionally, Llorente et al. (2005) demonstrated that Bur-0 is enhanced resistant 
against the necrotrophic fungi B. cinerea and F. oxysporum.  

Bur-0 also expressed enhanced resistance against the generalist herbivore S. littoralis 
(Figure 6). JA plays a central role in the regulation of inducible defenses against herbivores 



NATURAL VARIATION IN HORMONE RESPONSIVENESS 

119 

 

(Howe, 2004). Although Lorenzo et al. (2004) proposed a dominant role for the MYC2-
dependent JA branch in herbivory resistance, mutations in MYC2 have no consistent effect on 
basal resistance against S. littoralis (Bodenhausen and Reymond, 2007). On the other hand, 
there is ample evidence that ET synergizes JA-dependent defenses against herbivores (Von 
Dahl and Baldwin, 2007). This corroborates with recent findings by Van Oosten et al. (2008), 
who demonstrated that ISR-expressing Col-0 plants, which are primed to activate PDF1.2, 
display enhanced resistance against Spodoptera exigua. Nonetheless, the JA priming in Bur-0 is 
not entirely similar as the JA priming that is observed after root colonization by ISR-inducing 
rhizobacteria. For instance, Bur-0 is not primed to activate VSP2 (Figure 7A), whereas ISR-
expressing Col-0 plants are also primed to activate MYC2-dependent genes, such as LOX2 and 
VSP2 (Van Wees et al., 1999; Verhagen et al., 2004; Pozo et al., 2008). This conclusion is 
supported by our observation that Bur-0 plants did not express enhanced levels of ISR-related 
TF genes, such as ERF1 and MYC2 (Figure 7B).  
 In Brassicaceae, glucosinolates (GS) are important defense metabolites in herbivore 
resistance. Upon tissue damage, GS can become hydrolyzed by myrosinases, which results in 
the formation of toxic thiocyanites against generalist herbivores (Bones and Rossiter, 1996). 
Arabidopsis accessions vary considerably in GS composition (Kliebenstein et al., 2001). 
Furthermore, JA and ET have been reported to play a role in the regulation of constitutive and 
herbivore-induced accumulation of GS respectively. In adition, exogenous JA induces the 
accumulation of indolic GS (Mewis et al., 2005). In this context, it is tempting to speculate that 
the primed responsiveness of the ERF1/ORA59-dependent JA branch in Bur-0 contributes to 
induction of GS against S. littoralis.  

Accession Bur-0 is primed to activate both SA- and JA-dependent defenses, even 
though the activities of both pathways are mutually antagonistic in Arabidopsis (Koornneef 
and Pieterse, 2008). Apparently, the priming of both defense responses in Bur-0 is not 
inhibited by the negative cross-talk between these pathways. In agreement with this, 
simultaneous activation of rhizobacteria-mediated induced systemic resistance (ISR) and 
pathogen-induced systemic acquired resistance (SAR), which are based on priming of JA- and 
SA-dependent defenses respectively (Conrath et al., 2006), results in additive levels of resistance 
in Arabidopsis (Van Wees et al., 2000). Theoretically, the priming phenotype of Bur-0 could be 
explained by a defect in the negative cross-talk between SA and JA signaling, thereby relieving 
the repression of both pathways. However, this hypothesis is unlikely, because Koornneef et al. 
(2008a) demonstrated that MeJA-induced PDF1.2 expression in Bur-0 can still be antagonized 
by simultaneous application of SA. The mechanistic basis underlying the primed defense 
responsiveness of Bur-0 requires further investigation. It seems, nevertheless, plausible that the 
primed defense phenotype of accession Bur-0 provides resistance against a wide range of 
pathogens and herbivores. This phenotype makes Bur-0 an ideal candidate for future genetic 
studies into the underlying mechanisms behind primed defense responsiveness and broad-
spectrum disease resistance. 
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MATERIALS AND METHODS  
 
Cultivation of plants, pathogens, and herbivores 
Arabidopsis accessions Col-0 , Can-0 , No-0 , Bur-0 , Sf-2  and Ws-2 (Table 1) from the Nottingham 
Arabidopsis Stock Centre (UK) were grown in sand for 2 weeks and subsequently transferred to 60-ml pots 
containing a potting soil-sand (12:15) 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). Leaf material from 4-week-old water- and BABA-treated Col-0 plants were collected at 2 days after soil 
drench treatment with water or BABA (70 μM). P. syringae pv. tomato DC3000 (Whalen et al., 1991) was cultured 
as described by Van Wees et al. (1999) and P. cucumerina was cultured as described by previously by Ton and 
Mauch-Mani (2004). S. littoralis eggs were provided by Dr. Ken Wilson (Lancester University, UK) and reared 
on artificial diet as described previously (Shorey and Hale, 1965).  
 
P. syringae bioassays 
Five-week-old plants were inoculated by dipping the leaves in a bacterial suspension containing 108 colony-
forming units/mL in 10 mM MgSO4 and 0.01% (v/v) Silwet L-77, as described by Ton et al. (2005), or by 
pressure infiltration of a bacterial suspension containing 5 × 105 colony-forming units/mL in 10 mM MgSO4. 
After dip-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 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) 
 
P. 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 (Koch and Slusarenko, 
1990).  
 
S. 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 subsequently divided between the 6 different accessions. After 18 hours of infestation, caterpillars were re-
collected (n = 10), weighted and plant material was collected for photographic assessment of leaf damage.  
 
RNA blot analysis of gene expression  
Plant hormone treatments were performed by dipping the rosettes of 6-week-old plants in a solution containing 
0.01 % (v/v) Silwet L-77 (Van Meeuwen Chemicals BV, Weesp, The Netherlands) and SA (Malinkrodt Baker, 
Deventer, The Netherlands ) or MeJA (Serva, Brunschwig Chemie, Amsterdam, The Netherlands ) at the 
indicated concentrations. Plants were placed at 100% RH and gene activation was determined 6 hours (for SA) 
and 4 hours (for MeJA) after treatment. For RNA extraction, leaves from 3-5 plants were collected. RNA 
extraction, RNA blotting, and labeling of specific probes for PR-1 and PDF1.2 were performed as previously 
described by Ton et al. (2002a). Equal loading was verified by ethidium bromide staining of the gels. 
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Reverse Transcription quantitative PCR  
RT-qPCR analysis was performed on 5-week-old plants as described by Czechowski et al. (2004). 5 µg of RNA 
was digested with Turbo DNA-freeTM (Ambion, Huntingdon, United Kingdom) according to the 
manufacturer’s instructions and checked for absence of genomic DNA (gDNA) by PCR with gDNA-specific 
primers. DNA-free RNA was converted into cDNA using oligo-dT20 primers (Invitrogen, Breda, the 
Netherlands), 10 mM dNTPs, and SuperScriptTM III Reverse Transcriptase (Invitrogen, Breda, the Netherlands) 
according to the manufacturer’s instructions. Prior to RT-qPCR analysis, all cDNA samples were normalized to 
a Ct value (threshold cycle) of 18±0.5 of the constitutively expressed reference gene GAPDH 
(GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE; At1g13440). PCR reactions were 
performed in optical 384-well plates (Applied Biosystems) with an ABI PRISM® 7900 HT sequence detection 
system, using SYBR® Green to monitor the synthesis of double stranded DNA. 1 µl of cDNA was mixed with 
5 µl 2x SYBR® Green Master Mix reagent (Applied Biosystems) in a total volume of 10 µl containing 200 nM of 
a gene-specific primer pairs. 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. A standard thermal profile was used for all PCR reactions: 50°C for 2 min, 95°C for 10 min, 
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Amplicon dissociation curves, i.e. melting curves, 
were recorded after cycle 40 by heating from 60°C to 95°C with a ramp speed of 1.9°C min-1. Data were 
analyzed using the SDS 2.2.1 software (Applied Biosystems). Transcript levels were calculated relative to the 
reference genes At1G13320 or GAPDH (Czechowski et al., 2005) using the 2-ΔΔCt method described previously 
(Livak and Schmittgen, 2001; Schmittgen and Livak, 2008). 
 
Analysis of TF gene expression profiling. 
TF gene activation data is visualized using TIGR Multiexperiment Viewer (TMEV) software (Saeed et al., 2003). 
The TMEV analyses of the three biological replicas were based on the 10log-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 normalised to GAPDH expression) between accessions  were tested for 
statistical significance using a Student’s t-tests or a non-parametric Wilcoxon Mann-Whitney test. 
 
Comparison of Col-0 and Bur-0 genomic sequences.  
Genomic polymorphisms between Col-0 and Bur-0 in the 3000 bp region surrounding ERF1, ORA59, and 
MYC2 were based on the fully sequenced genome of accession Bur-0 (Ossowski et al., 2008) and visualised 
using the Gbrowse tool (http://gbrowse.weigelworld.org).  
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Plants are well equipped to fend off malevolent organisms. Both constitutive defenses and 
inducible defenses contribute to resistance against microbes and insects. The phytohormones 
salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) are major players in induced defense 
activation (Pieterse and Van Loon, 1999; Glazebrook et al., 2003). Recently, the phytohormone 
abscisic acid (ABA) has emerged as a regulator of defense signaling as well, in addition to its 
well-known role in abiotic stress signaling and developmental processes (Mauch-Mani and 
Mauch, 2005; Asselbergh et al., 2008). When pathogens evolved to suppress or circumvent the 
protective mechanisms of specific host plants, plants responded by evolving appropriate 
countermeasures. A well known adaptation of plants to combat specialized pathogens is  
RESISTANCE- (R-) gene mediated resistance. Upon race-specific recognition by an R-protein, 
plants elicit a defense response that differs quantitatively from basal defense induction (Tao et 
al., 2003; Eulgem, 2005; Tsuda et al., 2008) and generally restricts pathogen introgression 
completely. In addition to the evolution of R-genes, plants have the ability to acquire an 
enhanced defensive capacity upon perception of various stimuli, a resistance mechanism that is 
generally referred to as induced resistance (IR; Van Loon, 2000). Whereas R-gene-mediated 
resistance is only effective against specific pathogen races, IR typically has a broad-spectrum of 
effectiveness (Kuc, 1982). Some types of IR are associated with direct activation of defense 
mechanisms upon perception of the resistance-inducing agent. Most forms of IR are also 
associated with a sensitization of the plant tissue to respond faster and stronger to subsequent 
pathogen or insect attack, a phenomenon that is called priming in analogy to a similar 
defensive mechanism in mammals (Conrath et al., 2002; Conrath et al., 2006). The primed 
defense state can be induced by pathogens (Cameron et al., 1999), beneficial micro-organisms 
(Pozo and Azcon-Aguilar, 2007; Van Wees et al., 2008), insects (Heil and Ton, 2008), and a 
range of chemicals, such as the functional SA analogue benzo(1,2,3)thiadiazole-7-carbothioic 
acid S-methyl ester (BTH; Katz et al., 1998) and β-aminobutyric acid (BABA; Zimmerli et al., 
2000). The main objective of this thesis was to elucidate the molecular mechanisms of priming, 
thereby concentrating on priming in Arabidopsis thaliana induced by the non-protein amino acid 
BABA, and in addition to study the priming phenomenon in a more ecological context.  
 To unravel the molecular mechanisms behind priming and potentiated expression of 
SA- and JA-inducible plant defenses, we profiled expression of transcription factor (TF) genes 
after priming treatments with BABA and Pseudomonas fluorescens WCS417r. In Chapter 3, a 
priming mutagenesis screen is described, which specifically aimed to identify mutants in 
BABA-induced priming of SA- and JA-independent cell wall defenses. In Chapter 4, we 
evaluated the costs and benefits of priming under controlled lab conditions. This study 
revealed that priming is associated with relatively low costs, which are outweighed by the 
benefits of disease protection under conditions of disease pressure. This conclusion predicts 
that priming is mostly beneficial in hostile environments. Since plants in nature are rarely 
exposed to one single stress, we attempted to evaluate priming under growth-competitive 
conditions in the lab, as well as under field conditions (Chapter 5). Finally, in Chapter 6, we 
challenged our prediction from Chapter 4 by investigating the possibility that some naturally 
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occurring Arabidopsis accessions have evolved a constitutively primed immune system to cope 
with environmental stresses. 
 
 
REGULATION OF PRIMING  
 
BABA-induced priming of SA-dependent defenses: TFs 
The molecular mechanisms of priming are poorly understood. During the primed state, 
defenses are not activated directly upon perception of a priming-inducing stimulus. However, 
upon subsequent pathogen attack, primed plants show a faster and stronger transcriptional 
activation of defense-related genes (Van Wees et al., 1999; Zimmerli et al., 2000; Verhagen et al., 
2004; Ton et al., 2007). Since activation of gene expression requires binding of TFs to cis-
regulatory-elements (Chen and Rajewsky, 2007), TFs are plausible candidates to contribute to 
the onset of priming. In plants, many TFs are regulated at the transcriptional level themselves 
(Chen et al., 2002). Therefore, we profiled the expression of most currently-known, putative, 
Arabidopsis TF genes in response to treatment with the priming agents BABA and Pseudomonas 
fluorescens WCS417r, using Reverse Transcription quantitative PCR (RT-qPCR) and  a collection 
of Arabidopsis TF-specific primer sets, previously described by Czechowski et al. (2004). This 
technique provides a more sensitive and reliable quantification of gene transcription than 
hybridization-based micro-array technology, which is particularly helpful for genes that are 
expressed at a relatively low level, such as TF genes. Soil drenching plants with priming 
concentrations of BABA resulted in systemically induced expression of 187 TF genes (Chapter 
2). Hence, priming by BABA is associated with direct transcriptional activation of a specific set 
of TF genes. Since defenses are hardly activated directly by BABA (Zimmerli et al., 2000), these 
TFs are hypothesized to remain inactive until subsequent pathogen attack (Conrath et al., 
2006).   

The induction of 154 out of the 187 BABA-inducible TFs was dependent on the 
defense-regulatory gene NPR1 (NONEXPRESSOR OF PATHOGENESIS-RELATED 
GENES 1). NPR1 has a well-characterized function in the SA-dependent signaling pathway 
that leads to activation of SA-inducible defense genes, such as PATHOGENESIS-RELATED 
(PR) genes (Dong, 2004). NPR1 is not only required locally in SA-dependent resistance, but 
also contributes to the establishment of SA-dependent systemic acquired resistance (SAR; 
Dong, 2004). Besides a function for NPR1 in direct activation of SA-dependent gene 
expression, NPR1 is also involved in priming of inducible defense mechanisms. For instance, 
the npr1 mutant fails to develop priming of the PAL (PHENYLALANINE AMMONIA-
LYASE) gene and priming of callose deposition after treatment with the functional SA 
analogue BTH (Kohler et al., 2002; Van der Ent et al., 2008). Furthermore, earlier studies 
revealed that NPR1 plays a role in BABA-induced priming as well (Zimmerli et al., 2000; 
Zimmerli et al., 2001; Ton et al., 2005). In Chapter 2, we demonstrated that BABA-inducible 
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TFs are largely dependent on NPR1, which suggests that these TFs play a role in the NPR1-
dependent defense priming by BABA (Figure 1).  
 
Figure 1: model for BABA-induced priming. Model of BABA-
induced priming of defense. Priming concentrations of BABA 
directly enhance NPR1-dependent expression of a distinct set of 
TF genes, which contribute to the priming of SA-dependent 
defenses. BABA-inducible expression of TFs could be initiated by 
WRKY genes harboring the putative cis-element TAG[TA]CT in 
their promoters. BABA also triggers ABA-dependent priming for 
enhanced callose depositions, which could involve alterations in 
the redox state of the cell. Due to the mutation in the IBI1 gene, 
which functions upstream of ABA signaling, the redox state of the 
cell is perhaps missregulated, leading to an impaired BABA-
induced priming signal. Abbreviations: BABA: β-aminobutyric 
acid; ABA: abscisic acid; NPR1: NONEXPRESSOR OF 
PATHENOGENESIS RELATED-GENES 1; ibi1: impaired in 
BABA-induced immunity 1; TFs: transcription factors; SA: salicylic 
acid. 

 
The promoters of NPR1-dependent, BABA-inducible TF genes were enriched with 

W-box elements (Chapter 2), which is the binding domain for WRKY TFs (Lebel et al., 1998; 
Petersen et al., 2000; Eulgem, 2005). WRKYs have been implicated in the regulation of several 
SA-dependent defense-related genes (Dong et al., 2003). Interestingly, 22 out of the 72 known 
WRKY genes in the Arabidopsis genome were responsive to BABA. With the exception of 
WRKY54, these WRKY genes were all induced in an NPR1-dependent manner (Chapter 2). 
Among the 22 BABA-inducible WRKYs, almost the entire group of III WRKYs was 
represented with the exception of WRKY66. Group III WRKYs differ from other WRKYs in 
their zinc finger motif (Kalde et al., 2003). The majority of this group is responsive to pathogen 
attack and SA (Kalde et al., 2003). Functional redundancy between WRKYs has hampered 
attempts to dissect the roles of single WRKYs in plant defense. However, WRKY70 was 
identified by Li et al. (2004; 2006) as a node of convergence between SA- and JA-dependent 
defenses, acting as a positive regulator of SA-dependent defenses and a negative regulator of 
JA-dependent defenses. Interestingly, this group III type WRKY was also induced by BABA 
(Chapter 2). Other WRKYs that have previously been demonstrated to function in plant 
defense are WRKY18, WRKY40 and WRKY60, of which WRKY40 and WRKY60 are also 
inducible by BABA (Chapter 2). Since the triple mutant wrky18 wrky40 wrky60 displays 
enhanced PR-1 gene expression and elevated levels of basal resistance against Pseudomonas 
syringae pv. tomato DC3000, these three WRKYs are considered to be negative regulators of SA-
dependent defenses (Xu et al., 2006). However, Wang et al. (2006) reported that WRKY18 is 
required to express SAR to the full extent. In the same study, WRKY18, WRKY38, WRKY53, 
WRKY54, WRKY58, WRKY59, WRKY66 and WRKY70 were identified as direct 
downstream targets of NPR1. Although WRKY38, WRKY53, WRKY54, WRKY58 and 
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WRKY70 were induced by BABA in a predominantly NPR1-dependent fashion, WRKY18, 
WRKY59 and WRKY66 were not consistently induced by BABA (Chapter 2). Of all WRKY 
genes, at least 49 exhibit a differential regulation upon induction of SA-dependent defenses 
(Dong et al., 2003). Since the expression of only 22 WRKY genes was induced upon BABA 
treatment, this strongly suggests that BABA induces a distinct subset of WRKYs to mediate 
BABA-induced priming of SA-dependent defenses.  

Promoter analysis of the 21 NPR1-dependent, BABA-inducible WRKY genes 
revealed a strongly over-represented and yet uncharacterized DNA motif (TAG[TA]CT). 
Although this motif has not been described as a functional cis-regulatory element yet, over-
representation of this motif has been reported before in the promoters of genes that were 
upregulated in mpk4 (mitogen-activated protein kinase 4) mutants plants (Andreasson et al., 2005). 
Noteworthy, MPK4 is a repressor of SA-dependent defenses (Petersen et al., 2000). We 
propose that direct induction of BABA-responsive WRKY genes via the TAG[TA]CT motif 
and subsequent activation of downstream WRKYs activate other BABA-inducible TF genes, 
whose promoters displayed a statistically significant enrichment of WRKY-binding W-box 
elements (Chapter 2), thereby amplifying the signal transduction pathway for SA-dependent 
defenses (Figure 1). It will be interesting to test whether BABA-inducible WRKYs are among 
the first BABA-responsive TFs that are induced. If this holds true, it is tempting to speculate 
that the TAG[TA]CT motif acts as a binding site for a key regulator in BABA-induced priming 
of SA-dependent defenses. Future research on the TAG[TA]CT motif using gel-shift mobility 
assays, experiments with transgenic GUS reporter plants, and yeast-one hybrid screens is 
required to reveal the identity of this putative master-switch in BABA-induced priming of SA-
inducible defenses.  

Only 33 TF genes were induced by BABA in an NPR1-independent manner (Chapter 
2). Possibly, these TF genes play a role in BABA-induced priming of callose depositions, which 
is still functional in npr1 mutant plants (Zimmerli et al., 2000). However, since the deposition of 
callose is a relatively rapid defense reaction, this defense priming may not be controlled at the 
transcriptional level. In support of this, knock-out mutants of several of the BABA-inducible, 
NPR1-independent TF genes did not show an impaired BABA-induced priming of callose 
deposition (J. van der Ent, unpublished results). However, due to functional redundancy 
between TFs, a role for these TFs in BABA-induced priming for SA-independent priming for 
cell wall defense cannot be excluded.  

The profiling of TF gene expression was also conducted during the onset of 
Pseudomonas fluorescens WCS417r-mediated induced systemic resistance (ISR). Whereas WRKYs 
seem to play a role in BABA-induced priming of SA-dependent defenses, the set of TFs that 
was directly responsive to WCS417r bacteria was enriched in AP2/EREBP (APETALA 
2/ETHYLENE-RESPONSIVE ELEMENT BINDING PROTEINS) TFs (Chapter 2). 
AP2/EREBP TFs have been implicated in the regulation of JA-and ET-dependent responses 
(Solano et al., 1998; McGrath et al., 2005; Pre et al., 2008), which fits with earlier findings that 
WCS417r bacteria primed the expression of mainly JA- and ET-responsive genes (Van Wees et 
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al., 1999; Verhagen et al., 2004; Pozo et al., 2008). Hence, the differential induction of defense-
related TF genes by BABA and WCS417r is in agreement with their differential priming of 
defenses, which rely on largely distinct signal transduction pathways.  

Although BABA and WCS417r directly induced TF genes, no significant downstream 
activation of defense-related genes was observed (Chapter 2). This suggests that the TFs 
remain inactive until the perception of a secondary pathogen-derived signal. Post-translational 
regulation of TFs is common. For instance, in tobacco NtWRKY1 becomes activated after 
phosphorylation by SIPK (SA-INDUCED PROTEIN KINASE; Menke et al., 2005). The 
Arabidopsis homolog of SIPK, MPK6, is involved in both R-gene mediated resistance and 
basal resistance, stressing the importance of MAPK- (MITOGEN ACTIVATED PROTEIN 
KINASE-) signaling cascades in disease resistance (Menke et al., 2004). Therefore, in addition 
to accumulating TFs, other signaling components, like MAPKs, may play a role in priming as 
well. Recently, the MPK3 and MPK6 proteins were reported to accumulate upon priming 
treatment with BTH, although a secondary stress treatment was required to activate the 
signaling components (Beckers and Conrath, 2007; Beckers et al., 2007). In addition, Ton et al. 
(2005) demonstrated loss of BABA-induced priming of SA-dependent defenses in ibs1 (impaired 
in BABA-induced sterility 1) mutants, harboring a T-DNA insertion in a cyclin-dependent protein 
kinase like gene. This indicates that protein phosphorylation cascades play a role in BABA-
induced priming and/or the resulting augmentation of inducible defense expression. Moreover, 
micro-array analysis of 14-day-old Arabidopsis upon treatment with 0.25 mM BABA, a 
relatively high doses that likely also directly activate defenses, showed direct upregulation of 
678 genes of which 43 genes encoded putative kinases and phosphatases (Zimmerli et al., 
2008).      

 
BABA-induced priming of SA-dependent defenses: chromatin remodeling 
In addition to the enhanced expression of regulatory TFs genes that was associated with 
BABA-induced priming for SA-dependent defenses, recent findings point towards a 
complementary role for epigenetic regulation of BABA-induced priming of SA-dependent 
defenses (J. Ton, unpublished results). Chromatin remodeling by histone modifications has 
been reported to play a role in regulation of SA-dependent gene expression (Mosher et al., 
2006). Chromatin immunoprecipitation (ChIP) analysis on water- and BABA-treated Col-0 
plants, using an antibody against the acetylated form of histone 3 (H3), revealed that BABA 
treatment resulted in de-condensation of a region of the PR-1 promoter that contains known 
cis elements, such as W- and TGA-boxes (J. Ton, unpublished results). Acetylation of H3 is 
associated with a more open chromatin structure, which allows for increased accessibility of 
TFs and a higher transcriptional capacity (Pfluger and Wagner, 2007). Interestingly, this BABA 
effect on the PR-1 promoter was also observed in npr1 plants, which are blocked in PR-1 
transcription (Cao et al., 1994). This suggests that BABA-induced chromatin remodeling 
around the PR-1 promoter is not caused by direct transcriptional effects on the PR-1 gene, but 
rather by an NPR1-independent priming mechanism that directly targets the promoter of PR-1. 
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Furthermore, the promoter of the JA/ET-inducible PDF1.2 gene, which is not primed by 
BABA, was not targeted by the BABA-induced chromatin remodeling (data not shown). This 
suggests that BABA-induced chromatin remodeling is specific for SA-inducible genes. 
Increased H3 acetylation of the PR-1 promoter has also been reported after SA treatment 
(Mosher et al., 2006; Koornneef et al., 2008b). However, SA-induced chromatin remodeling was 
blocked in the npr1 background (Koornneef et al., 2008b), suggesting that BABA-induced 
chromatin remodeling is controlled by a different pathway. It is very plausible that the NPR1-
dependent chromatin remodeling upon SA treatment is a direct consequence of enhanced 
transcriptional expression of the gene. 
 Histone modifications have also been linked to the regulation of JA-dependent 
defense responses. Plants overexpressing HAD19 (HISTONE DEACETYLASE 19) show 
enhanced expression of several JA- and ET-dependent genes and concomitantly express 
increased resistance against Alternaria brassicicola (Zhou et al., 2005). Since de-acetylation of 
histones is predicted to have a repressive effect on gene expression (Pfluger and Wagner, 
2007), it is likely that HDA19 regulates JA- and ET-dependent gene expression indirectly, for 
example by repressing a repressor. 

In conclusion, we propose that priming through enhanced pools of TFs and/or 
protein kinases may be of a more transient nature, given the putative short turn-over of these 
proteins. Epigenetic regulation, on the other hand, may provide a more long-lasting priming of 
defense genes. This novel aspect of priming deserves more attention if the phenomenon is 
ever to be exploited in sustainable agriculture, since epigenetic priming agents would not 
require to be re-applied in order to ensure satisfactory disease protection.     
 
BABA-induced priming of SA-independent cell wall defenses: regulated by changes in 
plastidic redox state?  
Augmented pools of TFs seem a poor explanation for priming of cell wall defense by BABA, 
since primed deposition of papillae may happen too quickly to be regulated by gene 
transcription. Previously, components of the ABA signal transduction pathway have been 
implicated in the regulation of BABA-inducible priming of cell wall defense, which was based 
on the observations that ABA-deficient aba1 and ABA-insensitive abi4 plants failed to develop 
BABA-induced priming of callose deposition and BABA-IR against Plectosphaerella cucumerina 
(Ton and Mauch-Mani, 2004). Moreover, application of ABA mimics BABA-induced priming 
of callose deposition in response to P. cucumerina and A. brassicicola (Ton and Mauch-Mani, 
2004; Chapter 3). ABA seems to have a comparable role in BABA-induced priming of callose 
against Hyaloperonospora arabidopsidis. Ton et al. (2005) identified the ibs3 (impaired in BABA-
induced sterility 3) mutant, which carries a T-DNA insertion in a regulatory element at the 3’-
UTR of the ABA1 gene and fails to express wild-type levels of BABA-IR against H. 
arabidopsidis (Ton et al., 2005). Surprisingly, however, exogenous ABA does not induce 
resistance against H. arabidopsidis (data not shown). Thus, ABA itself may not be involved in 
the priming of cell wall defense, even though a functional ABA1 gene is required for BABA-
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induced priming of callose after H. arabidopsidis attack. It is even possible that H. arabidopsidis 
exploits ABA to promote virulence, as was recently demonstrated for P. syringae (de Torres-
Zabala et al., 2007). In this context, it is noteworthy to mention that during the compatible 
interaction between H. arabidopsidis and Arabidopsis several genes are specifically up-regulated 
that are also responsive to a broad range of abiotic stress conditions and/or ABA (Huibers, 
2008). Moreover, the ABA-deficient aba1 mutant has been reported to be more resistant to H. 
arabidopsidis (Mohr and Cahill, 2003). However, the latter observation could also be related to 
the wilting phenotype of this mutant, which would make the tissue a less favorable resource for 
parasitation. 
 To further elucidate the mechanisms behind BABA-induced priming of cell wall 
defense, we performed a mutagenesis screen in the background of transgenic SA-
nonaccumulating NahG plants (Delaney et al., 1994) Two allelic impaired in BABA-induced 
immunity (ibi) mutants were identified that failed to express the SA-independent protection 
against H. arabidopsidis. The ibi1-1 NahG mutant is blocked in BABA-induced priming of 
callose, but not in basal callose deposition upon attack by H. arabidopsidis. Surprisingly, ibi1-1 
NahG displayed a hypersensitivity to high concentrations of BABA, as evidenced by excessive 
accumulation of antioxidant anthocyanins. Furthermore, ibi1-1 NahG plants accumulated 
enhanced levels of H2O2 after treatment with high concentrations of BABA. Although these 
ROS-sensitive characteristics may have been augmented by a possible knock-on effect of the 
NahG transgene, the ibi1-1 mutation is primarily responsible for these phenotypes. The 
hypersensitivity to BABA, resulting in the accumulation of anthocyanins, suggests a possible 
involvement for IBI1 in regulation of the redox state of the cell. This hypothesis was further 
supported by the observation that excessive production of anthocyanins in ibi1-1 NahG is also 
triggered by excess light conditions (J. Ton, unpublished results).  
 Many studies have linked regulation of ROS homeostasis to ABA signaling. This role 
is not only evident in guard cells, in which H202 functions as a primary signal of ABA-induced 
stomatal closure (Pei et al., 2000), but similar links have been proposed for other cell types 
(Bechtold et al., 2008). For instance, H2O2 regulates the phosphatase 2C-like proteins ABI1 and 
ABI2, which are negative regulators of ABA signaling (Meinhard and Grill, 2001; Meinhard et 
al., 2002). In our study, ABA could still induce resistance against P. cucumerina in ibi1-1 NahG 
plants (Chapter 3), which indicates that IBI1 functions upstream of, or in parallel to, ABA 
signaling in the BABA-induced pathway controlling priming of cell wall defense. The first steps 
of ABA biosynthesis occur in the chloroplast, where violaxanthin is produced from zeaxanthin 
via anteraxanthin through the action of the NADPH-dependent zeaxanthin epoxidase ABA1. 
Interestingly, the reversible de-epoxidation of violaxanthin requires reduced ascorbate. This 
suggests  oxidative stimulation of ABA biosynthesis (Baier and Dietz, 2005). Although ABA-
inducible defense genes are not directly induced by BABA (Jakab et al., 2005), a functional 
ABA1 gene is necessary for BABA-induced priming of callose (Ton and Mauch-Mani, 2004; 
Ton et al., 2005). The excessive accumulation of H2O2 in ibi1-1 NahG upon high 
concentrations of BABA seemed to be chloroplast-derived, since this response was absent 
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when the BABA-treated ibi1-1 NahG plants were kept in the dark. It is, therefore, tempting to 
speculate that IBI1 plays a regulatory role in the redox state of the chloroplast, which may be 
related to components of the ABA biosynthetic pathway in the chloroplast.  
 
A role for redox signaling in BABA-induced priming of SA-dependent defenses? 
Redox regulation of plant defense has extensively been studied in the context of SA-inducible 
defenses. Glutathione is one of the major antioxidants in the cell and an important determinant 
of the redox state in eukaryotes (Schafer and Buettner, 2001). By monitoring reduced (GSH) 
and oxidized (GSSG) glutathione levels after treatment with the SA-analogue INA, Mou et al. 
(2003) observed a change in the cellular redox potential in Arabidopsis. This cellular redox flux 
coincides with monomerization of NPR1 by reducing the intermolecular disulfide bonds that 
hold NPR1 molecules together as an inactive monomer (Mou et al., 2003). Monomeric NPR1 is 
subsequently transferred to the nucleus to activate PR-1 gene expression (Mou et al., 2003). If 
redox signaling plays a role in BABA-induced priming of callose deposition, as is suggested in 
Chapter 3, such mode of regulation may also be involved in the NPR1-dependent priming of 
SA-dependent defenses by BABA (Figure 1), possibly by influencing the induction of TFs 
(Chapter 2). In this regard, it will be interesting to test if BABA-induced priming of SA-
dependent defenses is affected by the ibi1 mutation in the background of Col-0. 

Simultaneous regulation of both SA-dependent and ABA-dependent responses by the 
redox state of the cell has been described in the ascorbate-deficient vtc1 (vitamin c-1) mutant 
(Barth et al., 2004). In addition, the vtc1 mutant expressed enhanced resistance against P. syringae 
and H. arabidopsidis, which correlated with elevated SA levels and a primed PR protein synthesis 
(Barth et al., 2004). Ascorbate is one of the most prevalent ROS scavengers in the plant cell 
(Nagata et al., 2003). As mentioned above, ascorbate plays a role in the biosysnthesis of ABA. 
Besides the requirement of reduced ascorbate for de-epoxidation of violaxanthin, ascorbate 
deficiency increases the expression of 9-CIS-EPOXYCARTENOID DIOXYGENASE 
(NCED), which catalyzes formation of xanthoxin, the precursor of ABA (Baier and Dietz, 
2005). Indeed, ABA content in the vtc1 mutant is significantly increased (Pastori et al., 2003). 
Phenotypically, the vtc1 mutant has several remarkable similarities to the constitutively primed 
edr1 (enhanced disease resistance 1) mutant (Chapter 4), which carries a mutation in a putative 
MAPKKK. Both mutants exhibit augmented PR-1 induction in response to pathogens (Frye 
and Innes, 1998; Barth et al., 2004; Van Hulten et al., 2006; Chapter 4). ABA levels are 
increased in the vtc1 mutant (Pastori et al., 2003), while all phenotypes of edr1 are repressed by a 
mutation in the KEG (KEEP ON GOING) gene, a negative regulator of ABA signaling 
(Wawrzynska et al., 2008). Moreover, both vtc1 and edr1 develop senenesence in response to 
environmental stress stimuli (Frye et al., 2001; Barth et al., 2004). Similar to BABA pre-treated 
plants, edr1 plants express potentiated levels of callose deposition in response to H. arabidopsidis 
(Van Hulten et al., 2006; Chapter 4). It will therefore be interesting to quantify the deposition 
of callose in response to H. arabidopsidis in vtc1, and find out if this mutant, like edr1, expresses 
augmented levels of cell wall defense.       
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One may speculate that ABA-dependent priming of cell wall defense and SA-
dependent defenses by BABA is caused by interference of the redox state. Although BABA 
does not naturally occur in plants, its structural isomer γ-aminobutyric acid (GABA) does 
(Shelp et al., 1999). GABA has not yet been reported to be a potent inducer of resistance 
against pathogens, but it accumulates in plants upon (a)biotic stress exposure. GABA has been 
proposed to be involved in protection against oxidative stress, osmoregulation, nitrogen 
metabolism, pollen tube growth and the regulation of cytosolic pH, although the evidence for 
this remains elusive (Bouche and Fromm, 2004). The GABA-shunt pathway provides plants 
with succinate and NADH (Bouche and Fromm, 2004). It may be possible that BABA 
interferes with the GABA- shunt pathway. Interestingly, plants with a deficiency of succinic 
semialdehyde dehydrogenase (SSADH), which catalyzes the last step in the GABA-shunt, 
accumulate elevated ROS levels in response to stress (Ludewig et al., 2008). It was 
demonstrated that the high ROS levels in ssadh mutants are not caused by reduced supply of 
succinate and NADH, but rather by the accumulation of succinic semialdehyde (SSA) and/or 
γ-hydroxybutyric acid (GHB), which are two intermediates of the GABA-shunt downstream of 
GABA-T-transamination step (Ludewig et al., 2008). Isolation of the mutant her1 (hexanal 
responsive 1), which has a mutation in the GABA-T-TRANSAMINASE gene, points towards a 
role for GABA in the response to C6-volatiles, which are thought to act as priming-eliciting  
signaling molecules against insect herbivores and pathogens (Mirabella et al., 2008). Moreover, 
her1 plants express elevated levels of the PR-1 gene and they express enhanced resistance to 
pathogens (Mirabella et al., 2007). Direct evidence for a role or redox regulation and/or 
involvement of the GABA-shunt pathway in BABA-IR is lacking. Therefore, more detailed 
studies are necessary to elucidate a possible role of redox regulation in BABA-induced priming 
of defenses.          
   
BABA-induced priming of SA-independent cell wall defenses: roles of PtdIns signaling, 
membrane lipids and vesicle trafficking. 
The IBS2/SAC1b has previously been implicated in BABA-induced priming of cell wall 
defense (Ton et al., 2005). IBS2 shows homology to the polyphosphoinositide phosphatase 
SAC1 from yeast (Despres et al., 2003). This protein converts phosphatidylinositol (PtdIns) 3-
phosphate, PtdIns 4-phosphate, and PtdIns 3,5-bisphosphate into PtdIns (Guo et al., 1999). 
The yeast sac1 mutant is affected in protein secretion and organization of its actin cytoskeleton 
due to enhanced accumulation of PtdIns 4 phosphate and PtdIns 4,5-biphospate (Hama et al., 
1999; Foti et al., 2001; Schorr et al., 2001). Interestingly, the yeast sac1 mutant could be 
complemented by IBS2/SAC1b from Arabidopsis (Despres et al., 2003), Based on this finding, 
Ton et al. (2005) speculated about a role for PtdIns signaling in cytoskeleton rearrangements 
and protein secretion during BABA-induced priming of cell wall defense deposition.  
 Cytoskeleton rearrangements are important for vesicle-mediated transport of plant 
defense compounds to the site of pathogen attack (Hardman et al., 2007). Targeted transport of 
vesicles and their fusion to the plasma membrane is mediated by syntaxins. A mutagenesis 
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screen for Arabidopsis mutants impaired in non-host penetration resistance to the barley 
powdery mildew fungus B. graminis f. sp. hordei, identified the PEN1 syntaxin, which was 
subsequently characterized as regulatory protein in cell wall reinforcements (Collins et al., 
2003). Upon pathogen attack, PEN1 is actively recruited to fungal-induced papillae (Assaad et 
al., 2004). Interestingly, the formation of papillae in response to B. graminis is delayed in pen1 
mutants, which is thought to be responsible for the reduced penetration resistance in this 
mutant (Assaad et al., 2004). This study once again illustrates the importance of a timely 
defense response. Interestingly, we observed that BABA-induced priming of cell wall defense 
and BABA-IR against H. arabidopsidis reduced in pen1 mutant plants (data not shown). This 
finding supports the involvement of exocytosis in BABA-induced priming of cell wall defense.   

It is noteworthy that one of the putative candidates for the IBI1 gene is FAD6 
(FATTY ACID DESASTURASE 6; At4g30950; Chapter 3). This gene encodes a plastidic ω6-
desaturase that is involved in the synthesis of polyunsaturated fatty acid-containing lipids. 
Mutations in FAD6 affect the recovery from photoinhibition (Vijayan and Browse, 2002), 
which can cause excessive accumulation of light-dependent ROS. Interestingly, FAD6 
influences anthocyanin accumulation and callose deposition in tocopherol-deficient vte2 (vitamin 
e-deficient 2) plants during conditions of cold stress (Maeda et al., 2008).   
 
 
COSTS AND BENEFITS OF PRIMING 
  
While some defenses are constitutively expressed, such as toxic compounds that form a pre-
existing chemical barrier against pathogens (Osbourn, 1996), others are induced upon 
pathogen or herbivore attack. Two prominent hypotheses have been proposed to explain the 
spatial and temporal variation in plant defense. These are the optimal defense theory (ODT), 
which predicts that plant parts with high fitness value will be highly defended, and the growth-
differentiation balance hypothesis (GDBH), which assumes that a balance must be maintained 
between resources used for growth and defense (Barto and Cipollini, 2005) It is assumed that 
inducible defenses are too costly to be expressed constitutively under enemy free conditions. In 
agreement with this, the constitutive SA-dependent defense expressing mutant cpr1 (constitutive 
expressor of PR genes 1) is severely compromised in growth (Bowling et al., 1994; Heidel et al., 
2004) (Chapter 4) Also mutants that constitutively express JA- and ET-dependent defenses, 
such as cev1 (constitutive expression of VSP 1), exhibit stunted phenotypes (Ellis and Turner, 2001). 
Moreover, several studies have demonstrated a fitness reduction upon direct induction of 
defenses by exogenous application of SA or (Me)JA (Baldwin, 1998; Agrawal et al., 1999; Heil et 
al., 2000; Van Dam and Baldwin, 2001; Cipollini, 2002; Heidel et al., 2004; Chapter 4). Costs of 
plant defenses can arise when limited resources are allocated to the production of defensive 
compounds (Heil, 2001). Upon pathogen attack, a large-scale transcriptional and metabolic 
reprogramming takes place that results in a massive induction of defense-related genes 
(Hahlbrock et al., 2003). In agreement with this, several studies have reported that plants 
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repress photosynthesis during pathogen infection, presumably to free resources needed for 
defense (Berger et al., 2007). While the inducibility of defenses may save resources under enemy 
free conditions, there is still a time-window of vulnerability between attack and expression of 
defenses. Priming may be a mechanism to ease the trade-off dilemma between costly defense 
activation and effective protection against harmful organisms (Goellner and Conrath, 2008), 
since primed plants do not activate defenses directly upon induction treatment, but activate 
their defenses faster and stronger when subsequently attacked by pathogens or insects 
(Conrath et al., 2002; Conrath et al., 2006).  

In chapter 4 we demonstrated that priming of SA-dependent defenses and cell wall 
defense by BABA or the edr1 mutation has little effect on the relative growth rate (RGR) and 
seed production of the plant, when compared to the effect of direct activation of defenses by 
high concentrations of BABA, BTH, or the cpr1 mutation. The fact that priming agents like 
BABA and BTH directly activate costly defenses when applied in high doses implies that in 
agriculture the dosage applied of these substances should be considered with caution. Indeed, 
several studies have demonstrated a reduction in yield when commercially available BTH was 
used to protect crop plants. However, costs of BTH-induced resistance are not in all cases 
observed (Walters and Heil, 2007).   

High concentrations of BABA or BTH did not induce fitness costs in npr1 plants 
(Van Hulten et al., 2006; Chapter 4). This indicates that the reduction of plant fitness in Col-0 
plants upon BABA and BTH treatment is not due to phytotoxicity of these chemicals, but due 
to costs associated with NPR1-dependent defense mechanisms. Besides direct activation of 
NPR1-dependent defenses by high concentrations of BABA, we have shown in chapter 2 that 
the induction of priming-related TFs by priming-inducing concentrations of BABA is largely 
dependent on NPR1 as well. It is tempting to speculate that the minor fitness costs in plants 
expressing BABA-induced priming (Chapter 4) are caused by de novo protein synthesis of these 
BABA-inducible TFs. Interestingly, BABA-induced priming of callose depositions in response 
to H. arabidopsidis is still functional in npr1 mutant plants (Zimmerli et al., 2000; Chapter 2). 
Given the fact that no growth reductions could be observed in npr1 plants after treatment with 
BABA, it is plausible that NPR1-independent priming of cell wall defense is less costly than 
priming of SA-dependent defenses. As discussed above, it is unlikely that primed expression of 
cell wall defense requires regulation by TFs through de novo expression of regulatory proteins, 
supporting the hypothesis that costs of priming are related to induction of TF proteins. 
Furthermore, the npr1 mutant is not affected in BABA-induced chromatin remodeling (J. Ton, 
unpublished data), suggesting that this putative mechanism of priming is not particular costly 
as well. Clearly, more research is required to accurately dissect the costs of the different 
priming mechanisms .  

Most studies on the costs and benefits of plant defense have not taken disease 
pressure into account (Walters and Boyle, 2005). In Chapter 4, we demonstrated that primed 
plants have a fitness advantage over non-primed plants when challenged with pathogens. 
These results indicate that under conditions of disease pressure, the benefits of priming 
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outweigh the costs, in spite of the faster and stronger activation of costly defenses. Effective 
defense expression in primed plants after attempted pathogen attack is often of a transient 
nature and declines when the pathogen has been warded off. For instance, a transiently 
augmented expression of PR-1 was observed in BABA-treated plants and constitutively primed 
edr1 plants at 2 days after inoculation with H. arabidopsidis (Van Hulten et al., 2006; Chapter 4). 
Defense expression after pathogen attack in non-primed plants may ultimately last longer, 
since the plant becomes more colonized by the pathogen and, therefore, more and more cells 
will engage basal defense mechanisms. Furthermore, besides triggering costly defenses in 
plants, pathogens themselves have a profoundly negative influence on plant fitness, since they 
withdraw nutrients and photo-assimilates from the plant. Therefore, a timely arrest of 
pathogen growth is of vital importance for plants.          
 
Priming seems an ecological relevant trait  
Priming has predominantly been studied under optimal conditions for plant growth and 
reproduction, although several priming-inducing agents have shown to protect plants in the 
field (Heil and Kost, 2006; Kessler et al., 2006; Beckers and Conrath, 2007; Goellner and 
Conrath, 2008). However, since most chemical priming agents can also activate defenses 
directly when applied at high doses (Kohler et al., 2002; Chapter 4; Van Hulten et al., 2006), it 
cannot always be concluded that induced protection observed in the field is caused by priming 
or direct activation of defenses. Therefore, we evaluated in Chapter 5 the performance of the 
constitutively primed edr1 and jin1 (jasmonate insensitive 1) mutants when grown in the field. As 
mentioned above, under controlled growth conditions, the edr1 mutant is constitutively primed 
to express SA-dependent defenses and cell wall defenses leading to enhanced resistance against 
(hemi-)biotrophic pathogens (Frye and Innes, 1998), such as H. arabidopsidis (Van Hulten et al., 
2006; Chapter 4). Likewise, under controlled growth conditions, the jin1 mutant is 
constitutively primed for the ERF1/ORA59-dependent branch of the JA signaling pathway, 
which correlates with enhanced resistance to necrotrophic pathogens like P. cucumerina 
(Anderson et al., 2004; Lorenzo et al., 2004; Chapter 5).  

In contrast to observations under controlled conditions, challenge with H. 
arabidopsidis or P. cucumerina affected  field-grown Col-0 to the same extent as the edr1 and jin1 
mutant plants. In addition, marker genes for SA- and JA-dependent defenses were induced to 
similar levels in both wild-type and mutant field-grown plants after pathogen challenge. These 
results suggest that field-grown Col-0 plants have acquired a primed defensive capacity during 
our field experiment. In agreement with this, field-grown Col-0 was as resistant to H. 
arabidopsidis as the edr1 mutant and displayed similar levels of induced callose depositions at 
sites of attempted pathogen penetration (Chapter 5). Alternatively, the lack of difference 
between wild type and mutants could be explained by the relatively low disease pressure in the 
field, which may have been too weak to trigger a primed defense response in edr1 and jin1. In 
this context, it would be better to rely on natural incidences of disease and pests, which only 
occur under favorable environmental conditions. Interestingly, both jin1 and edr1 suffered 
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significantly less from infestation by naturally occurring aphids in a previous field experiment 
(data not shown). This observation suggests that wild-type Col-0 during this field experiment 
was not primed to resist aphids.  

Interestingly, field-grown jin1 plants displayed significantly less callose deposition 
upon H. arabidopsidis infection compared to Col-0, whereas under greenhouse conditions no 
such difference was observed (Pozo et al., 2008). Recently, it was shown by Pozo et al. (2008) 
that jin1 plants were impaired in P. fluorescens WCS417r-induced priming of callose deposition. 
Hence, natural occurring rhizobacteria in the field may have induced priming of callose in Col-
0. Whereas rhizobacteria like P. fluorescens WCS417r primes plants for augmented JA-dependent 
defenses and cell wall defenses, other rhizobacterial strains, such as Paenibaccilus alvei K165, can 
prime plants for enhanced SA-dependent defenses (Tjamos et al., 2005). Since our field-
experiment did not reveal differences in the expression of SA- and JA-dependent defenses 
between wild-type plants and the mutants, it is possible that all plants in the field had become 
primed for both signaling branches simultaneously. However, Truman et al. (2007) reported 
that the jin1 mutant is blocked in SAR induced by avirulent P. syringae. Hence, jin1 is blocked in 
both pathogen-induced SAR and rhizobacteria-mediated ISR. This suggests that the putative 
resistance of jin1 can only be based on a yet unknown priming mechanism. It is, however, 
possible that the field resistance is based on SA-producing micro-organisms in the soil, such as 
for instance the Pseudomonas aeruginosa 7NSK2 strain (De Meyer et al., 1999) and the P. fluorescens 
P3 strain (Maurhofer et al., 1998). Exogenous application of SA would activate the SAR 
response downstream of JIN1/MYC2 (Truman et al., 2007). Although the activities of the JA 
and SA pathway can be mutually antagonistic in Arabidopsis (Koornneef et al., 2008a), 
simultaneous activation of rhizobacteria-mediated ISR and pathogen-induced SAR, which are 
based on priming of JA- and SA-dependent defenses, respectively (Conrath et al., 2006), results 
in additive levels of resistance in Arabidopsis (Van Wees et al., 2000). Many beneficial soil-
borne micro-organisms have been shown to trigger ISR (Segarra et al., 2008; Van Wees et al., 
2008). Hence, it is not unlikely that our field-grown plants became primed by the microbial 
community present in the field. 
 The observations made in our field-experiment suggest that wild-type Arabidopsis, 
which are non-primed under laboratory conditions, acquired a primed defensive capacity when 
grown under the conditions of our field experiment. Ultimately, we lacked non-primed control 
plants in our field experiments to compare the fitness of our primed plants to. Future field 
trials will benefit from including a loss-of-priming mutant, such as npr1. Although npr1 is 
concomitantly affected in basal resistance (Cao et al., 1994) , inclusion of this mutant would 
allow us to determine whether a relatively low disease incidence in the field is a consequence of 
induced resistance, or that this is caused by unfavorable disease conditions. If priming was 
indeed naturally induced under our field conditions, this would imply that priming may be 
beneficial under field conditions, even though there are costs attached to the induction of 
priming (Van Hulten et al., 2006; Chapter 4). In this context, Traw et al. (2007) recently showed 
with a field experiment that chemically-induced SAR increased the fitness of Arabidopsis 
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plants in the face of natural-occurring bacterial infection, despite the fitness costs that 
accompany the induction of SAR (Heil et al., 2000; Heil, 2002; Heidel et al., 2004). Priming is an 
important mechanism behind the broad-spectrum disease protection of SAR (Conrath et al., 
2002; Conrath et al., 2006) . Hence, the results of Traw et al. (2007) in combination with our 
results suggest that priming is an ecological important trait for plants to adapt to their 
environment.   
 Historically, priming of defense has been criticized as a phenomenon that is only 
detectable under controlled laboratory conditions without the indication that it has any 
significance in nature or agriculture. However, the fact that priming has been observed in 
different plant species, ranging from monocots to dicots, and that it confers protection against 
a wide variety of pathogens, insects, and abiotic stresses (Conrath et al., 2006), suggests that 
priming appears to be a common feature of the plant’s immune system. Moreover, Kessler et 
al. (2006) demonstrated that field-grown Nicotiana attunuata plants could be primed for 
enhanced activity of trypsin proteinase inhibitors (TPI) by volatiles produced by clipped 
sagebush. TPIs are an effective defense mechanism against insect herbivores. In addition, in a 
field experiment conducted in Mexico, Heil and Kost (2006) demonstrated in lima bean a 
primed secretion of extrafloral nectar, an indirect plant defense mechanism attracting predators 
of herbivores, upon exposure to volatiles and subsequent damage. Hence, both field studies 
elegantly demonstrated priming in nature. Recently, Heil and Ton (2008) even suggested that 
priming by volatiles may have a role in long-distance signaling in plant defense. Hence, priming 
seems an ecological relevant trait. 
 
Arabidopsis accessions which are constitutively primed for disease resistance  
The putative priming of field-grown Col-0 plants suggests that priming bears ecological 
relevance under natural conditions. Since priming is beneficial for plants under pathogen 
pressure (Van Hulten et al., 2006; Chapter 4), some plants may have genetically adapted to 
hostile environments by acquiring constitutively primed immune systems. In Chapter 6 we 
describe genetic variation between Arabidopsis accessions in their sensitivity to the defense 
related phytohormones SA and JA. Accessions with primed responsiveness to these defense 
hormones displayed relatively high levels of basal resistance against the hemi-biotrophic 
pathogen P. syringae pv. tomato DC3000, the necrotroph P. cucumerina and the generalist 
herbivore Spodoptera littoralis. Different quantitative trait loci (QTL) studies of basal resistance 
identified loci that are putatively involved in pathogen perception (Kover et al., 2005; Llorente 
et al., 2005; Perchepied et al., 2006). The positive correlation between defense hormone 
sensitivity, on the one hand, and basal resistance against pathogens and herbivores, on the 
other hand, suggests that sensitivity of the signaling pathways downstream of pathogen 
perception contribute to basal resistance as well. Interestingly, primed responsiveness to SA in 
accessions Bur-0, Can-0, and Sf-2 coincided with elevated expression of a set of TF genes, 
which we had previously selected as markers for BABA-induced priming of SA-dependent 
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defenses (Chapter 2, Chapter 6). It is, therefore, tempting to speculate that the primed defense 
state in these accessions is based on similar mechanisms as BABA-induced priming.  

In addition to its enhanced responsiveness to SA, accession Bur-0 was also more 
sensitive to MeJA. The primed responsiveness of Bur-0 to both phytohormones, correlated 
with a broad-spectrum resistance to P. syringae, P. cucumerina, and S. littoralis (Chapter 6). Bur-0 
originates from Ireland, the land where the late blight epidemic in the 1840s destroyed most of 
the potato crop (Agrios, 2005). Perhaps, the humid temperate climate of this country results in 
a lot of disease incidences, which may have increased the selection pressure to acquire an 
enhanced defensive capacity against different pathogens. Since priming of defense provides 
broad-spectrum protection, even though it only requires little energy investments compared to 
expression of defense (Van Hulten et al., 2006; Chapter 4), priming can be regarded as a cost-
efficient strategy for plants to protect themselves in hostile environments. Instead of waiting 
for a certain environmental stimulus to become primed, why not genetically install priming?  

Accession Bur-0 is only primed to activate the ERF1/ORA59-regulated branch of JA 
responses, whereas it showed reduced responsiveness of the MYC2-dependent JA branch. 
Interestingly, the TFs ERF1 and ORA59 regulate the expression JA- and ET-dependent genes, 
such as PDF1.2, (Lorenzo et al., 2004; Pre et al., 2008), whereas MYC2 functions as a main 
regulator of JA- and ABA-dependent genes in response to wounding (Anderson et al., 2004; 
Lorenzo et al., 2004; Pre et al., 2008). Since both these JA responses act antagonistically 
(Lorenzo et al., 2004), we tested the possibility that accession Bur-0 is altered in expression or 
genomic sequence of ERF1, ORA59 or MYC2. However, we did not detect differences in the 
expression and sequence of these key regulatory genes between Bur-0 and wild-type Col-0. 
This suggests that the primed responsiveness of the ERF1/ORA59-dependent JA branch in 
Bur-0 is caused by factors acting down- or upstream of ERF1, ORA59 or MYC2. 

Natural variation between Arabidopsis accessions in responsiveness to exogenous 
applied SA and JA has been reported before (Rao et al., 2000; Van Leeuwen et al., 2007). 
Recently, Bakker et al. (2008) showed that the signaling pathways downstream of pathogen 
recognition are very conserved among Arabidopsis accessions, since only low levels of 
polymorphisms could be detected in known key regulators of SA-, JA-, and ET-dependent 
defenses. Therefore, the underlying mechanisms of primed responsiveness to plant hormones 
will be of special interest, since it could lead to identification of novel regulators of plant 
defense. In this context, the enhanced capacity of both SA- and JA-dependent defenses in Bur-
0 makes this accession an ideal candidate for future genetic studies. 

 
 

CONCLUDING REMARKS 
 
In this study, we identified several BABA-inducible TF genes and a putative cis-element in the 
promoters of these TF genes. Since these BABA-inducible TF genes were mostly NPR1-
dependent, we propose that they could play a role in the onset of BABA-induced priming of 
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SA-dependent defenses. Subsequently, we identified the IBI1 gene as a novel component in 
BABA-induced priming of SA-independent cell wall defense. In addition, we discovered that 
primed plants have a significant fitness benefit in the presence of disease pressure, suggesting 
that priming constitutes a relatively cheap resistance strategy for plants to adapt to hostile 
environments. Moreover, we exploited natural variation of Arabidopsis and found that some 
accessions have adapted to hostile environments by acquiring a constitutively primed immune 
system as a genetic trait. While our laboratory approaches have resulted in novel insights into 
the phenomenon of priming, additional regulatory mechanisms may become apparent when 
studying the phenomenon in nature. Since insights into the significance of priming in nature 
should ideally come from ecological studies, we have put our laboratory findings to the test in a 
field experiment. This thesis offers only a starting point in our understanding of priming in the 
natural environment of a plant. We strongly believe that the combination of molecular biology 
and ecology will provide the necessary insight to understand the function of priming in nature 
and to exploit the phenomenon in sustainable agriculture.     
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SUMMARY 
 
Plants have sophisticated mechanisms to defend themselves against harmful organisms. 
Besides pre-existing barriers, plants can activate various inducible defense mechanisms upon 
pathogen or insect attack. In addition to this so-called basal resistance against virulent 
pathogens, plants can enhance their defensive capacity upon perception of appropriate stimuli, 
a phenomenon called induced resistance (IR). The classical example of IR is triggered upon 
infection by a necrotizing pathogen and leads in distal plant parts to a systemic acquired 
resistance (SAR) to subsequent pathogen attack. Likewise, root colonization by selected strains 
of non-pathogenic rhizobacteria can trigger an induced systemic resistance (ISR) in the shoots. 
In addition to biological inducers, certain chemicals can trigger IR in plants. A well known 
example is the non-protein amino acid β-aminobutyric acid (BABA). Typically, IR is effective 
against a broad range of pathogens. Different signal transduction pathways underlie SAR, ISR, 
and BABA-IR. Whereas SAR requires endogenous accumulation of the plant hormone salicylic 
acid (SA), ISR is regulated by a jasmonic acid- (JA) and ethylene (ET)-dependent signaling 
pathway. ISR and SAR share their requirement of the defense regulatory protein NPR1 
(NONEXPRESSOR OF PATHOGENESIS-RELATED GENES 1). While in Arabidopsis 
thaliana, BABA-IR can be acquired through both signaling that is dependent on NPR1 and SA 
as well as through signaling that does not require NPR1 and SA, which is depending on the 
challenging pathogen. Although SAR is usually accompanied by direct activation of 
PATHOGENESIS-RELATED (PR) genes, in general IR does not require a direct activation 
of defense mechanisms. IR can be manifested by a sensitization of the plant tissue to express 
defenses faster and/or stronger upon subsequent pathogen attack, a phenomenon that is called 
priming. 
 Previously, BABA-IR against the biotrophic oomycete Hyaloperonospora arabidopsidis 
was shown to be associated with an enhanced deposition of callose containing papillae upon 
pathogen encounter, a defense mechanism that is independent of SA and NPR1. Arabidopsis 
mutants ibs2 and ibs3, disrupted in the polyphosphoinositide phosphatase AtSAC1b gene and 
the abscisic acid (ABA) biosynthesis gene ABA1, respectively, had lost the ability to show 
BABA-induced priming of callose deposition and were accordingly affected in BABA-IR. This 
indicates that intact phosphatidyl inositol- and ABA-dependent signal transduction pathways 
regulate priming of cell wall defense by BABA. Recently, it was found that augmented callose 
deposition in response to H. arabidopsidis infection also occurred during ISR induced by 
Pseudomonas fluorescens WCS417r bacteria. Like BABA-IR, WCS417-induced priming for cell wall 
defense and ISR against H. arabidopsidis was abolished in ibs2 and ibs3 mutants, indicating that 
BABA-IR and WCS417r-ISR pathways share signaling components involved in priming for 
enhanced deposition of callose-containing papillae (Chapter 2). However, whereas BABA-
induced priming of callose is independent of NPR1, WCS417r-induced priming of cell wall 
defense requires an intact NPR1 protein. Conversely, BABA-IR and WCS417r-ISR against the 
(hemi-)biotrophic bacterium Pseudomonas syringae are both dependent on a functional NPR1 
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protein. However, resistance to P. syringae induced by WCS417r requires intact jasmonic acid 
(JA) and ethylene (ET) signaling, whereas BABA-IR is dependent on SA signaling. IR induced 
by BABA and WCS417r is not correlated with a direct major transcriptional activation of 
defense-related genes, but rather is associated with a primed expression of, respectively, SA- 
and JA-inducible genes. It was hypothesized that priming was mediated by an enhanced pool 
of signaling components that were thought to remain inactive until subsequent pathogen 
attack. A quantitative PCR-based genome-wide screen for putative BABA- and/or WCS417r-
responsive transcription factor (TF) genes identified direct upregulation of largely distinct sets 
of TF genes by BABA and WCS417r. Subsequent analysis of a selection of these responsive 
TF genes in independent biological replicas confirmed their specificity. Moreover, out of the 
71 known WRKY TF genes, which have been demonstrated to play a role in SA-dependent 
signaling, the expression of 22 WRKY genes was induced by BABA, of which 21 in a NPR1- 
dependent manner. Promoter analysis identified a putative cis-element that was strongly over-
represented in the promoters of NPR1-dependent, BABA-inducible WRKY genes. This motif, 
TAG[TA]CT, may represent an important cis-acting element in BABA-induced priming for 
SA-dependent defenses. 
 While an enhanced pool of TFs may facilitate the primed expression of defense-
related genes upon a secondary stimulus, priming of cell wall defense may at the other hand  be 
too fast to be regulated on a transcriptional level. In order to identify novel regulators involved 
in BABA-induced priming for augmented deposition of callose-containing papillae at the sites 
of pathogen attack an ethylmethane sulfonate (EMS) mutagenesis screen was performed in the 
background of SA non-accumulating NahG Arabidopsis plants to identify mutants that were 
impaired in BABA-induced immunity (ibi) against H. arabidopsidis. This screen yielded two 
independent allelic mutants, of which one was further characterized (Chapter 3). The ibi1-1 
phenotype correlated with the inability of ibi1-1 NahG to express BABA-induced priming of 
callose-containing papillae deposition in response to H. arabidopsidis, while basal callose 
deposition was not affected by the mutation. Genetic analysis demonstrated that the ibi1-1 
phenotype was caused by a single recessive mutation, which mapped to the lower arm of 
chromosome IV. The SA analogue benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester 
(BTH) could still induce resistance in ibi1-1 NahG, indicating that the ibi1-1 mutation did not 
affect SAR signaling, at least not downstream of SA. The ibi1-1 NahG mutant was not only 
impaired in BABA-IR against H. arabidopsidis, but also against the necrotrophic fungus 
Plectosphaerella cucumerina. However, application of exogenous ABA, which mimics BABA-IR 
against P. cucumerina, could still induce resistance against this pathogen in ibi1-1 NahG, 
suggesting that IBI1 likely acts upstream of or in parallel to ABA in the pathway regulating 
BABA-induced priming of cell wall defense. Moreover, BABA-induced tolerance to salt stress 
was still functional in ibi1-1 NahG, indicating that the ibi1-1 mutation specifically affects 
BABA-IR against pathogens. Furthermore, these results demonstrate that the ibi1-1 mutation 
does not render plants insensitive to BABA. Surprisingly, ibi1-1 NahG plants were even 
hypersensitive to BABA and accumulated excessive amounts of anthocyanins and hydrogen 



SUMMARY 

159 

 

peroxide upon application of high doses of BABA. Since anthocyanins are strong antioxidants, 
it was hypothesized that IBI1 may be involved in the regulation of the redox state of the cell.               
 Priming is a trait that is inducible which suggests that there may be fitness costs 
attached to the primed state. To investigate this hypothesis, we compared the costs and 
benefits of priming versus direct activation of defense in Arabidopsis. Priming induced by low 
doses of BABA was accompanied by only minor reductions in growth rate and no reductions 
in seed set (Chapter 4). These costs were even outweighed by the benefits of an enhanced 
disease protection when primed plants were under attack by P. syringae or H. arabidopsidis. 
Conversely, direct induction of defenses by high doses of BABA or BTH affected both fitness 
parameters tremendously. This was not a direct phytotoxic result of the chemicals, since npr1-1 
plants did not suffer from fitness costs when treated with high doses of BABA or BTH. Even 
in the presence of pathogens, the benefits of enhanced resistance by direct activation of 
defense could not exceed these substantial fitness costs. Moreover, determination of fitness of 
the mutants edr1 and cpr1, that exhibit constitutive priming  or constitutive activation of SA-
dependent defenses, yielded largely similar results as chemical induction of priming and direct 
defense. Combined, these results indicated that priming may be a beneficial strategy for plants 
grown in regions with high disease incidence to protect themselves, since priming induces only 
marginal trade-offs on growth and seed set under enemy free conditions. 
       Priming has been predominantly studied under controlled laboratory conditions. The 
priming phenomenon was studied under more natural conditions using the constitutively 
primed Arabidopsis mutants edr1 and jin1. Loss of negative regulators in edr1 and jin1 causes 
primed expression of SA- and certain JA-dependent defenses respectively. Field-grown Col-0, 
edr1 and jin1 plants that were challenged with H. arabidopsidis or P. cucumerina displayed similar 
induction levels of SA and JA marker genes (Chapter 5). Likewise, growth of the pathogen H. 
arabidopsidis in planta and callose deposition in response to attempted penetration by this 
pathogen reached comparable levels in both field-grown edr1 and Col-0, which is in contrast to 
results obtained under controlled laboratory conditions. Together, these results may suggest 
that the under laboratory conditions non-primed Col-0 had acquired a primed capacity to 
express defenses under the conditions of our field-experiment.  
 Since priming of defense seems a beneficial strategy for plants in hostile 
environments (Chapter 4), we predicted that some plants could have adapted to hostile 
environments by acquiring a constitutive level of priming as defensive mechanism. In 
agreement with this, the Arabidopsis accessions Bur-0, Can-0 and Sf-2 were more responsive 
to exogenous SA compared to Col-0 (Chapter 6). This enhanced responsiveness to SA 
coincided with increased resistance against P. syringae. Moreover, these accessions expressed 
higher levels of the TF genes that were previously selected as marker genes for BABA-induced 
priming (Chapter 2). In addition to the enhanced responsiveness to SA, accession Bur-0 also 
displayed enhanced responsiveness to MeJA, but only for the TFs ERF1/ORA59-regulated 
branch of JA signaling which controls expression of PLANT DEFENSIN 1.2 (PDF1.2), while 
the TF MYC2-regulated JA branch that regulates VEGETATIVE STORAGE PROTEIN 2 
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(VSP2) was repressed. Yet, expression of ERF1, ORA59, or MYC2 was not affected in Bur-0 
and neither were polymorphisms found in the genomic coding sequence of these regulatory TF 
genes. Bur-0 was demonstrated to express enhanced levels of basal resistance against P. 
cucumerina and the generalist herbivore Spodoptera littoralis. The primed responsiveness of Bur-0 
to both SA and JA makes this accession an interesting candidate for further genetic studies into 
the underlying mechanisms behind priming.      
 Collectively, the work described in this thesis provides novel insights in the molecular 
mechanisms underlying priming for enhanced defense. Moreover, priming was studied from a 
more ecological viewpoint. Together, this may form a foundation for the development of 
durable resistant crops.       
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SAMENVATTING 
 
Planten beschikken over ingenieuze mechanismen om zich te verdedigen tegen 
ziekteverwekkers en insecten. Sommige van deze verdedigingsmechanismen zijn continu 
aanwezig, terwijl andere pas geïnduceerd worden wanneer de plant aangevallen wordt door zijn 
belager. Tezamen vormen deze constitutieve en induceerbare afweermechanismen de basale 
resistentie tegen virulente pathogenen. Detectie van bepaalde stimuli verhoogt in planten dit 
basisniveau van resistentie, dat ook effectief is tegen toekomstige aanvallen van 
ziekteverwekkers, een fenomeen dat ook wel geïnduceerde resistentie wordt genoemd. Het 
klassieke voorbeeld van geïnduceerde resistentie vindt plaats na een lokale infectie door een 
necrotiserend pathogeen en resulteert in een verhoogde resistentie, ook in de niet-geïnfecteerde 
bladeren. Deze systemisch verworven resistentie (systemic acquired resistance; SAR) is effectief 
tegen diverse pathogenen. Resistentie kan ook geïnduceerd worden door kolonisatie van de 
wortels door bepaalde niet-pathogene bacteriën en wordt dan induceerbare systemische 
resistentie (induced systemic resistance; ISR) genoemd. Resistentie kan, behalve biologisch, 
ook chemisch geïnduceerd worden in planten, bijvoorbeeld door toevoeging van het 
aminozuur β-aminoboterzuur (β-aminobutyric acid-induced resistance; BABA-IR). 
Karakteriserend voor geïnduceerde resistentie is het brede werkingsspectrum. Het is namelijk 
effectief tegen verschillende soorten pathogenen. Verschillende signaal-transductieroutes liggen 
ten grondslag aan SAR, ISR en BABA-IR. Zo is de signaal-transductieroute van SAR 
afhankelijk van het plantenhormoon salicylzuur (SA), terwijl ISR gereguleerd wordt door de 
hormonen jasmonzuur (JA) en ethyleen (ET). Zowel SAR als ISR zijn afhankelijk van het 
regulerende eiwit NPR1. Daarentegen kan BABA-IR in de model plant Arabidopsidis thaliana 
(de zandraket) berusten op zowel NPR1-afhankelijke als NPR1-onafhankelijke 
afweermechanismen, afhankelijk van het soort ziekteverwekker dat de plant aanvalt. Net zoals 
in SAR is bij de NPR1-afhankelijke component van BABA-IR ook het hormoon SA 
betrokken. SAR wordt gekenmerkt door een directe accumulatie van zogenaamde 
pathogenese-gerelateerde eiwitten (PR-eiwitten) in systemisch weefsel nog voordat een tweede 
infectie plaatsgevonden heeft. Zo’n dergelijke directe respons blijft echter uit tijdens de 
inductie van ISR en BABA-IR. Wel brengen deze geïnduceerde planten hun afweer sneller of 
sterker tot expressie wanneer zij aangevallen worden. Deze potentiëring wordt ook wel 
“priming” genoemd. Het onderzoek beschreven in dit proefschrift had als doel om de 
moleculaire mechanismen van priming te onderzoeken. Bovendien werd het fenomeen priming 
ook ecologisch benaderd.  
 Van BABA-IR tegen de op een schimmel lijkende oomyceet Hyaloperonospora 
arabidopsidis was bekend dat dit berust op priming van callose-bevattende verstevigingen van de 
plantencelwand op die plekken waar binnen tracht te dringen. BABA-IR leidt tot eeen 
versnelde vorming van callose als de plant wordt aangevallen door H. arabidopsidis. Eerder 
onderzoek heeft aangetoond dat deze specifieke vorm van priming door BABA onafhankelijk 
is van SA en NPR1. Arabidopsis planten die een mutatie hadden in het polyphosphoinositide 
phosphatase AtSAC1b gen (mutant ibs2) of in het abscisinezuur (abscisic acid; ABA) 
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biosynthese gen ABA1 (mutant ibs3) vertoonden geen priming voor versnelde depositie van 
callose waardoor ze geen BABA-IR tegen H. arabidopsidis tot expressie brachten. Hieruit werd 
geconcludeerd dat BABA-geinduceerde priming voor versnelde depositie van callose wordt 
gereguleerd door phosphatidyl inositol- en ABA-afhankelijke signaal-transductieroutes. Recent 
werd er gevonden dat priming voor celwandversteviging ook plaatsvindt tijdens ISR 
geïnduceerd door de niet-pathogene bacterie Pseudomonas fluorescens WCS417r. In hoofdstuk 2 
staat beschreven dat WCS417r-ISR tegen H. arabidopsidis net zoals BABA-IR verstoord is in de 
bovengenoemde ibs2 en ibs3 mutanten en dat de signaal-transductieroutes voor BABA-IR en 
WCS417r-ISR dus gedeeltelijk overlappen. Priming van callose depositie geïnduceerd door 
WCS417r is echter nog steeds afhankelijk van NPR1, in tegenstelling tot de priming van deze 
afweerrespons door BABA. BABA-IR en WCS417r-ISR tegen de pathogene bacterie 
Pseudomonas syringae zijn wel beide afhankelijk van een functioneel NPR1 eiwit, hoewel 
resistentie tegen P. syringae geïnduceerd door WCS417r verder berust op JA- en ET-
afhankelijke signaal-transductieroutes, terwijl BABA-IR tegen dit pathogeen afhankelijk is van 
SA. In overeenkomst hiermee laten planten waarin ISR is geïnduceerd een geprimede expressie 
zien van JA-afhankelijke afweergenen, terwijl BABA de expressie van SA-afhankelijke 
afweergenen potentiëert. Omdat transcriptiefactoren (TF) een belangrijke rol spelen bij de 
regulatie van genexpressie werd er verondersteld dat priming misschien gebaseerd zou kunnen 
zijn op de aanwezigheid van een grotere hoeveelheid TF. Om dit te testen werd in planten die 
WCS417r-ISR of BABA-IR tot expressie brachten met behulp van kwantitatieve PCR-
methodes de expressie van alle 2300 TF genen van Arabidopsis geanalyseerd. Behandeling met 
WCS417r of BABA leidde tot een directe inductie van verschillende sets TF genen. De 
inductie van een selectie van deze TF genen werd bevestigd in onafhankelijke biologische 
replica’s. Verder werd er gevonden dat van de 71 WRKY TF genen in Arabidopsis, waarvan 
bekend is dat ze vaak betrokken zijn bij SA-afhankelijke afweer, er maar liefst 22 werden 
geïnduceerd door BABA, waarvan 21 op een NPR1-afhankelijke manier. Analyse van deze 
BABA-geinduceerde WRKY genen, leidde tot de identificatie van de sequentie TAG[TA]CT, 
die veelvuldig aanwezig is in hun promotoren,  de plek van waaruit genexpressie aangestuurd 
wordt. Wellicht dat deze sequentie een belangrijk cis-regulerend element is in BABA-
geïnduceerde priming voor SA-afhankelijke afweermechanismen. Meer onderzoek zal nodig 
zijn om dit te bevestigen.  
 Een grotere hoeveelheid van bepaalde transcriptiefactoren kan de expressie van genen 
die betrokken zijn bij afweer vergemakkelijken, wat bij kan dragen aan een verhoogde 
resistentie. Waarschijnlijk zijn echter ook andere mechanismen betrokken bij priming. De 
depositie van callose is bijvoorbeeld zo snel dat het niet afhankelijk hoeft te zijn van regulatie 
op het niveau van genexpressie. Om de moleculaire mechanismen achter de priming voor 
versnelde depositie van callose te achterhalen hebben wij een mutantenscreen uitgevoerd. 
Hiertoe werd Arabidopsis zaad behandeld met ethylmethaansulfonzuur (EMS), een chemische 
stof die puntmutaties induceert op random plaatsen in het genoom. Om ons te concentreren 
op SA-onafhankelijke BABA-geinduceerde priming werd de mutantenscreen uitgevoerd in de 
achtergrond van transgene NahG planten. NahG is een gen dat SA afbreekt. Tussen duizenden 
mutanten werd gezocht naar mutanten die specifiek verstoord waren in BABA-IR tegen H. 
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arabidopsidis. Onze mutantenscreen leverde twee ibi (impaired in BABA-induced immunity) 
mutanten op, waarvan er één verder gekarakteriseerd werd. Dit staat beschreven in hoofdstuk 
3. Planten die het ibi1-1 fenotype hadden, lieten ook geen priming voor versnelde depositie van 
callose meer zien na BABA toediening. De mutatie beïnvloedde het basale niveau van callose 
depositie na een aanval door een pathogeen echter niet. Nader genetisch onderzoek toonde 
aan dat het ibi1-1 fenotype werd veroorzaakt door een enkele recessieve mutatie gelegen op 
chromosoom 4. Benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH), een 
chemische stof die SAR kan induceren, kon nog steeds resistentie induceren in ibi1-1 NahG 
planten. Hieruit blijkt dat de ibi1-1 mutatie geen effect heeft op SAR signalering, in ieder geval 
niet downstream van SA. De ibi1-1 NahG mutant vertoonde ook geen BABA-IR meer tegen 
de necrotrofe schimmel Plectosphaerella cucumerina. Toevoeging van ABA, dat BABA-IR tegen P. 
cucumerina in vele opzichten nabootst, induceerde nog wel resistentie tegen dit pathogeen in 
ibi1-1 NahG planten. Dit betekent dat IBI1 waarschijnlijk upstream van of parallel aan ABA 
functioneert in de signaal-transductieroute die BABA-geïnduceerde priming voor versnelde 
callose depositie reguleert. BABA kon nog wel tolerantie voor zoutstress induceren in ibi1-1 
NahG, wat erop duidt dat IBI1 specifiek betrokken lijkt bij BABA-IR tegen ziekteverwekkers. 
Ook tonen deze resultaten aan dat ibi1-1 NahG planten niet ongevoelig geworden zijn voor 
BABA. Sterker nog, ibi1-1 NahG planten blijken zelfs gevoeliger te zijn dan wild-type planten 
voor hoge concentraties BABA wat zich uit in een hogere produktie van anthocyanen en 
waterstofperoxide. Omdat anthocyanen sterke antioxidanten zijn, duidt dit op een mogelijke 
rol voor  IBI1 in de regulatie van de redox staat van de cel.  
 Dat priming induceerbaar is, suggereert dat er kosten verbonden kunnen zijn aan een 
geprimede staat van afweer. Om dit te onderzoeken hebben we de kosten en baten van 
priming in kaart gebracht. Priming geïnduceerd door lage concentraties BABA bracht slechts 
een geringe vermindering in groei teweeg in de plant en had geen effect op zaadzetting 
(hoofdstuk 4). Wanneer er ziekteverwekkers in het spel waren, wogen de voordelen van 
priming ruimschoots op tegen de geringe kosten die met priming gepaard gaan. Daarentegen 
verminderden groei en zaadzetting drastisch wanneer afweer direct werd geïnduceerd door 
middel van hoge concentraties BABA of BTH. Deze stoffen waren niet direct toxisch voor de 
planten, aangezien npr1-1 mutanten geen hinder ondervonden van hoge concentraties BABA 
en BTH. In de aanwezigheid van H. arabidopsidis of P. syringae woog het voordeel van de direct 
verhoogde resistentie niet op tegen de kosten die dit met zich meebracht. Vergelijkbare 
resultaten werden behaald met de Arabidopsis mutanten edr1 en cpr1, die respectievelijk 
constitutief geprimed waren of constitutief afweer tot expressie brachten. Uit dit onderzoek 
werd geconcludeerd dat priming een gunstige strategie zou kunnen zijn voor planten om zich 
te beschermen in gebieden waar een hoge ziektedruk heerst, aangezien priming planten 
adequaat beschermd tegen een verscheidenheid van ziekteverwekkers en in de afwezigheid van 
pathogenen slechts een geringe vermindering van groei en zaadzetting met zich mee brengt.  
 Tot dusver is priming voornamelijk bestudeerd onder gecontroleerde laboratorium 
condities. We hebben getracht priming ook te bestuderen onder meer natuurlijke condities in 
een veldexperiment. Hiervoor werd gebruik gemaakt van de Arabidopsis mutanten edr1 en jin1, 
die door het ontbreken van bepaalde negatieve regulatoren constitutief geprimed zijn voor 
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respectievelijk SA- en bepaalde JA-afhankelijke afweerresponsen. Wild-type Col-0 planten 
lieten na contact met de pathogenen H. arabidopsidis of P. cucumerina eenzelfde expressie van 
SA- en JA-induceerbare markergenen zien als de edr1 en jin1 mutanten wanneer zij opgroeiden 
in het veld (hoofdstuk 5). Ook in planta groei van H. arabidopsidis en callose depositie na contact 
met dit pathogeen waren vergelijkbaar in Col-0 en edr1 tijdens het veldexperiment. Deze 
resusltaten verschillen van de eerder verkregen bevindingen met planten die onder 
gecontroleerde omstandigheden in het lab waren opgegeroeid. Tezamen zou dit erop kunnen 
duiden dat de Col-0 planten onder de condities van ons veldexperiment geprimed kunnen zijn.       
 Aangezien priming een gunstige strategie lijkt voor planten om zich te beschermen in 
gebieden waar een hoge ziektedruk heerst, zouden sommige Arabidopsis ecotypes zich in de 
loop der tijd zo aangepast kunnen hebben dat zij zich constitutief in een geprimede staat 
bevinden. Drie van de zes door ons onderzochte ecotypes, Bur-0, Can-0 en Sf-2, bleken 
inderdaad gevoeliger te reageren op externe toediening van SA (hoofdstuk 6). Deze verhoogde 
gevoeligheid voor SA kwam overeen met een verhoogde resistentie tegen de bacterie P. syringae. 
Bovendien kwamen de TF genen, die in hoofdstuk 2 uitgekozen waren als markers voor 
BABA-geinduceerde priming, hoger tot expressie in deze ecotypes. Ecotype Bur-0 reageerde 
ook gevoeliger op externe toediening van methyl-JA. Alleen de JA-afhankelijke signaal-
transductieroute die gereguleerd wordt door de TF ERF1 en ORA59 bleek geprimed, terwijl de 
JA-afhankelijke signaal-transductieroute die gereguleerd wordt door de TF MYC2 niet 
geprimed was in Bur-0. Dit kon niet verklaard worden door verschillen in genexpressie van 
ERF1, ORA59 en MYC2 tussen Bur-0 en Col-0 en ook niet door polymorphismen in de 
sequenties van deze genen. De geprimede ERF1/ORA59-afhankelijke tak van de JA signaal-
transductieroute van ecotype Bur-0 kwam overeen met een verhoogde resistentie tegen de 
schimmel P. cucumerina en de rups Spodoptera littoralis. Dat Bur-0 verhoogd gevoelig is voor 
zowel SA als JA, maakt dit ecotype tot een geschikte kandidaat om het onderliggende 
mechanisme van priming verder mee te bestuderen.  
 Het werk dat hier beschreven staat verschaft nieuwe inzichten in de moleculaire 
mechanismen van priming voor verhoogde afweer. Bovendien is de ecologische impact van 
priming onderzocht. Tezamen kan dit een fundament vormen voor de ontwikkeling van 
duurzaam resistente gewassen.   
                                          
  



SAMENVATTING 

167 

 

                    
                       



 

168 

 

                   



NAWOORD 

169 

 

NAWOORD 
 
Na een draagtijd van maar liefst vier jaar is het ei eindelijk gelegd. Hier een woord van dank 
aan al diegenen die mij tijdens deze periode hebben bijgestaan. In de eerst plaats wil ik 
natuurlijk Jur bedanken. Als wetenschappelijke vader zul je ongetwijfeld wat trekjes van jezelf 
terug gaan vinden in dit ei. Ik had het niet beter kunnen treffen dan door zo’n bevlogen 
wetenschapper begeleid te worden. Al waren er natuurlijk ook momenten dat ik je achter het 
behang kon plakken wanneer je weer eens in je enthousiasme als een olifant door de 
porseleinkast heen denderde. In onze zoektocht naar de ibi1-mutatie waren we heilig overtuigd 
dat we het gen te pakken hadden. Het was duidelijk TPS5, SEN1, een oxidoreductase, APX5, 
een andere oxidoreductase, PLDδ, DVL17, een calmodulin-dependent kinase, een wall-
associated kinase, weer een andere oxidoreductase, dit keer met een xanthine dehydrogenase, 
molybdopterin binding domain of FAD6. Ik zal ons gen-van-de-week spelletje erg missen. In 
mijn laatste jaar heb je Utrecht helaas verruild voor een Engelse cottage. Omdat hierdoor ook 
de geheime weekend-watergeef-service plots gestopt was, bleek dat Arabidopsis planten toch 
iets meer water nodig hadden dan de gemiddelde cactus. Ook al was je niet meer lijfelijk 
aanwezig, je bleef gelukkig dankzij de huidige technologie nog behoorlijk betrokken bij het 
project. Zelfs photoshop valt op afstand uit te leggen.   
 Na Jur natuurlijk ook een woord van dank aan Corné. Jij hebt het mogelijk gemaakt 
dat ik in je groep kwam te werken en ik ben nog steeds dankbaar dat je me vier jaar geleden 
een tweede kans hebt gegeven om mijn hart in de wetenschap te volgen. Verder heeft jouw 
oogverblindende briljantheid zeker bijgedragen aan dit onderzoek. Hoofdstuk 5 is zelfs geheel 
gewijd aan jouw suggestie: “Anders doe je even een veldexperiment.” 
 Saskia, met Jurs vertrek aan jou ineens de taak om vroedvrouw te spelen bij de 
uiteindelijke bevalling van dit ei. Jouw eigen kennis kwam in deze fase bijzonder van pas. Vol 
overgave heb je tot midden in de nacht stukken lopen corrigeren en zelfs letterlijk jezelf en je 
gezin buiten sluiten heeft je er niet van weerhouden wat last-minute correctiewerk te verrichten 
met behulp van de computer van de buren. 
 Dan zijn er natuurlijk nog een hele zooi prettig gestoorde collega’s. Kamergenoten 
van het eerste uur, Annemart, naast wie passion for fasion stylistes verbleken maar die mijn 
kisten toch al die tijd naast zich gedoogd heeft, de ideale schoonzoon (respect) en ENTnote-
redder Sjoerd, en oudgedienden Martin en Mohammad. Na de grote verhuizing van het Went 
naar het Kruyt deelde ik een kamer met Adriaan, een fervent mede schapenliefhebber met wie 
ik met veel plezier tenten gebouwd heb onder werktijd en die gelukkig net zo slecht tegen 
alcohol kan als ik. Dit in tegenstelling tot mijn andere Kruyt-kamergenoot Roeland, eindelijk 
iemand die ook uit Brabant kwam (sorry nog voor de schaar). Ook al hebben jullie nu Chiel, ik 
geloof dat jullie het me nog steeds niet helemaal vergeven hebben dat ik jullie tijdens mijn 
schrijffase heb ingeruild voor Sjoerd (alweer ja, arme jongen) en Tita, wiens korte 
doucheroutine goed aansluit bij die (iets langere) van mij tijdens congressen. Hans, hopelijk 
gaat het wat minder hard met de reverse transcriptase nu ik weg ben, maar ik vrees het ergste. 
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En natuurlijk nog bedankt voor knight Ara bi Dopsis, defender of the weak and helpless! 
Ientse, bedankt voor al het zaad. En dan is (was) Ruth er ook nog, met wie ik mij 
gespecialiseerd heb in het synchroon vouwen van een vouwfiets. Mocht het ooit een 
Olympische sport worden, dan gaan wij daar zeker heen! Peter, eindelijk iemand die zich op 
dezelfde hoogte bevindt als ik. Kees, die ik als mijn opponent zijnde hier nog even te vriend 
moet houden. Ook al was ik de eerste AIO binnen de groep die uitsluitend onder de hoede van 
Corné viel, ik ben blij dat ik in de afgelopen jaren nog wel een graantje van jouw kennis heb 
mogen meepikken. Rogier, jij was vooral op het laatst heel streng voor me….ik moest en zou 
op tijd pauze gaan houden. Ik hoop dat je je daar zelf ook aan houdt nu. En dan heb ik het nog 
niet eens gehad over de altijd hippe Vivian, Antonio, who can find a party even when he is 
already drunk, Dieuwertje, met wie ik eventjes naar de Niagara Falls ben geweest, μαλακκα-
Christos en Mareike en Maria, die ik in het begin nog net een maandje of wat mee heb mogen 
maken. Het laatste jaar kwamen daar ook nog eens de Guido’s bij: 001100101-Joost, Tieme, die 
ik schijnbaar in Wageningen al ontmoet had, Annemiek, Joyce en Nico, die mij  ook voor de 
grote verhuis al vaak van nieuwe Peronospora parasitica/Hyaloperonospora parasitica/Hyaloperonospora 
arabidopsidis/Hyaloperonospora arabidopsis/toch maar weer Hyaloperonospora arabidopsidis (nouja, 
gewoon Waco9 dus!) sporen hebben voorzien, een echte Adriana (in tegenstelling tot 
Dieuwertje!), oudgediende Robin, en Guido zelf natuurlijk. Dan ben ik er nog niet, want er 
waren ook nog een paar studenten die een belangrijke rol hebben gespeeld in het tot stand 
komen van dit boekje. Allereerst Maaike, technisch gezien was je niet mijn student, maar jouw 
werk heeft het mogelijk gemaakt dat ik een vliegende start kon maken. Wouter (alias 
Strijkwout), blijkbaar heb ik je toch niet goed genoeg opgevoed, maar het ga je goed bij de 
vijand! Duda, you still hold the record of running most PCRs in a week, thanks a lot for your 
help during the mapping of ibi1. Lieve collega’s, bedankt allemaal! Op de vlucht voor een 
orkaan, zwemmend in een Italiaans riool, of “gewoon” aan de koffietafel, met jullie erbij was 
het altijd feest!  
 Naast mijn Utrechtse collega’s zijn er ook nog een paar belangrijke Wageningers. 
Matthieu, jij hebt mij op het juiste moment weer met mijn neus in de wetenschappelijke 
richting geduwd. Duizend maal dank daarvoor. Richard, ik hoop dat je ondanks alles toch nog 
een beetje trots op me bent.    
 Dan nu de beurt aan vrienden. Gerda, Sander, Diederik, Anne, Roderick, Patricia, 
Lenneke en Olivier, ik hoop dat we nog lang samen zullen eten, drinken en lachen. En Died, je 
weet het nog niet, maar ik ga je binnenkort vragen of je mijn paranimf wilt zijn. Jolanda, 
bedankt voor al je engelengeduld gedurende de afgelopen jaren. Bellen is absoluut niet mijn 
sterkste kant, zeker niet wanneer ik geregeld mijn telefoon of oplader weken/maanden kwijt 
ben. Soloze en aanverwanten, jullie bedankt voor het uitlenen van Erik. Dorgan, Agarwaen, 
Zosimus, Thunir, Gardick, Feanor, Dok, Dar, Heian en Leonata, of gewoon, Roderick, Steven, 
Jorit, Wilko, Sipke, Michiel en Laurens. En Thyl, jij hoort hier natuurlijk ook nog gewoon bij!!! 
Jullie waren er in het begin en jullie waren er ook weer op het eind. Dat we nog maar veel XP 
mogen verdienen. Waaaaagheningers, zonder jullie zou mijn e-mailbox zich zomaar eens 
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eenzaam kunnen gaan voelen. Ik hoop ooit nog eens een massacre vanuit een ander perspectief 
te beleven.    
 Ook een klein woordje van dank aan Vlad en Isabella voor het respectievelijk in de 
weg liggen en het warm houden van mijn rug tijdens de schrijffase. Salmonella, E. Coli, Spot, 
Trut, Ollie (tegenwoordig toch een Olla), B., naamloos (excuses), Piet en Blub 1 t/m 105, jullie 
natuurlijk ook bedankt voor alle afleiding.  

Lieve Oma, dit is nu waar ik me de afgelopen vier jaar mee bezig heb gehouden. Ik 
heb mijn best gedaan, maar toch ben ik ben nog lang niet zo wijs als u. Ook de rest van de 
familie, jullie zijn met teveel om allemaal op te noemen, maar bedankt dat jullie er zijn. Ans en  
Eddy, zonder jullie was er geen Erik geweest en had ik het niet gered. Ook bedankt voor alle 
begrip en steun als wij er weer eens niet bij waren omdat ik moest werken. Loes en Thijs, ik 
heb zelf geen broers of zussen, maar na die 30 schapen wil ik jullie graag adopteren. Enne, 
Evil, we moeten maar weer eens een keer gaan stappen! Pa en Ma, jullie hebben al jong mijn 
belangstelling voor de biologie aangewakkerd door mij geregeld de natuur in te sleuren 
(excusez le mot). Ik heb daar nog nooit een moment spijt van gehad. Verder hebben jullie altijd 
in mij geloofd en mij de mogelijkheid geboden om te studeren. En DNA-technisch ben ik jullie 
natuurlijk ook heel wat verschuldigd. Leve de Potkan! Erik, had ik je al bedankt? Nee? 
Bedankt! Meer kwam er niet meer uit me op de avond dat ik dit boekje had afgerond. Hier kan 
ik je gelukkig nog eens goed bedanken. Jij hebt een zeer speciale rol gehad in de tot stand 
koming van dit proefschrift. Buiten het feit dat ik zonder jou ongetwijfeld omgekomen was 
van de honger, heb je me er echt doorheen weten te slepen. Jij hebt altijd in me geloofd en 
stond altijd voor me klaar. Je hebt me in de weekenden vaak naar Utrecht vergezeld om “even” 
iets te doen. De laatste dagen tijdens het schrijven heb je me zelfs gezelschap gehouden omdat 
het gebouw zo koud en leeg was tijdens de kerstvakantie. Je hebt vaak gegrapt dat als mijn 
boekje eindelijk af zou zijn, ik nog een boek moest gaan schrijven om jou te bedanken. Ik 
hoop dat je het me niet kwalijk neemt dat ik dat nu nog even niet doe. In plaats daarvan heb ik 
dit boekje aan jouw opgedragen. Ik ben blij dat je ook straks tijdens de allerlaatste loodjes naast 
me zult staan als paranimf. En ze leefden nog lang en gelukkig! 
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CURRICULUM VITAE 
 
Maria Helena Adriana (Marieke) werd geboren op 2 januari 1978 te Breda. In 1996 behaalde zij 
het VWO diploma aan het Mencia de Mendoza Lyceum te Breda. In datzelfde jaar werd 
aangevangen met de studie Plantenveredeling en Gewasbescherming aan de toenmalige 
Landbouwuniversiteit Wageningen. In de doctoraalfase werden drie onderzoekstages vervuld 
bij achtereenvolgens het Laboratorium voor Fytopathologie aan Wageningen Universiteit 
onder leiding van dr. M. Latijnhouwers, het Laboratorium voor Plantenfysiologie aan 
Wageningen Universiteit onder leiding van dr. ir. J. Verhees en bij de School of Biological 
Sciences aan de University of Exeter, Groot-Brittannië, onder leiding van prof. dr. N.J. Talbot. 
In november 2002 behaalde zij het ingenieurs diploma. Van december 2002 tot juli 2004 was 
zij werkzaam als onderzoeker in opleiding bij het Laboratorium voor Virologie aan 
Wageningen Universiteit, onder begeleiding van dr. ir. R. Kormelink en prof. dr. R.W. 
Goldbach. Na een voortijdige beëindiging van dit onderzoek, is zij tijdelijk als gastmedewerker 
actief geweest bij het Laboratorium voor Fytopathologie aan Wageningen Universiteit onder 
leiding van dr. M.H.A.J. Joosten om vervolgens van december 2004 tot december 2008 
werkzaam te zijn als AIO bij de toenmalige projectgroep Fytopathologie aan Universiteit 
Utrecht, die tegenwoordig bestaat onder de naam Plant-Microbe Interacties. Daar werd onder 
begeleiding van dr. J. Ton, dr. S.C.W. van Wees en prof. dr. ir. C.M.J. Pieterse het onderzoek 
uitgevoerd dat in dit proefschrift beschreven is.  
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CHAPTER 2 

 
 
Figure 1. Primed expression cell wall defense against H. arabidopsidis WACO9 during expression of 
WCS417r-ISR and BABA-IR in Arabidopsis wild-type (Col-0) and npr1 plants. (A) Quantification of 
WCS417r-ISR and BABA-IR against H. arabidopsidis WACO9 at 8 days after inoculation. ISR was triggered by 
transferring 2-week-old seedlings to potting soil containing P. fluorescens WCS417r bacteria. BABA was applied 
to 3-week-old plants by soil-drenching to a final concentration of 80 μM BABA. One week after transplanting 
and 1 day after soil-drench treatment with BABA, leaves were inoculated with H. arabidopsidis spores. Disease 
ratings are expressed as the percentages of leaves in disease classes I (no symptoms), II (trailing necrosis), III (< 
50% of the leaf area covered by sporangiophores), and IV (heavily covered with sporangiophores, with 
additional chlorosis and leaf collapse). Asterisks indicate statistically significantly different distributions of leaves 
in disease severity classes compared to the water control (χ2 test; α=0.05). (B) Colonization by the pathogen at 8 
days after inoculation was visualized by lactophenol/trypan blue staining and light microscopy. (C) 
Quantification of pathogen-induced papillae deposition at 2 days after inoculation. Papillae were quantified by 
determining the percentage of callose-inducing spores in the epidermal cell layer by calcofluor/aniline blue 
staining and epifluorescence microscopy (UV). The data presented are from a representative experiment that 
was repeated twice with similar results. 
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Figure 6. Systemic expression of selected TF genes in Arabidopsis upon treatment of the roots with 
WCS417r or BABA. Root colonization with the ISR-noninducing P. fluorescens strain WCS374r (experiment1) 
and application of the inactive BABA isomer alpha-amino butyric acid (AABA; experiment 2) were included as 
negative control treatments. The npr1 mutant was included to examine the contribution of NPR1 in BABA-
responsive TF gene expression (experiment 3). (A) Cluster analysis of WCS417r- and BABA-responsive 
transcription profiles. Color intensity of induced (red) or repressed (green) genes is proportional to the fold-
induction values of each gene. Fold-induction was defined as the expression value in each replicate sample 
divided by the mean expression value of the three corresponding control samples (water or MgSO4). Ln-
transformed fold-inductions were subjected to average linkage clustering (Euclidean Distance). (B) Principal 
component analysis of WCS417r- and BABA-responsive gene expression. The analysis was based on the Ln-
transformed fold-induction values, as described above. Grey dots represent genes; colored squares represent 
treatments. 
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Figure 1: BABA-IR against H. arabidopsidis is affected in ibi1-1 NahG. (A) Disease severity was 
quantified 7 days after inoculation with 5 x 104 H. arabidopsidis spores/mL in 3-week-old plants pretreated by 
soil drench with water or 7 mg/L BABA. Disease rating is expressed as the percentage of leaves in disease 
classes I, no symptoms; II, trailing necrosis; III, <50% of the leaf covered by sporangiophores, and IV, >50% 
of the leaf covered by sporangiophores with additional chlorosis and tissue collapse. Routinely, no trailing 
necrosis is observed in the presence of the NahG transgene. Asterisks indicate statistically significant different 
distributions of the disease classes compared to the respective controls within each genotype (χ2 test; α = 0.05; 
n = 100 leaves). The experiment was repeated several times with similar results. (B) Colonization of H. 
arabidopsidis-infected leaves, 8 days after inoculation. Colonizing hyphae of H. arabidopsidis were visualized by 
lactophenol/trypan-blue staining using light microscopy.  
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Figure 6: Treatment with high concentrations of BABA leads to anthocyanin accumulation and root 
growth inhibition in ibi1-1 NahG plants. (A) Anthocyanin accumulation in 6-week-old plants 1 week after 
soil-drench with water or 60 mg/L BABA. (B) Quantification of anthocyanin accumulation in 4-week-old 
plants 3 days after treatment with 60 mg/L BABA. Shown are means ± SE (n = 5) of the absorbance of plant 
extractions measured at 535 nm plotted per gram fresh weight. Asterisks indicate statistically significant 
difference compared to the respective controls within each genotype (Student’s t-test; single asterisks p < 0.05; 
double asterisks p < 0.001). (C) 10-day-old seedlings on MS agar medium supplemented with 50 mg/L BABA. 
(D) Root length of 10-day-old seedlings on MS agar medium supplemented with different concentrations of 
BABA (5, 10 or 50 mg/L). Asterisks indicate statistically significant difference between Col-0 NahG and ibi1-1 
NahG within each treatment (Student’s t-test; α =  0.05). 
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Figure 7: Treatment with high concentrations of BABA leads to H202 accumulation in ibi1-1 NahG 
plants.  Accumulation of H202 was visualized in vivo by DAB staining in 4-week-old plants pre-treated with 60 
mg/L BABA and subsequently kept for 2 days at either normal day/night conditions or continuous darkness.   
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CHAPTER 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Chemical induction of priming and direct defense against H. arabidopsidis WACO9 and P. 
syringae pv. tomato DC3000. Col-0 plants were soil-drenched with increasing concentrations of BABA or 
sprayed with BTH and pathogen-inoculated 2 days later. (A) PR-1 gene expression in 3-week-old control plants 
or BABA- or BTH-treated plants at different time points after inoculation. hpi, hours postinoculation. (B) 
Callose deposition 2 days after H. arabidopsidis inoculation. (Inset) A representative example of H. arabidopsidis 
spores triggering callose deposition in epidermal cells. (Scale bar, 20µm.) n.d., not determined. (C) Induced 
resistance against H. arabidopsidis at 8 days after inoculation. Asterisks indicate statistically different distributions 
of disease severity classes compared with the water control (χ2 test; α =  0.05). Colonization by the pathogen 
was visualized by lactophenol-trypan blue staining and light microscopy. (D) PR-1 gene expression in 6-week-
old control plants or BABA- or BTH-treated plants at different time points after inoculation. (E) Induced 
resistance against P. syringae. Shown are means ± SEM (n = 15-20) of the percentage of leaves with symptoms at 
3 days after inoculation. Different letters indicate statistically significant differences (least significant difference 
test; α = 0.05). (F) Growth of P. syringae over a 3-day time interval. Shown are means ± SD (n = 5-10). Different 
letters indicate statistically significant differences (least significant difference test; α =  0.05). All experiments 
shown were repeated with comparable results. 
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Figure 4. Priming in the edr1 mutant and constitutive direct defense in the cpr1 mutant against H. 
arabidopsidis and P. syringae. (A) PR-1 gene expression in 3-week-old plants at different time points after 
inoculation. hpi, hours postinoculation. (B) Callose deposition at 2 days after challenge with H. arabidopsidis. (C) 
Induced resistance against H. arabidopsidis 8 days after inoculation. (D) PR-1 gene expression in 6-week-old 
plants at different time points after inoculation. (E) Induced resistance against P. syringae. (F) Growth of P. 
syringae over a 3-day time interval. See the legend of Figure 1 for details. 
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CHAPTER 5 
 

 

 

 

 

 
Figure 4: Impression of plot set up in the field experiment. This particular plot is a mock-treated plot. In 
the left picture plants are 4 weeks old and have been grown in the field for nearly 2 weeks. In the right picture 
the plants are 6 weeks old, 2 weeks after mock treatment; the empty spots indicate that plants have been 
harvested for analysis. White labels indicate wild-type Col-0 plants, green labels the mutant edr1 and purple 
labels the mutant jin1. 
 

 

 

 

 

 

 

CHAPTER 6 
 
Figure 2: Accessions with primed responsiveness to SA express enhanced levels of priming-related TF 
genes. (A) Expression levels of 28 priming-related TF genes that had previously been identified as markers for 
BABA-inducible priming of SA-inducible defense (Chapter 2). Data presented are 10log-transformed fold-
change values in accessions Bur-0, Can-0 and Sf-2 relative to the mean expression level in accession Col-0 ±SE. 
Asterisks indicate statistically enhanced levels of expression compared to Col-0 (Wilcoxon Mann-Whitney-test 
or Student’s t-test; α = 0.05). (B) Cluster analysis of transcriptional profiles of 28 TF genes and 2 reference 
genes (GAPDH and At1g13220) to compare basal expression profiles in Bur-0, Can-0, Col-0, Sf-2 (experiment 
1; blue letter fond) with expression profiles in control- and BABA-treated Col-0 plants (experiment 2; red letter 
fond). Leaf material for experiment 2 was collected at 2 days after soil-drench treatment with water or BABA 
(70 μM). Colour intensity of induced (red) or repressed genes (green) is proportional to their level of 
expression. Data presented are Log-transformed fold-change values relative to the average expression value in 
Col-0 (experiment 1) or water-treated Col-0 (experiment 2). Values were subjected to average linkage clustering 
(Euclidean Distance). 
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Figure 5: Natural variation in basal resistance to the necrotrophic fungus P. cucumerina. Disease 
severity ratings at 7 days after drop inoculation with 6-μL droplets of 5 x 105 P. cucumerina spores/mL in 5-
week-old plants. Disease rating is expressed as the percentage of leaves in disease classes 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 caused by 
pathogen infection was visualized by lactophenol-trypan blue staining using light microscopy. Photographs 
show the mildest and most severe  symptoms observed within each accession. 
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Figure 6: Natural variation in basal resistance to the generalist herbivore S. littoralis. (A) Damage in 
leaves of 5-week-old plants at 18 hours of feeding by S. littoralis larvae. (B) S. littoralis larval weight was 
quantified before and after 18 hours of feeding on the different accessions. Different letters indicate statistically 
significant difference in weight of S. littoralis larvae fed on different accessions (Fisher’s LSD test; α = 0.05; 
n=10). The experiment was repeated with 3.5-week old plants, yielding similar results.  



 

188 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



FULL COLOR FIGURES 

189 
 

 
 
 
Figure 7: Bur-0 is primed to activate PDF1.2 but repressed in induction of VSP2. (A) 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 
application of MeJA. Expression of PDF1.2 and VSP2 was normalized to the expression of GAPDH. (B) RT-
qPCR analysis of basal ERF1, ORA59, and MYC2 gene expression in 5-week-old Col-0 and Bur-0 plants. The 
expression 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. (C) Single nucleotide polymorphisms between Col-0 and Bur-0 in the 3000 bp regions 
covering the genomic sequences of ERF1, ORA59, and MYC2. Black and red letters indicate polymorphic 
nucleotides between Col-0 and Bur-0, respectively. Yellow bars represent open reading frames; blue bars 
indicate untranslated gene regions.  



 

190 
 

  



 

191 
 

  



 

192 
 

 


	voorkant
	Thesis Marieke van Hulten
	01-Marieke van Hulten-14699-blz 1-104
	02-Marieke van Hulten-14699-blz 105-175
	03-Marieke van Hulten-14699-blz 176-181 (kleur)
	04-Marieke van Hulten-14699-blz 182-187 kleur
	05-Marieke van Hulten-14699-blz 188-192 (kleur)
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