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CHAPTER 1

General introduction:
Costs and benefits of hormone-regulated plant defenses

Adapted from:
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Chapter 1

ABSTRACT

Plants activate defense responses to protect themselves against microbial pathogens
and herbivorous insects. However, induction of defenses comes at a price, as the
associated allocation costs, autotoxicity costs and ecological costs form fitness
penalties. Upon pathogen or insect attack, resources are allocated to defenses instead
of to plant growth and reproduction, while above- and below-ground interactions
with beneficial organisms may also be disturbed. The plant hormones salicylic acid,
jasmonic acid, ethylene and abscisic acid are major players in the regulation of induced
defenses and their associated fitness costs. Hormone-controlled signaling pathways
cross-communicate, providing the plant with a finely-tuned defense regulatory system
that can contribute to a reduction of fitness costs by repressing ineffective defenses.
However, this sophisticated regulatory system causes ecological costs, because
activated resistance to one organism can suppress resistance to another. Moreover,
the system can be hijacked by invading organisms that manipulate it for their own
benefit. Priming for enhanced defense emerged as a defense mechanism with limited
fitness costs. Since priming results in a faster and stronger activation of defense
only after pathogen or insect attack, the limited costs of the primed state are often
outweighed by the benefits in environments with pathogen or herbivore pressure. The
balance between protection and fitness is crucial for a plant’s success and is therefore
of great interest for plant breeders and farmers. By combining molecular knowledge
and ecological relevance of defense mechanisms, one can gain fundamental insight
into how and why plants integrate different immune signals to cope with their natural
multitrophic environment in a cost-effective manner.
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INTRODUCTION

During their lifetime, plants encounter innumerable attackers, including microbial
pathogens and herbivorous insects that try to retrieve nutrients from the plant. Plants
can ward off the majority of these attackers for which they rely on preformed defenses
and activation of their innate immune system. Preformed plant defenses include
physical barriers such as thick cuticles, rigid cell walls, thorns, needles and trichomes,
and chemical weapons such as toxic or repellent compounds (Osbourn, 1996). In a
second line of defense, inducible defenses can be activated when pattern recognition
receptors of plants recognize general features of microbial pathogens, such as flagellin,
lipopolysaccharides, peptidoglycan, B-glucans and chitin, referred to as pathogen- or
microbe-associated molecular patterns (PAMPs or MAMPs; Jones & Dangl, 2006; Pel
& Pieterse, 2013). Similarly, recognition of so called damage-associated molecular
patterns (DAMPs), such as galacturonides, systemins and AtPep1, which are endogenous
elicitors that accumulate as a result of enzymatic degradation of plant cell walls or
proteins upon attack by pathogens or insects, leads to activation of defenses (Figure 1;
Lotze et al., 2007; Boller & Felix, 2009; Heil, 2009; Ferrari et al., 2013). Other defense-
inducing compounds are the herbivore-associated molecular patterns (HAMPs), such as
fatty acid-amino acid conjugates (FACs) from oral secretions (Felton & Tumlinson, 2008;
Mithofer & Boland, 2008) and effectors of pathogens that are produced to suppress
immune responses but that the plants, under evolutionary pressure, have learned to
recognize (Jones & Dangl, 2006).

Theimmuneresponse thatis activated upon pathogen orinsectattackis modulated
by the induced production of a hormonal blend in the plant. The plant hormones
salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) are important
regulators of induced defense mechanisms (Robert-Seilaniantz et al., 2011; Pieterse et
al.,, 2012). Whereas SA and JA are the main players, ET and ABA have more modulating
roles (Van Loon et al., 2006b; Ton et al., 2009). The SA pathway is primarily induced by
and effective against biotrophic pathogens, whereas the JA pathway in combination
with ET is primarily induced by and effective against necrotrophic pathogens and the JA
pathway together with ABA is primarily induced by and effective against herbivorous
insects (Figure 1 & Figure 2; Penninckx et al., 1998; Glazebrook, 2005; Howe & Jander,
2008; Vos et al., 2013b). The quantity, composition and timing of the hormonal signal
signature tailors the defense response specifically to the attacker at hand, thereby
prioritizing effective over ineffective defenses, which minimizes fitness costs (De Vos et
al., 2005; Pieterse & Dicke, 2007).
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Figure 1: Schematic overview of hormone-regulated inducible defense responses and their effects on plant fitness.
Upon attack by a necrotrophic pathogen or herbivorous insect, pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs) are recognized, leading to activation of jasmonic acid (JA)-
dependent defense responses. Upon attack by a (hemi-)biotrophic pathogen, its PAMPs are recognized and
salicylic acid (SA)-dependent defense responses are activated. These SA- and JA-dependent defense signaling
pathways antagonize each other. The induced defense mechanisms have positive effects on the plant’s fitness
by enhancing resistance through direct activation and priming of defense and through recruitment of beneficial
microorganisms. Negative effects of induced plant defenses on plant fitness occur as well. Ecological costs are
incurred via pathway crosstalk, through which an increase in resistance to one attacker leads to an increase in
susceptibility to another attacker. In addition, pathway crosstalk can be hijacked by an attacker to antagonize
effective defenses, resulting in increased susceptibility. Necrotrophic pathogens and herbivorous insects can
produce virulence factors and herbivore associated molecular patterns (HAMPs), respectively that activate the
SA pathway leading to suppression of effective JA-dependent defense responses. (Hemi-)biotrophic pathogens
can produce effectors that activate JA or other hormone signaling pathways that act antagonistically on SA-
dependentdefenses. Furthermore, as ecological costs, beneficial microorganisms can be warded off by the plant’s
own defense mechanism. Allocation costs are incurred during activation of the plant’s defense mechanism,
because valuable resources are used for defense rather than for growth and reproduction. Allocation costs
during direct activation of defenses are considerably larger than during priming of defenses.
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The benefits of plant defenses are obvious; they help the plant to survive in the
presence of harmful organisms (Figure 1). However, the inducible character of plant
defenses leaves a time slot between attack and the expression of defenses in which the
plant is vulnerable to the invading organism. Constitutive expression of defense traits
does not have this drawback, making it probable that inducible defenses have other
selective advantages over constitutive defenses (Heil & Baldwin, 2002). Fitness costs
that are associated with defenses have been postulated to be a driving force behind the
evolution of inducible defenses (Simms & Fritz, 1990). There are also costs associated
with the genetic maintenance of inducibility, such as receptors and defense signal
transduction routes, which all constitutively require energy and resources (Purrington,
2000; Cipollini et al., 2003). These maintenance costs may be minimal, because many
inducible pathway components have been co-opted from other processes, such as
growth and development (Pieterse et al., 2009).

The actual induced resistance status entails direct and indirect fitness costs. Direct
resistance costs include allocation and autotoxicity costs (Heil & Baldwin, 2002; Strauss
et al., 2002). The latter is inflicted on plants by induced secondary chemicals that are
toxic to the plant itself as well (Baldwin & Callahan, 1993; Heil & Baldwin, 2002; Strauss
et al., 2002). Allocation costs occur when valuable resources are allocated to resistance
instead of to growth and reproduction (Herms & Mattson, 1992; Heil & Baldwin, 2002;
Strauss et al., 2002; Walters & Heil, 2007). Re-allocation of plant resources has also
been postulated as a means by which the plant starves the pathogen in order to halt
the infection (Canet et al., 2010). Once induced, the enhanced resistance status needs
to be maintained, but this is less costly (Van Hulten et al., 2006).

Indirect resistance costs, also known as ecological costs (Heil & Baldwin, 2002;
Strauss et al., 2002), occur as a result of the changed physiology of the plant that in
turn affects interactions with other biotic and abiotic environmental factors, such as
beneficial or harmful organisms, competing plants and resource availability (Heil, 2002;
Cipollini et al., 2003; Kessler & Halitschke, 2007; Poelman et al., 2008; Traw & Bergelson,
2010). In this introduction, an overview of current knowledge on costs and benefits
associated with inducible defenses that are controlled by plant hormones is provided
and it is discussed how this knowledge can be applied for improved crop protection.
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Figure 2: Networking by plant hormones in plant immunity.
Cross-communication between the different hormone signaling pathways (see text for details). Biotrophic

pathogens induce the SA-dependent signaling pathway; necrotrophic pathogens induce JA- and ET-dependent
signaling pathways; herbivorous insects induce JA- and ABA-dependent signaling pathways. The SA- and JA-
dependent signaling pathways and the ET- and ABA-regulated branches of the JA pathway are mutually
antagonistic. Arrows indicate an inducing effect. Blocked lines indicate a repressing effect.

SA-INDUCIBLE DEFENSES

SA is a phenolic compound that plays a key role in disease resistance signaling in
plants (Mishina & Zeier, 2007; Vlot et al., 2009). Besides its role in plant defense, SA
also influences seed germination, vegetative growth, photosynthesis, respiration,
thermogenesis, flower formation, seed production, senescence and responses
to abiotic stress (reviewed in Rivas-San Vicente & Plasencia, 2011). Plants rapidly
synthesize SA upon pathogen infection (Malamy et al., 1990; Métraux et al., 1990;
Vlot et al., 2009). SA can be synthesized via two distinct enzymatic pathways that both
require chorismate. The bulk of pathogen-induced SA is produced from isochorismate
via ICS1, but chorismate can also be converted into SA via a series of enzymatic
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reactions initially catalyzed by PAL (Wildermuth et al., 2001; Vlot et al., 2009). Defense
signaling downstream of SA is largely regulated by the regulatory protein NPR1 (Dong,
2004). Activation of the SA signaling pathway leads to a change in the cellular redox
state, which reduces NPR1 from its inactive oligomeric form to its active monomeric
form. Monomeric NPR1 is then translocated to the nucleus where it interacts with TGA
transcription factors (Mou et al., 2003; Dong, 2004; Moore et al., 2011), resulting in the
activation of a large set of defense-related genes, amongst which are genes coding for
PR proteins and WRKY transcription factors (Figure 2; Van Loon et al., 2006a; Rushton
et al., 2010).

Benefits: SA triggers disease resistance

The first indication for a role of SA in disease resistance signaling came from White
(1979), who showed that exogenous application of SA to tobacco plants enhanced
resistance against tobacco mosaic virus (TMV). Nowadays, numerous examples exist
that demonstrate the resistance-inducing capacity of SA in a wide variety of plants
against (hemi-)biotrophic pathogens and some phloem-feeding insects (Klessig &
Malamy, 1994; Walling, 2008; Vlot et al., 2009). The significance of SA was further shown
by the use of mutant or transgenic plants (mostly in Arabidopsis thaliana (Arabidopsis),
tobacco and tomato) that are affected in the production or the perception of SA. For
example, transgenic NahG plants, which are incapable of accumulating SA, and mutant
nprl plants, which are impaired in SA signaling, are more susceptible to oomycete,
fungal, bacterial and viral pathogens (reviewed in Glazebrook, 2005).

Hyaloperonospora arabidopsidis

An example of a biotrophic pathogen against which SA-inducible defenses are effective
is the oomycete Hyaloperonospora arabidopsidis that causes downy mildew disease on
Arabidopsis. Downy mildew diseases are responsible for significant yield losses in many
crop species, such as lettuce, cucurbits and maize (Thines et al., 2008; Lebeda & Cohen,
2011). H. arabidopsidis is an obligate biotroph and therefore dependent on living plant
tissue to grow and reproduce (Coates & Beynon, 2010). Induction of SA biosynthesis
and signaling is associated with and contributes to the hypersensitive response, which
is characterized by the formation of necrotic lesions at the site of pathogen infection
(Dangl et al., 1996; Hammond-Kosack & Jones, 1996; Mittler & Lam, 1996). Since H.
arabidopsidis is dependent on living plant tissue, timely SA production confines the
pathogen to the site of infection. SA also facilitates the formation of reactive oxygen
species (ROS), which play a role in the change in the cellular redox state during SA
signaling (Caarls et al., 2015). Furthermore, ROS can directly kill a pathogen or activate
cell wall cross-linking and lignification to strengthen the cell wall, thereby contributing
to resistance as well (Durner et al., 1997; Dempsey et al., 1999; Caarls et al., 2015).
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Trade-offs: allocation costs of SA-inducible defenses
Several studies investigated the costs of SA-inducible defenses. In general, exogenous
application of SA or its chemical analogue benzothiadiazole (BTH) has been shown
to reduce plant growth and seed production of different plant species (Heil et al.,
2000; Cipollini, 2002; Canet et al., 2010). However, environmental conditions such as
competition with neighboring plants and nutrient availability can influence these fitness
effects and sometimes avert the growth costs associated with SA-inducible defenses
(Heidel et al., 2004; Dietrich et al., 2005). Arabidopsis mutants constitutively expressing
SA-inducible defenses, such as cprl, cpr5 and cpr6, were shown to be dwarfed and
severely affected in seed production (Bowling et al., 1994; Heil & Baldwin, 2002; Heidel
et al., 2004; Van Hulten et al., 2006). Conversely, SA-deficient NahG and sid2 (mutated
in the SA biosynthesis gene /ICS1) Arabidopsis plants had higher growth rates and seed
production compared to wild-type plants under pathogen-free conditions (Cipollini,
2002; Abreu & Munné-Bosch, 2009), confirming the negative effects of SA on growth
and reproduction. The decrease in growth that was observed after treatment with
BTH was reduced in the SA signaling mutant nprl, implying a pivotal role of NPR1 in
inhibiting plant growth when SA-dependent resistance mechanisms are activated (Van
Hulten et al., 2006; Canet et al., 2010). However, after infection with the SA-inducing
downy mildew pathogen H. arabidopsidis, npr1 mutant plants displayed a lower fitness
than wild-type plants (Heidel & Dong, 2006). This demonstrates that, although costly,
SA-inducible defenses are beneficial when plants grow under pathogen pressure. The
beneficial effect of SA-regulated defenses was particularly apparent under low nutrient
conditions (Heidel & Dong, 2006), which supports the theory on allocation costs as
driver of the evolution of inducible defenses. Mutants cpr1 and cpr5 that constitutively
express SA-regulated defenses failed to show a fitness benefit under pathogen pressure,
supporting the hypothesis that the inducible character of SA-dependent resistance
prevents excessive fitness costs (Heidel & Dong, 2006; Van Hulten et al., 2006).
Although negative effects of SA on fitness have mostly been ascribed to allocation
costs (Heil et al., 2000; Walters & Heil, 2007), toxic effects of SA may also contribute
to reduced fitness (Bi et al., 2010; Asaduzzaman & Asao, 2012). However, most studies
focusing on autotoxicity costs of SA have not included plant genotypes that rule out
effects of allocation costs, e.g. SA signaling mutants such as npr1, which makes claims
on a role for SA in autotoxicity costs obscure. Moreover, most studies on allocation
costs of SA signaling that have tested nprl made use of BTH as inducer of the SA
pathway, which induces SA signaling and resistance without the toxic side effects of SA
(Lawton et al., 1996), thereby omitting autotoxicity effects of SA in their studies. One of
the few studies that applied SA to npr1 (Cipollini, 2002) found no decrease in seed set
in comparison to non-treated nprl plants, whereas SA treatment did decrease seed set
in wild-type plants, indicating that the costs incurred by SA are (mostly) allocation costs
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and not autotoxicity costs. Besides direct allocation costs, SA-inducible defenses also
inflict ecological costs. These ecological costs include crosstalk effects between the SA
and JA signaling pathways, which are described in the section on crosstalk.

JA-INDUCIBLE DEFENSES

JA is a key regulator in the defense response against necrotrophic pathogens and
herbivorous insects (Glazebrook, 2005; Howe & Jander, 2008). Besides its essential role
in regulating disease and pest resistance, JA has also been implicated in senescence,
root growth, fruit ripening, tendril coiling, pollen development, tuberization and
responsiveness to abiotic stress (Wasternack & Hause, 2013). JA is an oxylipin that
accumulates rapidly in plants in response to infection with necrotrophic pathogens,
wounding and herbivory (Creelman et al., 1992; Penninckx et al., 1996). The initial phase
of JA formation takes place in the chloroplasts, where fatty acids of membrane lipids
(e.g. linoleic acid) are metabolized by lipoxygenases to generate oxylipins including the
JA precursor 12-oxo-phytodienoic acid (OPDA). Subsequently, OPDA is transported
to the peroxisomes where it undergoes three steps of B-oxidation to generate JA
(reviewed in Wasternack & Hause, 2013). JA can be conjugated to amino acids, such as
L-isoleucine, resulting in JA-lle, the most biologically active member of the JAs (Staswick
& Tiryaki, 2004; Fonseca et al., 2009). The F-box protein COI1 is a key regulator of the JA
signaling pathway (Xie et al., 1998), as it is part of the JA receptor complex (Yan et al.,
2009; Sheard et al., 2010). Binding of JA to COI1 targets JAZ proteins for degradation via
the 26S proteasome pathway (Chini et al., 2007; Thines et al., 2007). In the uninduced
state, JAZ proteins repress JA-responsive gene expression by binding to transcriptional
activators, such as MYC2, MYC3 and MYC4 (Fernandez-Calvo et al., 2011). Accumulation
of JA triggers the degradation of JAZ proteins, resulting in derepression of JA-regulated
genes (Figure 2). In Arabidopsis, there are two distinct branches of the JA signaling
pathway that antagonize each other, the ERF- and the MYC-branch (hereafter referred
to as such).

The ERF-branch

The ERF-branch of the JAresponse pathwayis activated uponinfection with necrotrophic
pathogens and is regulated by the AP2/ERF-domain containing transcription factors
ERF1 and ORA59 (Anderson et al., 2004; Pré et al., 2008). The ERF-branch also requires
ET and results in the activation of the marker gene PDF1.2 (Figure 2; Penninckx et al.,
1998; Lorenzo et al., 2003).
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Ethylene

Besides the modulation of JA signaling, the gaseous hormone ET is foremost known
as a regulator of developmental processes and responses to abiotic stresses, like
germination, hypocotyl growth, apical hook formation, root growth, flowering, fruit
ripening, leaf senescence, leaf abscission, root nodulation, programmed cell dead
and freezing tolerance (Johnson & Ecker, 1998; Alonso & Stepanova, 2004). For the
formation of ET, S-adenosyl-L-methione is converted by 1-aminocyclopropane-1-
carboxylate synthase into 1-aminocyclopropane-1-carboxylic acid (ACC). ACC is
subsequently reduced to ethylene by ACC oxidase (Adams & Yang, 1979; Bleecker &
Kende, 2000). In Arabidopsis, five ET receptors have been described: ETR1, ETR2, ERS1,
ERS2 and EIN4 (Hua et al., 1998). In the absence of ET, the receptors stimulate the
negative regulator CTR1. Binding of ET to the receptors, inactivates the receptors and
thereby CTR1 (Alonso & Stepanova, 2004; Stepanova & Alonso, 2009). Inactivation
of CTR1 activates EIN2, which subsequently stabilizes the transcription factors EIN3
and EIL1. The stabilization of EIN3 and EIL1 results in the transcriptional activation of
hundreds of genes (Figure 2; Alonso & Stepanova, 2004). ERF1 and ORA59 are direct
targets of EIN3, and are also induced by JA (Lorenzo et al., 2003; Pré et al., 2008).

The MYC-branch

The MYC-branch of the JA response pathway is activated upon wounding and feeding
by herbivorous insects and is regulated by the MYC transcription factors MYC2, MYC3
and MYC4 in synergistic action with ABA (Anderson et al., 2004; Fernandez-Calvo et al.,
2011; Niu et al., 2011). Activation of the MYC-branch leads to induced expression of the
marker genes VSP1 and VSP2 (Figure 2; Lorenzo et al., 2004).

Abscisic acid

The hormone ABA is a metabolite belonging to the class of terpenoids (Nambara
& Marion-Poll, 2005) and has been reported mostly to function in regulation of
developmental processes, such as seed germination, senescence, dormancy and
tolerance to abiotic stresses (Wasilewska et al., 2008; Hauser et al., 2011). In addition,
ABA has been described to modulate plant defense responses (Asselbergh et al., 2008;
Fengetal., 2012; Sdnchez-Vallet et al., 2012; Vos et al., 2013b). Limited water supply is an
important trigger for ABA biosynthesis (Raghavendra et al., 2010). For the production of
ABA, B-carotene needs to be converted to zeaxanthin, which is subsequently modified
to neaxanthin and violacanthin. Nine-cis-epoxycarotenoid dioxygenase reduces these
compounds to xanthoxin, which is converted by ABA2 to abscisic aldehyde. Abscisic
aldehyde is then oxidized into ABA by AAO3 (reviewed in Nambara & Marion-Poll,
2005). RCAR, PYR and PYL proteins have been identified as ABA receptors (Ma et al.,
2009; Park et al., 2009). Upon binding by ABA, RCAR/PYR/PYLs bind the PP2C negative
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regulators of ABA signaling, such as ABI1 and ABI2 (Wasilewska et al., 2008; Hubbard
et al., 2010). Binding of PP2Cs reduces PP2C-mediated suppression of SnRK2s, allowing
their activation (Figure 2; Umezawa et al, 2009), leading to phosphorylation of
transcription factors, such as AREBs and ABFs (Hauser et al., 2011). In addition, MYC
transcription factors can act as positive ABA response regulators (Abe et al., 2003;
Raghavendra et al., 2010; Vidhyasekaran, 2015).

Benefits: JA triggers disease resistance

Many JA-inducible defense responses and their effectiveness in plant resistance against
diseases and pests were identified by exogenous application of JA and by the analysis
of mutants with defects in JA signaling compounds such as COI1, MYCs and ERFs.
This demonstrated that JA signaling is indispensable for resistance to a wide range of
necrotrophic pathogens and herbivorous insects, whereby in general the ERF-branch is
associated with resistance against necrotrophic pathogens (Berrocal-Lobo et al., 2002;
Lorenzo et al., 2003) and the MYC-branch with resistance against herbivorous insects
(Lorenzo et al., 2004; Howe & Jander, 2008; Kazan & Manners, 2012).

Botrytis cinerea
The fungal plant pathogen Botrytis cinerea is one of the most important plant pests.

Since B. cinerea is able to attack over 200 plant species, it causes large yield losses and
high costs of control (Windram et al., 2012). B. cinerea is a necrotrophic pathogen and
kills host cells by producing a variety of phytotoxins to obtain nutrients from the plant
(Govrin & Levine, 2002; Glazebrook, 2005). Opposite to the production of ROS by the
plant as a defense mechanism against H. arabidopsidis, B. cinerea might produce ROS
as avirulence strategy (Govrin & Levine, 2002). Tolerance to ROS is therefore important
for plant resistance against B. cinerea (Glazebrook, 2005). In fighting of infection with
B. cinerea, the production of the inducible antimicrobial compound camalexin is also
important (Ferrari et al., 2003). Furthermore, ERF-branch-regulated defense responses
play an important role in the defense against B. cinerea.

Pieris rapae
Infestation with the specialist chewing herbivore Pieris rapae (small cabbage white)

can have detrimental effects on plant growth and fitness. Specialist insects feed on
one or a few plant species from the same family, to which they have adapted (Howe
& Jander, 2008). Plants can defend themselves against insect attack in several ways.
Firstly, they can produce polyphenol oxidases, amino acid deaminases and proteinase
inhibitors that lower the nutritive value of the consumed plant tissue (Kessler &
Baldwin, 2002; Lawrence & Koundal, 2002; Chen et al., 2005). Secondly, production of
toxins and defense proteins either kill the insect or target physiological processes in the
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insect. For example, glucosinolates accumulate in brassicaceous species after feeding
by herbivorous insects. However, the specialist P. rapae contains a nitrile specifier
protein in its guts, which enables it to breakdown glucosinolates to the less toxic nitriles
(Wittstock et al., 2004). Lastly, plants can produce volatile compounds or extrafloral
nectar to attract predators of the insect (Dicke et al., 1990; Kessler & Baldwin, 2002;
Howe & Jander, 2008; Mithofer & Boland, 2012; Heil, 2015). MYC-branch signaling plays
an important role in the regulation of inducible defenses against P. rapae.

Trade-offs: allocation costs of JA-inducible defenses

Studies on the costs of JA-inducible defenses have mostly been executed with plants
that were infested with insects. In contrast, cost studies on JA-inducible defenses that
are associated with infection with necrotrophic pathogens are scarce. Infestation by
insects and exogenous application of JA comes with costs, which is apparent from
a decreased seed set and delayed flowering and fruit ripening (Agrawal et al., 1999;
Redman et al., 2001; Van Dam & Baldwin, 2001). In addition, the Arabidopsis mutant
cevl and the transgenic line overexpressing JA carboxyl methyltransferase (JMT), both
constitutively expressing JA-dependent defenses, showed reduced growth phenotypes
(Ellis & Turner, 2001; Cipollini, 2010). The effect on delayed flowering of JMT-
overexpressing lines was especially apparent under low nutrient conditions (Cipollini,
2010). Furthermore, competition with neighboring plants increased JA-induced fitness
costs in tobacco (Van Dam & Baldwin, 2001). The JA-associated trade-offs in reduced
plant performance have therefore been mostly explained by allocation costs. However,
JA is also known to directly regulate several plant developmental processes such
as growth and seed production (Creelman & Mullet, 1997; Yang et al., 2012), which
complicates the assignment of the origin of the fitness decrease detected in plants
expressing JA-dependent responses. Despite the fact that JA-induced responses are
costly, they benefit plants when under attack, even in field situations (Baldwin, 1998).
To our knowledge no studies on autotoxicity costs of JA have been described so far.
Ecological costs of JA-inducible defenses include crosstalk effects between the ERF-
and the MYC-branch of the JA signaling pathway, which are described in the section
below on crosstalk.

HORMONAL CROSSTALK IN DEFENSE SIGNALING

Plant hormones are integral to plant immune responses and are differentially effective
against different types of attackers. During plant-attacker interactions, multiple
hormones are induced that together steer the immune response of the plant (De Vos
et al., 2005). The hormonal signal signature is vital for a successful immune response
upon attack, as extensive cross-communication between defense signaling pathways
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General introduction: Costs and benefits of hormone-regulated plant defenses

allows the plant to fine-tune the defense response to the attacker at hand (Reymond &
Farmer, 1998). Hormonal crosstalk has often been interpreted as a cost-saving strategy
and may have evolved as a means of the plant to reduce allocation costs by repression
of unnecessary defenses that are ineffective against the attacker that is encountered
(Pieterse & Dicke, 2007; Thaler et al., 2012). However, proof for this hypothesis has not
been demonstrated yet, as to the authors’ knowledge there has been no study that
measured the fitness levels of plants exhibiting hormonal crosstalk in comparison to
that of crosstalk mutant plants. In this chapter, crosstalk between SA and JA signaling,
and between the ERF- and the MYC-branch of the JA signaling pathway is covered, but
other hormones have also been reported to modulate hormone-controlled immune
signaling (Robert-Seilaniantz et al., 2011; Pieterse et al., 2012).

Crosstalk between the SA and JA pathways

The first indication of crosstalk between SA and JA signaling came from Doherty et al.
(1988), who showed that SA and its acetylated derivative aspirin are strong antagonists
of the JA pathway. Many cases of crosstalk between the SA and JA pathways have been
reported since (Bostock, 2005; Stout et al., 2006; Pieterse et al., 2012). Pharmacological
experiments with Arabidopsis revealed that the JA-responsive genes PDF1.2 and VSP2
are highly sensitive to suppression by SA (Figure 2). The antagonistic effect of SA on
JA signaling was observed in a large number of Arabidopsis accessions (Koornneef et
al., 2008) and was even reported to remain active in the next generation (Luna et al.,
2012), highlighting the potential significance of this phenomenon in the regulation
of induced plant defenses in nature. Several important regulatory proteins of SA-JA
pathway crosstalk have been identified, including NPR1, GRX480 and TGAs (Spoel et
al.,, 2003; Ndamukong et al., 2007; Luna et al., 2012; Pieterse et al., 2012; Zander et al.,
2012; Caarls et al., 2015). Timing and concentration of ET was shown to modulate the
strength of SA-JA crosstalk and its NPR1-dependency (Leon-Reyes et al., 2009). Recent
data showed that in Arabidopsis SA does not affect JA biosynthesis but it affects JA
signaling downstream of COI1, at the level of transcriptional regulation of JA-responsive
genes (Leon-Reyes et al., 2010b; Van der Does et al., 2013). The ERF transcriptional
activator ORA59, which regulates many JA-responsive genes, was identified as an
important target for SA (Van der Does et al., 2013; Zander et al., 2014).

Many studies found an antagonistic effect of SA signaling on the JA pathway.
However, in several cases JA signaling could suppress the SA pathway as well. A few
molecular players have been reported to play a role in this JA-SA crosstalk, such as
COI1 and MYC2 (Zheng et al., 2012). Furthermore, neutral and synergistic interactions
between SA and JA have also been reported (Schenk et al., 2000; Van Wees et al.,
2000; Mur et al., 2006). Timing, sequence of initiation and the relative concentration of
each hormone are important for the outcome of the SA-JA crosstalk (Mur et al., 2006;
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Koornneef et al., 2008; Leon-Reyes et al., 2010a). Besides the aforementioned ET, other
hormones can also modulate SA-JA crosstalk (Pieterse et al., 2012). Under different
plant-attacker conditions, simultaneous inductions of SA and JA signaling do not always
lead to predicted outcomes, highlighting the complexity and context-dependency of
the hormonal interactions.

Crosstalk between the ERF- and the MYC-branch of the JA pathway

As described above, defense responses to necrotrophic pathogens and herbivorous
insects are regulated by distinct branches of the JA signaling pathway: the ERF- and
the MYC-branch, respectively (Figure 2; Lorenzo & Solano, 2005; Kazan & Manners,
2008; Pieterse et al., 2012). Transcriptional changes in response to these diverse types
of attackers show limited overlap, suggesting that the context in which the induced JA
signal is perceived is crucial in tuning the JA response (De Vos et al., 2005). Recently,
it has been shown that the MYC-branch transcription factors MYC2, MYC3 and MYC4
interact with the ERF-branch transcription factors EIN3 and EIL1 and repress each
other’s transcriptional activity (Figure 2; Song et al., 2014). Activation of the ERF-branch
resulted in reduced expression of the MYC-branch marker gene VSP2, whilst silencing
of ORA59 or mutating the ET pathway caused enhanced levels of VSP2 expression
(Lorenzo et al., 2004; Verhage et al., 2011). Reciprocally, activation of the MYC-branch
suppressed transcription of the ERF-branch marker gene PDF1.2, whereas mutation
of MYC transcription factors genes or ABA signaling components led to enhanced
expression of PDF1.2 and the ERF transcription factor gene ORA59 (Anderson et al.,
2004; Verhage et al., 2011). Furthermore, a negative feedback of ABA on ET production
has been found (LeNoble et al., 2004). Taken together, these data clearly indicate a
mutually antagonistic interaction between the different branches of the JA pathway
(Figure 2).

ECOLOGICAL COSTS OF DEFENSE SIGNALING

Fitness costs associated with induced defense arise from allocation and ecological costs
(Figure 1). Allocation costs are incurred when resources are allocated to resistance
instead of to growth and reproduction (Heil & Baldwin, 2002) and have been described
in the previous sections on SA- and JA-inducible defenses. Ecological costs arise when
defense-induced plants have altered abilities to interact with their biotic and abiotic
environment (adjusted from Heil, 2002). For example, induction of the JA defense
pathway resulted in reduced numbers of visitations by beneficial pollinators (Strauss
et al., 2002), JA-induced extrafloral nectar production attracted flies that excluded
beneficial ants (Heil et al., 2004) and JA-regulated herbivore-induced plant volatiles
(HIPVs) alter the interaction of a plant with herbivores, carnivores and competing
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plants (Dicke & Van Loon, 2000). Also above-below-ground interactions with beneficial
microbes can be affected by the activation of defense in foliar tissue. Exogenous
application of SA to the soil inhibited the growth and formation of root nodules in
the Rhizobium-legume symbiosis, whereas growth of Rhizobium cells itself was not
affected by SA (Sato et al., 2002; Mabood & Smith, 2007). Furthermore, De Roman
et al. (2011) found that foliar application of acibenzolar-S-methyl (ASM), a functional
analogue of SA, to soybean led to a transient reduction in arbuscular mycorrhizal
colonization of roots. Negative effects of foliar herbivory on colonization of the roots by
mycorrhizal fungi have also been reported (Barber et al., 2012). In contrast, recruitment
of soilborne beneficial microbes upon stress induction in the leaves has also been
shown (Figure 1). Beneficial Bacillus subtilis bacteria were recruited to the rhizosphere
upon foliar infection of Arabidopsis with the bacterial pathogen Pseudomonas syringae
(Rudrappa et al., 2008). Moreover, foliar application of JA and wounding of the leaves
of Medicago truncatula resulted in enhanced JA signaling and enhanced mycorrhization
by Rhizophagus irregularis (formerly known as Glomus intraradices; Landgraf et al.,
2012). These results show the importance of testing effects of altered defenses in
plants under realistic environmental conditions, because otherwise relevant ecological
costs might be missed. The net effect of induced defense signaling on plant fitness
strongly depends on the community context.

Ecological costs as a result of hormonal crosstalk are becoming increasingly
recognized. Whereas hormonal crosstalk may be advantageous for the plant to keep
allocation costs in check, evidence is accumulating that crosstalk at the level of gene
expression is translated into crosstalk at the level of resistance. When plants encounter
multiple attackers simultaneously or successively, the induction of a hormone signaling
route might elevate the resistance to one attacker, but at the same time hormonal
crosstalk can decrease the resistance to another attacker (Pieterse et al., 2012).
Furthermore, as a common virulence strategy, successful pathogens and insects can
hijack crosstalk mechanisms by targeting plant hormone biosynthesis and perception
to rewire immune signaling, rendering the plants more susceptible (Figure 1; Grant &
Jones, 2009; Verhage et al., 2010; Pieterse et al., 2012). Ecological costs of crosstalk
between different hormones are described in the next sections, focusing on crosstalk
between SA and JA signaling, and between the ERF- and the MYC-branch of JA signaling.

Ecological costs of SA-JA crosstalk

Many examples of ecological costs of SA-JA crosstalk have been described. For
instance, in Arabidopsis infection with the hemibiotrophic pathogen P. syringae
leads to induction of the SA pathway, resulting in an effective resistance response
against this pathogen. However, through SA-JA crosstalk mechanisms JA signaling is
suppressed, which renders the infected leaves more susceptible to the necrotrophic
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fungus Alternaria brassicicola (Spoel et al., 2007). Similarly, induction of SA signaling
in Arabidopsis by exogenous application of SA inhibited JA-induced resistance to the
generalist herbivores Spodoptera exigua and Trichoplusia ni (Cipollini et al., 2004; Cui et
al., 2005). In tobacco, Manduca sexta caterpillars consumed up to 2.5-times more leaf
tissue from plants exhibiting increased SA signaling after inoculation with TMV than
from mock-treated plants (Preston et al., 1999). Furthermore, reduced SA signaling in
Arabidopsis genotypes NahG and nprl was correlated with reduced feeding by T. ni
in comparison to wild-type plants (Cui et al., 2002). Crosstalk the other way around,
namely of JA on SA, was also effective on the level of disease resistance, since the JA-
insensitive mutant coil showed enhanced expression of SA-dependent defenses and
enhanced resistance to P. syringae (Kloek et al., 2001).

Several pathogens have evolved ways to hijack host crosstalk mechanisms as a
virulence strategy. One of the best studied examples is the production of coronatine
by P. syringae. Coronatine is a pathogen-derived functional and structural mimic of
JA-lle that suppresses SA signaling, thereby promoting susceptibility to this pathogen
(Kloek et al., 2001; Brooks et al., 2005; Cui et al., 2005; Zheng et al., 2012). Furthermore,
the necrotrophic pathogen B. cinerea was shown to produce an exopolysaccharide
that acts as an elicitor of the SA pathway and causes suppression of the JA pathway
and consequently promotes pathogen growth (EI-Oirdi et al., 2011). Likewise, it has
been suggested that phloem feeding insects can enhance SA levels and suppress
JA-mediated defenses (Lazebnik et al., 2014). For example, nymphs of the phloem-
feeding silverleaf whitefly Bemisia tabaci activated SA-responsive gene expression
in Arabidopsis, thereby suppressing the JA signaling pathway. This was shown to be
associated with accelerated nymphal development, suggesting that the nymphs of B.
tabaci can rewire the plant’s immune signaling network to their own benefit (Zarate
et al., 2007). Additionally, eggs of Pieris brassicae butterflies have been reported to
induce SA signaling upon oviposition, which suppresses JA signaling and provides an
advantage for the freshly hatched caterpillars (Bruessow et al., 2010).

Ecological costs of crosstalk between the ERF- and the MYC-branch

Indications of effects of crosstalk between the ERF- and the MYC-branch on the level
of resistance to insects and necrotrophic pathogens have come mainly from studies
with Arabidopsis mutants affected in one of the branches. In a two-choice setup, P.
rapae caterpillars preferred to feed from Arabidopsis genotypes that highly expressed
the ERF-branch of the JA pathway, such as MYC2-impaired jinl1 plants and ORA59
overexpressing plants, over wild-type plants that highly expressed the MYC-branch upon
feeding by the caterpillars (Verhage et al., 2011). Furthermore, the jin1 mutant and the
ABA biosynthesis mutant aba2-1 were more resistant to the necrotrophic pathogens
B. cinerea, Plectosphaerella cucumerina and Fusarium oxysporum due to a potentiated
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expression of the ERF-branch in these mutants (Anderson et al., 2004; Lorenzo et al.,
2004; Nickstadt et al., 2004; Adie et al., 2007). A comparable mechanism may underlie
findings from the early 1990s with black bean aphids Aphis fabae that displayed a higher
growth rate and fecundity on bean leaves infected with the necrotrophic pathogen
Botrytis fabae, compared to uninfected leaves (Zebitz & Kehlenbeck, 1991).

Indications of hijacking of hormonal crosstalk mechanisms by attackers have been
found for ERF-MYC crosstalk as well. For example, application of the oral secretion of
P. rapae caterpillars into wounded leaf tissue stimulated expression of the ERF-branch,
suggesting that insecticidal compounds have the potential to manipulate the plant
response towards the caterpillar-preferred ERF-branch (Verhage et al., 2011). Together,
these data support the existence of high ecological costs of crosstalk on the level of
resistance to pathogens and pests.

PRIMING FOR ENHANCED DEFENSE

Besides the fact thatinducible defenses involve fitness costs, the inducibility of defenses
comes with an unsafe time slot between attack and the expression of defenses. This
might have been a driving force for the development of a sophisticated, cost-effective
way to activate inducible defense responses, namely by priming (Figure 1). Plants
that are primed for enhanced defense do not express defenses in the absence of an
attacker, but show a faster and stronger activation of cellular defense responses upon
attack compared to non-primed control plants (Conrath et al., 2002; Conrath et al.,
2006; Frost et al., 2008). Prior activation of defenses is not a prerequisite for the primed
state, which makes priming a cost-efficient form of induced immunity. Another benefit
of priming is that it offers enhanced resistance against a broad spectrum of attackers.
Multiple inducers of priming for defense have been identified, including beneficial
microbes, pathogens and herbivorous insects, but also chemical elicitors and wounding
(Conrath et al., 2002; Conrath et al., 2006). The diverse forms of priming are described
in the sections below.

Various mechanisms underlying priming have been reported. Inactive cellular
proteins that play a role in cellular signal amplification have been shown to accumulate
in primed plants where they remain dormant until activation by stressors, resulting in
an accelerated response. Examples of such dormant signal transducers implicated in
priming are transcription factors and mitogen-activated protein kinases (Pozo et al.,
2008; Beckers et al., 2009; Van der Ent et al., 2009a). Chromatin modifications at the
promoters of priming-associated genes have also been implicated in the regulation of
the primed state (Jaskiewicz et al., 2011; Luna et al., 2012; Rasmann et al., 2012). Priming
has in several cases been demonstrated to be transferred to the plant’s offspring,
which in some cases was associated with epigenetic changes, allowing plants to retain
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memory of a threatening situation into one or more successive plant generations (Luna
et al., 2012; Pieterse et al., 2012; Rasmann et al., 2012; Slaughter et al., 2012).

SA-dependent systemic acquired resistance

Systemic acquired resistance (SAR) is a well-studied form of induced resistance in which
priming is thought to play an important role (Conrath et al., 2002; Durrant & Dong, 2004;
Conrath et al., 2006; Vlot et al., 2009). SAR is activated locally and systemically upon
infection with a (hemi-)biotrophic pathogen and enhances resistance of uninfected
plant parts to subsequent infection with the same or a broad range of other pathogens.
SAR was first described by Ross (1961), who demonstrated that uninfected leaves of
TMV-infected tobacco plants became more resistant to subsequent infection with TMV.
SAR is associated with endogenous accumulation of SA, both at the site of infection and
in healthy systemic tissues. Mutant plants that are impaired in SA signaling, including
the nprl mutant, are incapable of developing SAR, indicating that SAR requires SA
signaling (Durrant & Dong, 2004). Recently, several long-distance signals involved in
the communication between SAR-induced tissue and systemic SAR-expressing tissue
have been identified (Vlot et al., 2009; Dempsey & Klessig, 2012; Shah & Zeier, 2013).
SAR is accompanied by priming of SA-dependent defenses, resulting in potentiated
expression of SA-responsive genes, such as PRI (Mur et al., 1996; Van Wees et al.,
1999). Additionally, SA-independent callose deposition is primed during SAR, resulting
in accelerated strengthening of the cell wall at the site of pathogen penetration (Ton
& Mauch-Mani, 2004). Exogenous application of low concentrations of SA or BTH does
not directly activate defenses, but primes plants for enhanced expression of cellular
defenses after pathogen attack (Conrath et al., 2002; Conrath et al., 2006). This indicates
that SA-mediated priming is an intrinsic part of pathogen-activated SAR.

JA/ET-dependent induced systemic resistance

Induced systemic resistance (ISR) triggered by nonpathogenic microbes is another well-
studied form of induced resistance in which priming plays an important role (Pieterse
et al., 2014). Plant roots contain a large number of rhizosphere-associated microbes,
called the root microbiome, that aid in plant growth and reproduction (Berendsen et
al., 2012). Beneficial ISR-inducing microbes include soilborne plant growth-promoting
rhizobacteria (PGPR) and fungi (PGPF) as well as mycorrhizal fungi (Van Hulten et al.,
2010; Zamioudis & Pieterse, 2012). Like SAR, ISR offers a broad-spectrum resistance to
foliar and root pathogens, but on top of that it is also effective against certain herbivores
(Van Wees et al., 2008; Pineda et al., 2010). In contrast to SAR, rhizobacteria-mediated
ISR was shown to be independent of SA and instead requires JA, ET and ABA signaling
(Van Wees et al., 2008; Van der Ent et al., 20093; Pieterse et al., 2012). Most SA-signaling
components in Arabidopsis proved to be dispensable for ISR, except the NPR1 protein
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that acts downstream of JA and ET in ISR (Pieterse et al., 1998; Van Wees et al., 2000).

Large scale gene expression analysis revealed that induction of ISR can occur with
only minor changes in gene expression in the leaves (Verhagen et al., 2004; Van Wees
et al., 2008; Van der Ent et al., 2009a). However, upon encounter with an invader, ISR-
expressing plants show enhanced and accelerated expression of JA- and ET-regulated
genes and accumulation of callose-rich papillae at the site of infection (Verhagen et al.,
2004; Pozo & Azcon-Aguilar, 2007; Pozo et al., 2008). Concordantly, ISR is predominantly
effective against necrotrophic pathogens and herbivorous insects, but also offers
protection against biotrophs that are sensitive to cell wall defenses (Ton et al., 2002;
Van Oosten et al., 2008). In roots, the induction of ISR results in altered expression of
several genes, including the transcription factor MYB72 (Verhagen et al., 2004) that
emerged as an important component of ISR, as myb72 mutants were abolished in their
ability to express ISR (Van der Ent et al., 2008; Segarra et al., 2009; Zamioudis et al.,
2014).

Herbivore-induced resistance

Priming has most often been studied in the context of plant-pathogen interactions, but
plants can also be primed by signals associated with herbivore feeding. Tissue damage
can lead to herbivore-induced resistance (HIR), which can be induced in neighboring
plants via HIPVs or in systemic leaves of the same plant via internal signals or externally
via HIPVs (Heil & Bueno, 2007; Frost et al., 2008). Grafting experiments with tomato
plants provided evidence that JA is the internal signal for systemic expression of
herbivore-induced resistance (Sun et al., 2011). Moreover, in Arabidopsis it was recently
shown that electric signaling by membrane depolarization is important for wound-
induced JA-responsive gene expression in systemic leaves (Mousavi et al., 2013). HIPVs
prime the plant for JA/ABA-inducible defense mechanisms, or act as signals to attract
parasitic and predatory insects to combat attacking herbivores (Baldwin et al., 2006;
Ton et al., 2007). In addition to the effect on insect performance, HIR can also prime the
plant for enhanced resistance against microbial pathogens (De Vos et al., 2006).

Crosstalk during priming

Despite the shared dependency on the NPR1 protein, distinct signaling cascades are
important for SAR and ISR, requiring SA or JA and ET, respectively (Pieterse et al., 1998;
Van Wees et al., 2000). Crosstalk between the SA and JA pathways could entail high
ecological costs, as described in a previous section, but is this also true for SA- and
JA-dependent priming? Simultaneous induction of SAR and ISR was shown to result
in an additive effect on the level of resistance against P. syringae (Van Wees et al.,
2000). In plants mutated in either the SA or JA signaling pathway, this additive effect
was not found. Furthermore, induction of ISR did not affect expression of SAR-induced
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PR1. Thus, there is no evidence for SA-JA crosstalk during simultaneous activation
of SAR and ISR. The Arabidopsis accession Bur-0 is constitutively primed for both
PR1 and PDF1.2 expression upon exogenous application of SA and JA, respectively.
Consequently, Bur-0 is more resistant to the hemibiotrophic pathogen P. syringae and
also to the necrotrophic pathogen P. cucumerina (Ahmad et al., 2011). Together, these
results suggest that there is no SA-JA crosstalk during priming. However, when SAR
was inherited in the next generation, the progeny showed a weaker induction of the
JA-inducible gene PDF1.2, which was accompanied by increased susceptibility to the
necrotrophic pathogen B. cinerea. This was associated with a chromatin modification at
the PDF1.2 promoter that is associated with transcriptional silencing (Luna et al., 2012).
Mycorrhizal fungi and PGPR have been reported to induce resistance to leaf chewing
insects but also to increase susceptibility to phloem feeders (Koricheva et al., 2009;
Pineda et al., 2010). These findings were recently expanded with studies on the effects
of the ISR-inducing Pseudomonas fluorescens on the attraction of parasitoids by volatiles
of aphid- or caterpillar-infested plants. Aphid-infested ISR-expressing plants attracted
less parasitoids (Pineda et al., 2013), whereas caterpillar-infested ISR-expressing plants
attracted more parasitoids (Pangesti et al., 2015). It is unknown whether there is a role
for SA-JA crosstalk in these differential ecological consequences of ISR.

Benefits: limited allocation costs of priming

Priming of Arabidopsis with low concentrations of B-amino-butyric acid (BABA) was
shown to have only marginal effects on plant growth and seed production in the
absence of pathogens, suggesting that there are no or only limited allocation costs
associated with priming (Van Hulten et al., 2006). In the presence of pathogens, a
clear fitness advantage was observed for primed plants over non-primed plants and
plants expressing constitutive defenses. Walters et al. (2008) also found that priming in
barley by saccharin did not incur fitness costs, both in greenhouse and field conditions.
Furthermore, there are several studies that show that PGPR not only prime for defense
but also increase plant growth and seed production, although these traits are not
causally related (Raupach & Kloepper, 1998; Zehnder et al., 2001; Zamioudis et al.,
2013). These results indicate that there are fitness benefits for plants that interact with
PGPR whilst no allocation costs are associated with this. Ahmad et al. (2011) found that
the Arabidopsis accession Bur-0 is constitutively primed for enhanced defense against
pathogens and insects, without growth restraints. Together these results show that the
benefits of priming outweigh the marginal costs of it in environments in which disease
occurs. Therefore, priming for enhanced defense seems to be a very useful tool for
application in crop protection.
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INDUCIBLE DEFENSES AND TRADE-OFFS WITH CROP PROTECTION

In complex natural environments, plants encounter a multitude of pathogens and pests.
In agriculture this leads to tremendous annual crop losses, representing a total value of
over €450 billion worldwide. Allocation and ecological costs of (induced) plant defenses
are amajor problemfortheimplementation ofinduced resistance in agriculture (Walters
& Heil, 2007). To successfully use inducible defenses in crop protection a functional
understanding of the physiological and ecological consequences of the induced state
is indispensable and demands more research (Bostock, 2005; Koornneef & Pieterse,
2008). Hormonal pathway crosstalk presents a challenge for translating fundamental
knowledgeintocropdiseaseresistancetraits. Plants often have to deal with simultaneous
or subsequent attack by very different attackers. Genetic traits that are associated with
contrasting resistance mechanisms to different attackers, for example SA signaling that
causes elevated resistance to biotrophs, but reduced resistance to necrotrophs, can
greatly impact plant fitness and thus crop yield. The extensive interactions between
different hormone signaling routes that are activated upon encounter of a plant with
an attacker, and the concentration-, space- and time-dependent context in which
this occurs need to be dissected. However, to fully comprehend the plant’s immune
system, so that this knowledge can be applied to sustainable agriculture, plants need
to be studied in agricultural and natural environments as well, because predictions
on hormonal interactions and fitness effects during the encounter of plants with their
biotic and abiotic environment do not always lead to the predicted outcomes (Clarke et
al., 2009; Ritsema et al., 2010; Ballaré, 2011; Cerrudo et al., 2012).

Breeders usually select for plant traits, such as yield and quality, while disease
resistance is rarely in the top three of selected traits (Brown, 2002). Elevated resistance
is usually correlated with detrimental effects onyield, but genetically and physiologically
it is possible to heighten disease resistance while conserving plant fitness (Bechtold
et al., 2010). Research into the mechanisms of how plants successfully combine high
disease resistance and high yield could open up new possibilities for the development
of valuable crop species. Furthermore, priming for enhanced defense provides also
an opportunity to protect plant species while minimizing the costs of resistance (Van
Hulten et al., 2006). Simultaneous activation of ISR and SAR provides an attractive tool
for the improvement of crop species (Van Wees et al., 2000). Overall, understanding of
the functioning of the complex defense signaling network and the fitness costs involved
is necessary for successful application of defense traits in crops. Therefore, molecular
biologists and ecologists should join forces to place molecular mechanisms of inducible
plant defenses in an ecological perspective.
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OUTLINE OF THE THESIS

Inducible plant defenses are regulated by diverse plant hormones. SA is an important
regulator of induced plant defenses against biotrophic pathogens. On the other hand,
JA together with ET are important regulators of induced plant defense responses
against necrotrophic pathogens, whereas JA together with ABA regulate induced plant
defenses against herbivorous insects (Glazebrook, 2005; Robert-Seilaniantz et al., 2011;
Pieterse et al., 2012). The hormonal signal signature is vital for a successful immune
response upon attack, as extensive cross-communication between defense signaling
pathways allows the plant to activate effective over ineffective defenses (Pieterse et
al., 2009). Ecological research revealed that inducible defenses entail fitness costs,
since valuable resources are directed to defense instead of to growth and there are
trade-offs with resistance to multiple attackers (Heil & Baldwin, 2002). The main goal
of this research was to unravel whether hormonal crosstalk, by prioritizing effectual
defenses, contributes to plant fitness under conditions of attack by multiple pathogens
and herbivorous insects. Furthermore, the precise role of ABA and ET in modulation of
JA signaling was investigated.

In Chapter 2, we investigated the role of ABA and ET in the activation of specific JA-
dependent defenses during the Arabidopsis - P. rapae interaction by using Arabidopsis
mutants. We show that ABA is required for both the activation of the MYC-branch
and the suppression of the ERF-branch of the JA pathway in P. rapae-infested leaves.
This antagonistic effect seems to be caused by MYC-mediated production of ABA.
ABA can suppress the ERF-branch at the level of transcriptional activation at the GCC-
box. Furthermore, ET has the capacity to suppress the P. rapae-induced MYC-branch,
however, it is not produced during the P. rapae-Arabidopsis interaction, and thus
does not play a significant role in the balance between the MYC- and the ERF-branch
upon herbivory. Together, in this Chapter we provide evidence that during herbivory
the JA pathway becomes dominated by the ABA co-regulated MYC-branch, thereby
maximizing defenses against insects.

In Chapter 3, we investigated the differential activation of the JA response pathway
in undamaged systemic leaves of P. rapae-infested plants. We show that feeding by P.
rapae leads to priming of the MYC-branch of the JA pathway in systemic leaves, without
fully activating costly JA-dependent defenses. Production of ABA upon secondary
herbivore attack leads to elevated activation of defenses, which is associated with ABA-
dependent enhanced resistance to P. rapae caterpillars. Together, we provide evidence
that ABA is a crucial regulator of herbivore-induced resistance by activating primed JA-
dependent defense responses upon secondary herbivore attack in Arabidopsis.

In Chapter 4, we tried to elucidate how Arabidopsis plants cope with multiple
attackers and if pathway crosstalk contributes to enhance plant fitness under these
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conditions. Induction of SA- or JA/ABA-dependent defense responses by the biotrophic
pathogen H. arabidopsidis or the herbivorous insect P. rapae, respectively, was shown
to reduce the level of JA/ET-dependent defense against subsequent infection with the
necrotrophic pathogen B. cinerea, resulting in reduced resistance to B. cinerea. Despite
this reduced resistance, there were no additional long-term negative effects on plant
fitness. Furthermore, when plants were grown in dense competition stands to enlarge
fitness effects of induced defenses, treatment with a combination of SA and JA did not
cause additional negative effect on plant growth in comparison to the single hormone
treatments. Taken together, this suggests that crosstalk might indeed be a cost-saving
strategy.

In a field study, we observed that Arabidopsis plants that were infected with the
biotrophic pathogen H. arabidopsidis displayed enhanced fitness, as evidenced by a
70% increase in seed production. In Chapter 5 we studied how environmental factors
and disease pressure influence growth and seed production of Arabidopsis plants
when they are infected with H. arabidopsidis. Under low nutrient availability and long-
day conditions, Arabidopsis plants showed increased fitness after H. arabidopsidis
infection, likely due to enhanced allocation of resources from the root to the shoot.
The effects seemed most pronounced when disease pressure was low. Altogether, we
provide evidence that interactions between plants and pathogens do not necessarily
lead to negative fitness effects for the plants, which in this case might be associated
with the biotrophic lifestyle of H. arabidopsidis.

In Chapter 6, the results presented in this thesis are discussed in view of the
current knowledge on plant defense signaling.
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ABSTRACT

In Arabidopsis thaliana, the jasmonic acid (JA) signaling pathway consists of two
antagonistic branches that are regulated by MYC- and AP2/ERF-type transcription
factors, respectively. Upon herbivory by Pieris rapae, the insect performance inhibiting
MYC-branch is activated, while the insect preferred ERF-branch is concomitantly
suppressed. Here, we investigated the modulating role of abscisic acid (ABA) and
ethylene (ET) in this process. We show that herbivore-induced production of ABA is
required for both the activation of the MYC-branch and the suppression of the ERF-
branch, as exemplified by the expression patterns of the marker genes VSP2 and PDF1.2,
respectively. Exogenous application of ABA suppressed ectopic AP2/ERF-mediated
PDF1.2 expression in 355::0RA59 plants. Moreover, the GCC-box promoter motif, which
is required for JA/ET-induced activation of the ERF-branch genes ORA59 and PDF1.2,
was sufficient for ABA-mediated repression, suggesting that the antagonistic action of
ABA on the ERF-branch is targeted at the GCC-box. Although application of gaseous ET
counteracted P. rapae-induced activation of the MYC-branch and repression of the ERF-
branch, induction of ET biosynthesis during infection with the necrotrophic pathogen
Botrytis cinerea did not. In accordance, P. rapae caterpillars performed similarly on
B. cinerea-infected plants and control plants. Together, these data indicate that ABA
and ET levels regulate the balance between the MYC- and the ERF-branch of the JA
response and that during herbivory the JA pathway becomes dominated by the ABA
co-regulated MYC-branch, possibly to maximize defenses against the insect herbivore.
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INTRODUCTION

In nature and under agricultural conditions, plants are a food source for over one
million herbivorous insect species (Howe & Jander, 2008). The evolutionary arms race
between plants and their herbivorous insect enemies has provided plants with a highly
sophisticated defense system that can recognize and respond to insect movement,
and insect feeding, which causes vibrations, wounding and contact with insect oral
secretions. Conversely, insects can estimate the quality and suitability of the plant as a
food source by contact chemoreceptors on the insect mouthparts, antennae and tarsi
(Howe & Jander, 2008; Appel & Cocroft, 2014). Because plant defenses are costly, they
are often only activated in case of insect or pathogen attack (Walters & Heil, 2007;
Vos et al., 2013a). The immune response activated by the plant upon attack is shaped
by the induced production of diverse plant hormones. The quantity, composition and
timing of the hormonal signal signature tailors the defense response specifically to the
attacker at hand, thereby prioritizing effective over ineffective defenses, which can
minimize fitness costs (De Vos et al., 2005; Pieterse et al., 2012; Vos et al., 2013a).

Infection with necrotrophic pathogens or infestation with chewing herbivores
triggers the production of the plant hormone jasmonic acid (JA; Creelman et al., 1992;
Penninckx et al., 1996). Binding of JA to the F-box protein COI1, which is part of the
JA receptor complex (Xie et al., 1998; Yan et al., 2009; Sheard et al., 2010), targets JAZ
proteins for degradation via the 26S proteasome pathway (Chini et al., 2007; Thines et
al., 2007). In the uninduced state, JAZ proteins repress JA-responsive gene expression
by binding to transcriptional activators, such as MYC2. Degradation of JAZ proteins
results in derepression of JA-regulated genes.

Within the JA signaling pathway, two distinct, antagonistic branches of
transcriptional regulation are recognized; the MYC-branch and the ERF-branch
(hereafter referred to as such). Feeding by herbivorous insects activates the MYC-
branch (Verhage et al., 2011; Vos et al., 2013b). This branch is controlled by the basic
helix-loop-helix leucine zipper transcription factor MYC2, leading to transcription of
hundreds of JA-responsive genes, including VSP1 and VSP2 that are robust marker
genes of the MYC-branch (Anderson et al., 2004; Lorenzo et al., 2004). Previously, it
was shown that the transcription factors MYC3 and MYC4, which are phylogenetically
closely related to MYC2, can also interact with JAZ proteins and act additively with
MYC2 in the activation of JA-induced responses (Fernandez-Calvo et al., 2011; Niu et al.,
2011). Furthermore, the triple mutant myc2,3,4 was as susceptible as JA-nonresponsive
coil-1 plants to the generalist herbivore Spodoptera littoralis (Fernandez-Calvo et al.,
2011). The plant hormone abscisic acid (ABA) has been implicated in the modulation
of the JA response (Anderson et al., 2004; Bodenhausen & Reymond, 2007; Verhage
et al.,, 2011; Sanchez-Vallet et al., 2012; Vos et al., 2013b). In the ABA-deficient mutant
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aba2-1, VSP1 expression was reduced upon feeding by caterpillars of Pieris rapae
(small cabbage white; Vos et al., 2013b). Furthermore, ABA has been found to activate
expression of primed JA-responsive genes in systemic tissue after feeding by P. rapae
(Vos et al., 2013b), indicating that ABA plays a co-regulating role in activation of the
MYC-branch. The ERF-branch is activated upon infection with necrotrophic pathogens.
The AP2/ERF-domain transcription factors ERF1 and ORA59 activate the transcription
of a large set of ERF-branch genes, including PDF1.2, which is a robust marker gene
of the ERF-branch. The expression of ERF1, ORA59 and PDF1.2 is impaired in both JA-
and ethylene (ET)-unresponsive mutants, indicating that joint activation of JA and ET
signaling is necessary for full expression of the ERF-branch (Penninckx et al., 1998;
Lorenzo et al., 2003; Pré et al., 2008).

Recently, it was shown that the MYC-branch transcription factors MYC2, MYC3
and MYC4 interact with the ERF-branch transcription factors EIN3 and EIL1 and repress
each other’s transcriptional activity (Song et al., 2014). Upon infestation with P. rapae
caterpillars, the MYC-branch is activated, while the ERF-branch is concomitantly
suppressed (Verhage et al., 2011; Vos et al., 2013b). In two-choice assays with P. rapae
caterpillars, it was shown that the caterpillars prefer to feed from plants that express
the ERF-branch over plants that express the MYC-branch or plants that show reduced
expression of both branches (Verhage et al., 2011). In MYC2-mutated jin1 plants, ORA59
and PDF1.2 expression was highly upregulated after feeding by P. rapae, indicating that
in wild-type plants, MYC2 represses ORA59 and PDF1.2 expression after feeding by P.
rapae (Verhage et al., 2011; Vos et al., 2013b). Hence, the antagonism between the
MYC- and the ERF-branch of the JA pathway is active during the Arabidopsis-P. rapae
interaction, which makes it an excellent model to study the molecular basis of crosstalk
between the MYC- and the ERF-branch of the JA pathway.

ABA-deficient mutants have been reported to be more susceptible to herbivory
(Thaler & Bostock, 2004; Bodenhausen & Reymond, 2007; Dinh et al., 2013) and more
resistant to necrotrophic pathogens (Anderson et al., 2004; Sanchez-Vallet et al., 2012).
Additionally, exogenously applied ABA had a positive effect on expression of the MYC-
branch after feeding by P. rapae (Vos et al., 2013b) and caused suppression of PDF1.2
induction after exogenous application of JA (Anderson et al., 2004). ET insensitive
mutants are in general more susceptible to necrotrophic pathogens and more resistant
to herbivorous insects compared to wild-type plants (Van Loon et al., 2006b). Hence,
the interplay between the MYC- and the ERF-branch may allow the plant to activate
a specific set of JA response genes that is required for an optimal defense against the
attacker encountered (Pieterse et al., 2012).

Although it is well established that ABA and ET play important roles in the
regulation of JA-dependent defenses, the underlying mechanisms of how the MYC/
ERF balance is regulated under plant-attacker conditions are not known. In this study,
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we investigated the role of ABA and ET in the rewiring of the JA pathway during the
Arabidopsis-P. rapae interaction. We provide evidence that ABA plays an essential
modulating role in the activation of the MYC-branch and concomitant suppression of
the ERF-branch during the Arabidopsis-P. rapae interaction.

RESULTS

ABA is required for activation of the MYC-branch and repression of the ERF-branch
during P. rapae feeding

The JA-dependent transcriptional response of Arabidopsis to P. rapae feeding is
predominantly regulated through activation of the MYC-branch of the JA pathway
and concomitant suppression of the ERF-branch (Verhage et al, 2011). Here, we
investigated the role of ABA and ET in the differential expression of the MYC- and the
ERF-branch upon feeding by P. rapae. Expression of the MYC-branch marker gene VSP2
and the ERF-branch marker gene PDF1.2 was monitored in wild-type Col-0, MYC2-
impaired jin1-7 (hereafter called myc2), MYC2, MYC3, MYC4 triple mutant myc2,3,4,
ABA biosynthesis mutant aba2-1 and ET response mutant ein2-1. First-instar P. rapae
caterpillars were allowed to feed for 24 h on the different Arabidopsis genotypes,
after which they were removed. Expression levels of VSP2 and PDF1.2 in ein2-1 plants
resembled those in Col-0, showing strong P. rapae-induced transcription of VSP2 at
24 h and 30 h, while PDF1.2 levels were very low (Figure 1). VSP2 transcript levels
decreased to basal levels at 48 h, suggesting that stimulation of the MYC-branch
was effective until at least 6 h after removal of the caterpillars. The ein2-1 plants did
differ from Col-0 at 24 h, showing an enhanced transcription level of VSP2 (Figure 1).
In myc2 and aba2-1 mutants, the transcriptional patterns of VSP2 and PDF1.2 were
opposite to those observed in Col-0, with low VSP2 expression and high PDF1.2
expression up to 30 h. In myc2,3,4 mutants, the expression of VSP2 was almost zero.
PDF1.2 levels in myc2,3,4 plants were similar to Col-0 up to 30 h, but increased
significantly at 48 h (Figure 1). Together these results indicate that the MYC transcription
factors function as a rewiring switch between the two branches of the JApathway,
whereby myc2,3,4 plants show a delay in expression of the ERF-branch. Furthermore,
ABA is essential for activation of the MYC-branch and repression of the ERF-branch
upon P. rapae feeding, while ET signaling is minimally involved in steering the MYC/
ERF-balance during herbivory.
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Figure 1: Differential JA-responsive gene expression in P. rapae-infested Arabidopsis plants.

RT-qPCR analysis of VSP2 and PDF1.2 gene expression in P. rapae-infested leaves of Col-0, myc2, myc2,3,4, aba2-
1 and ein2-1 plants relative to non-infested Col-0 plants. First-instar P. rapae caterpillars were allowed to feed
for 24 h after which they were removed. Infested leaves were harvested at the indicated time points. Crosses
indicate a statistically significant difference with the non-infested control of the same line at the same time point
(expression data of non-infested controls are not shown). Asterisks indicate a statistically significant difference
with Col-0 at the same time point (two-way ANOVA; P<0.05). Error bars represent SE, n=3 plants
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ABA antagonizes the ERF-branch by suppressing activation of the GCC-box

To further investigate the role of ABA in the regulation of the differential JA response
upon feeding by P. rapae, we determined the effect of exogenously applied ABA on
the P. rapae-induced expression levels of VSP2 and PDF1.2. Application of 100 uM ABA
alone did not induce or repress the expression of VSP2 or PDF1.2 in any of the tested
lines or at any of the time points tested (Figure 2, Supplemental Figure 1 & data not
shown). However, caterpillar-induced transcription levels of VSP2 were significantly
enhanced in Col-0, aba2-1 and ein2-1 plants when ABA was applied to the plants 24 h
prior to P. rapae infestation (Figure 2). This ABA-mediated enhancement of P. rapae-
induced VSP2 expression was not observed in myc2 and myc2,3,4 plants. These results
indicate that ABA acts positively on the P. rapae-induced MYC-branch, in a MYC-
dependent manner. Conversely, ABA application diminished the high P. rapae-induced
PDF1.2 transcript levels in myc2 and aba2-1 plants. In myc2,3,4 plants, PDF1.2 levels
were also significantly reduced by ABA at 48 h (Supplemental Figure 1), but not yet
significantly at 30 h (Figure 2). This indicates that ABA antagonizes the activation of the
ERF-branch in a MYC-independent manner.

Subsequently, we tested if ABA can suppress PDF1.2 activation downstream of
ORADGS9. To this end, we used a 355::0ORA59 overexpression line to drive constitutive
expression of PDF1.2. The expression pattern for VSP2 in the 355::ORA59 line was
similar to that in Col-0 after feeding by P. rapae and application of ABA (Figure 3A).
ORA59 levels were constitutively high in the 355::0RA59 plants and were not influenced
by P. rapae or ABA treatment. As expected, PDF1.2 was constitutively expressed in
untreated 35S::0RA59 plants and increased even further upon feeding by P. rapae,
which likely can be ascribed to elevated JA levels in response to herbivory. Application
of ABA significantly repressed PDF1.2 levels in 355::0RA59 in P. rapae-infested plants
and, although not significant, also in non-infested plants (Figure 3A), suggesting that
ABA antagonizes PDF1.2 expression downstream of ORA59.
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Figure 2: Effect of ABA treatment on P. rapae-induced VSP2 and PDF1.2 expression.

RT-qPCR analysis of VSP2 and PDF1.2 gene expression at 30 h in leaves of Col-0, myc2, myc2,3,4, aba2-1 and
ein2-1 plants that were treated with a mock solution or with 100 UM ABA 24 h prior to infestation with P. rapae.
Indicated are expression levels relative to non-infested Col-0 plants. Different letters indicate statistically
significant differences between treatments of one line. Indications above the brackets specify whether there is
an overall statistically significant difference between the mutant line and Col-0 (two-way ANOVA; *** = p<0.001;
** = P<0.01; * = P<0.05; NS = not significant). Error bars represent SE, n=3 plants.
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The GCC-box motif that is present in the promoter regions of ORA59 and PDF1.2
has previously been shown to be sufficient for transcriptional activation by JA and
suppression by salicylic acid (SA; Van der Does et al., 2013). Here, we tested if the GCC-
box is also targeted for suppression by ABA. Therefore, we used a transgenic GCC::GUS
line containing 4 copies of the GCC-box fused to a minimal 35S promoter and the GUS
reporter gene (Zarei et al., 2011) and treated the plants with 100 uM MelA, 100 uM
ABA or a combination of MelJA and ABA. After 24 h, GUS activity was determined. Both
the histochemical staining (Figure 3B) and the quantification of the GUS activity (Figure
3C) showed that ABA, like SA (Van der Does et al., 2013), could suppress the MeJA-
induced activation of the GCC-box. These results indicate that the GCC-box is sufficient
for ABA-mediated suppression of JA-responsive gene expression.

ET antagonizes the MYC-branch

Although the impact of ET signaling on the expression of the MYC- and the ERF- branch
upon P. rapae feeding is not merely as great as that of ABA, we did observe that in
ein2-1 plants VSP2 transcription was significantly enhanced at 24 h compared to Col-0
(Figure 1). To further explore whether activation of ET signaling could influence the
expression of the differential JA response during P. rapae feeding, we exogenously
applied gaseous ET before and during infestation of Col-0 and ein2-1 plants by the
caterpillars. Gene expression was monitored using northern blots. The probe used for
detection of VSP gene expression detected both VSP1 and VSP2 (designated as VSP1/2).
Treatment with 1 ppm of gaseous ET induced the expression of PDF1.2 in Col-0 (Figure
4). In combination with P. rapae feeding, the ET-induced expression of PDF1.2 was
further enhanced, which is likely due to synergism between ET and P. rapae-induced
JA signaling. Furthermore, ET treatment strongly reduced the level of P. rapae-induced
expression of VSP1/2, indicating that induced ET signaling can antagonize the MYC-
branch. Both the stimulating effect of ET on PDF1.2 and the suppressive effect of ET on

d
o
Figure 3: Suppression of P. rapae-induced PDF1.2 expression and MeJA-induced GCC::GUS activity by ABA.
A) RT-qPCR analysis of VSP2, ORA59 and PDF1.2 gene expression at 30 h in leaves of Col-0 and 355::0RA59 plants
that were treated with a mock solution or with 100 uM ABA 24 h prior to infestation with P. rapae. Indicated are
expression levels relative to untreated Col-0 plants. Different letters indicate a statistically significant difference
between treatments of one line. Indications above the brackets specify whether there is an overall statistically
significant difference between 35S5::0RA59 and Col-0 (two-way ANOVA; *** = p<0.001; NS = not significant).

Error bars represent SE, n=3 plants.

B, C) GUS activity of the GCC::GUS line. Plants were dipped in a solution containing 100 uM MelJA, 100 uM
ABA, a combination of both chemicals or a mock solution and harvested after 24 h. B) Rosettes were stained
for GUS activity or C) GUS activity in the leaves was quantified for 48 h using a microplate reader. Different
letters indicate statistically significant differences between treatments (regression analysis; P<0.05). Error bars
represent SE, n=4 plants.
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VSP1/2 were absent in P. rapae-infested ein2-1 plants, indicating that both ET-mediated
processes are dependent on EIN2 and thus regulated via the ET signaling pathway.
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Figure 4: Effect of gaseous ET treatment on P. rapae-induced VSP1/2 and PDF1.2 expression

Northern blot analysis of VSP1/2 and PDF1.2 gene expression in leaves of Col-0 and ein2-1 plants that were
infested with P. rapae and treated with a continuous flow of gaseous ET (1 ppm) or ambient air (starting 24 h
prior to infestation and continuing until tissue was harvested). First-instar caterpillars of P. rapae were allowed
to feed for 24 h after which they were removed. Infested leaves were harvested at the indicated time points.
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ABA and ET signaling differentially influence preference and performance of P. rapae
caterpillars

Previously, Verhage et al. (2011) showed that P. rapae caterpillars prefer to feed from
plants expressing the ERF-branch and are not deterred by plants expressing the MYC-
branch. Here, we determined the effect of ABA and ET signaling on the preference of P.
rapae by conducting two-choice assays. Two plants of each of the two genotypes tested
were placed together in a two-choice arena. Leaves were inphysical contact with each
other, which allowed the caterpillars to freely move from plant to plant. Two first-instar
caterpillars were placed on each plant at the start of the assay (eight caterpillars per
arena) and after 4 days the number of caterpillars per plant genotype was determined
in 20-30 independent two-choice arenas. Significantly more P. rapae caterpillars were
detected on myc2 and aba2-1 plants than on Col-0 wild-type (Figure 5A). This finding
is in accordance with a preference of P. rapae caterpillars for plants that express the
ERF-branch (Verhage et al., 2011), like myc2 and aba2-1 do upon infestation by P. rapae
(Figure 1). Mutant ein2-1 plants that, like Col-0, expressed the MYC-branch and not the
ERF-branch (Figure 1) accommodated a similar amount of caterpillars as Col-0 plantsin a
two-choice set-up. These results suggest that MYC2- and ABA-dependent suppression of
the ERF-branchin wild-type Col-0 plants during feeding by P. rapae reduces the attraction
to the caterpillars, whereas ET signaling is not influencing caterpillar preference.

To investigate whether the preference of P. rapae caterpillars for the ERF-branch-
expressing myc2 and aba2-1 mutant plants coincides with increased performance of
the caterpillars on these genotypes, we assessed their growth in no-choice assays with
Col-0, myc2, myc2,3,4, aba2-1, ein2-1, and JA-nonresponsive coil-1 plants. One first-
instar P. rapae caterpillar was placed on each plant and allowed to feed for 7 days,
after which the caterpillar was weighed. Figure 5B shows that the caterpillars were
significantly heavier when they fed from myc2 than when they fed from Col-0 plants.
On aba2-1 mutants the caterpillars grew slightly better as well, but the difference
with Col-0 was not significant. In contrast, on ein2-1 mutants caterpillar growth was
significantly inhibited. The growth of caterpillars on myc2,3,4 and coil-1 mutants was
highly increased, which corroborates that JA signaling is crucial for herbivore resistance.
Next, we tested whether pretreatment of Col-0 plants with solutions of 100 uM MelA,
100 uM ABA or 1uM of the ET precursor 1-aminocyclopropane-1-carboxylic acid (ACC)
had an effect on caterpillar performance. MeJA or ABA pretreatment significantly
reduced the weight of the caterpillars, whereas pretreatment with ACC did not have
an effect (Figure 5C). These results indicate that, although caterpillars have a strong
preference for the ERF-branch-expressing myc2 and aba2-1 plants, their performance
is only slightly improved on these plants, which corresponds with the observation
that the ERF-branch-activating ACC pretreatment had no effect on caterpillar
performance. On the other hand, the MYC-branch is expressed in both Col-0 and ein2-
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1 plants upon caterpillar feeding, but to a somewhat greater extent in ein2-1 plants
(Figure 1), which correlates with the reduced performance of the caterpillars on these
plants. Furthermore, also the MYC-branch-activating MeJA and ABA pretreatments
significantly reduced caterpillar performance (Figure 5C). In conclusion, enhancement
of the ERF-branch results in caterpillar preference, whereas enhancement of the MYC-
branch reduces caterpillar performance.
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Figure 5: Effect of ABA and ET signaling on the preference and performance of P. rapae.

A) Caterpillar preference for Col-0 vs myc2, Col-0 vs aba2-1 and Col-0 vs ein2-1 plants. Two-choice arenas (n=20-30)
consisted of two pots per genotype. In each two-choice arena, two first-instar P. rapae caterpillars were placed on
the plants in each pot (total eight caterpillars per arena). After 4 days the number of caterpillars on each genotype
was determined. The right panel displays which branch of the JA pathway is predominantly activated in the
corresponding genotypes that are displayed in the left panel. Displayed are the average percentages (+SE) of the
distribution of the P. rapae caterpillars over the two genotypes (x-axis). P-values indicate a statistically significant
difference from the 50% percentile (Student’s t-test). In cases of statistically significant differences (P<0.05), the
preferred branch of the JA pathway is marked with a circle. Experiments were repeated with similar results.

B, C) Caterpillar performance on Col-0, myc2, myc2,3,4, aba2-1, ein2-1 and coil-1 plants (B) and on Col-0 plants
treated with a mock solution, 100 pM MeJA, 100 uM ABA or 1 puM ACC (C). The solutions were applied as root-
drench at 5 and 2 days before caterpillar feeding. One first-instar caterpillar of P. rapae was placed on each plant
and allowed to feed for 7 days after which the weight was determined. Asterisks indicate a statistically significant
difference in comparison to Col-0 or mock-treated plants (ANOVA, Tukey post-hoc tests; *** = P<0.001; * =
P<0.05). Error bars represent SE, n=8-17.
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Signal signature of P. rapae-infested plant
To study whether the mutants used in this study are affected in herbivore-induced
levels of JA, the biologically highly active conjugate JA-Ile, the JA-precursor OPDA or
ABA, we monitored their accumulation in response to P. rapae feeding. Again, first-
instar caterpillars were allowed to feed for 24 h after which they were removed from
the leaves. Subsequently, hormone levels were measured in caterpillar-damaged
leaves at different time points after caterpillar removal. Figure 6 shows that P. rapae
feeding induced the accumulation of JA, JA- Ille, OPDA and ABA in Col-0 wild-type
plants, confirming previous findings (Vos et al., 2013b). In ein2-1 plants OPDA and
JA-lle levels increased to a similar extent as in Col-0. However, ein2-1 plants showed
enhanced herbivore-induced levels of JA and ABA compared to Col-0, which correlates
with the higher VSP2 expression in this line upon P. rapae feeding (Figure 1). In myc2
and aba2-1 plants, the levels of JA, JA-lle and OPDA raised to an almost similar extent
as in Col-0 plants (Figure 6), indicating that the biosynthesis of JAs is only minimally
affected by these mutations. In myc2,3,4 plants, OPDA levels were significantly reduced
at all time points after caterpillar feeding compared to Col-0. JA levels were also
reduced in myc2,3,4, but only at 24 h. On the contrary, JA-lle levels were significantly
enhanced in myc2,3,4 plants at 30 h and 48 h compared to Col-0. This suggests that
the JA biosynthesis pathway is perturbed in the myc2,3,4 plants, resulting in delayed
biosynthesis of JAs. ABA levels were highly induced by P. rapae feeding in Col-0 at 24 h,
but not in myc2 and myc2,3,4 plants. At later time points the ABA levels dropped in Col-
0 and the differences between the myc mutants and Col-0 were no longer significant.
These data suggest that herbivore-induced ABA biosynthesis is regulated via MYC
transcription factors.

To monitor the emission of ET during P. rapae feeding, caterpillar-infested Col-
0 plants were placed in 2-1 air-tight cuvettes. The production of ET was monitored
over consecutive 3-h time intervals in a flow-through, highly sensitive photoacoustic
detection system (Voesenek et al., 1990), which allows for continuous ET measurements
under climate chamber growth conditions. Figure7A shows that P. rapae-infested plants
produced similar amounts of ET as non- infested plants, indicating that P. rapae feeding

v

Figure 6: Changes in the production of OPDA, JA, JA-lle and ABA.

Absolute values (ng/ml/mg FW) of OPDA, JA, JA-lle and ABA levels that were measured by Triple Quad LC/MS/
MS in Col-0, myc2, myc2,3,4, aba2-1 and ein2-1 plants. First-instar P. rapae caterpillars were allowed to feed
for 24 h after which hormone levels were determined in leaves of non-infested control plants and caterpillar-
damaged leaves. Arrows and horizontal dashed lines indicate the average values of non-infested control plants.
Crosses indicate a statistically significant difference with the non-infested control of the same line. Asterisks
indicate a statistically significant difference with Col-0 at the same time point (two-way ANOVA; P<0.05).
Error bars represent SE, n=4 plants.
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had no effect on ET production. On the other hand, infection with the necrotrophic
fungus B. cinerea strongly enhanced the production of ET (Figure 7B).

B. cinerea does not antagonize the MYC-branch

Next, we investigated whether the antagonism between the MYC- and the ERF-
branch is influenced when plants have encountered a previous stress prior to
insect herbivory, a situation that can frequently occur in nature. To test this, six leaves
per Col-0 plant were inoculated with B. cinerea and 24 h later first-instar caterpillars
were placed on the leaves. Caterpillars were allowed to feed for 24 h, after which they
were removed. B. cinerea infection strongly induced the expression of PDF1.2 (Figure
8A), indicating that the ERF-branch was activated. P. rapae infestation activated the
MYC-branch as evidenced by enhanced transcription of VSP2 (Figure 8A). Surprisingly,
infection with B. cinerea prior to P. rapae infestation did not antagonize the P.
rapae-induced activation of VSP2. In contrast, P. rapae infestation subsequent to B.
cinerea infection suppressed the B. cinerea-induced activation of PDF1.2 (Figure 8A).
Accordingly, P. rapae performance was not altered on B. cinerea infected plants,
compared to control plants (Figure 8B). Together, these results suggest that in this
set-up Arabidopsis plants prioritize their defense to P. rapae infestation, even when
they were first conditioned by B. cinerea infection to express the ERF-branch of the JA
pathway.

DISCUSSION

The complex plant immune regulatory network that is activated upon recognition of
attackers is largely controlled by plant hormones (Pieterse et al., 2012). JA has a decisive
regulatory role in the defense responses against herbivorous insects and necrotrophic
pathogens (Howe & Jander, 2008; Pieterse et al., 2012). The MYC-branch of the JA
signaling pathway is induced by feeding of herbivorous insects while necrotrophic
pathogens activate the ERF-branch of the JA pathway. Several studies indicated that
ABA co-regulates the JA-induced activation of the MYC-branch, while ET co-regulates
activation of the ERF-branch (Penninckx et al., 1998; Lorenzo et al., 2003; Anderson
et al., 2004; Lorenzo et al., 2004; Pré et al., 2008; Verhage et al., 2011; Vos et al.,
2013b). ABA-deficient mutants are in general more susceptible to herbivory (Thaler &
Bostock, 2004; Bodenhausen & Reymond, 2007; Dinh et al., 2013) and more resistant
to necrotrophic pathogens (Anderson et al., 2004; Sanchez-Vallet et al., 2012), while
ET insensitive mutants are in general more resistant to herbivorous insects and more
susceptible to necrotrophic pathogens (Van Loon et al., 2006b). Previously, Verhage et
al. (2011) showed that feeding of P. rapae caterpillars on Arabidopsis leads to activation
of the MYC-branch while the herbivore-preferred ERF-branch is strongly suppressed.

46



Abscisic acid is essential for differential regulation of jasmonic acid-dependent defenses during

Arabidopsis-insect interactions

>

Ethylene production (log, nl/g FW/h)

v s

Ethylene production (log, nl/g FW/h)

l Control
A P rapae

Il Control
® B.cinerea

18 24 30 36 42 48 54 60 66 72

Time after infestation (h)

Figure 7: ET production of Col-0 plants during herbivory by P. rapae and infection with B. cinerea.

ET production was monitored in consecutive 3-h time intervals. Col-0 plants were infested with first-instar
caterpillars of P. rapae (caterpillars fed on the leaves for the duration of the experiment) or inoculated with B.
cinerea after which they were placed in 2-1 air-tight cuvettes that were connected to a photoacoustic detection
system, which allowed continuous detection of ET levels in the flush-through airflow. Error bars represent SE,
n=6. White areas indicate the light period, shaded areas indicate the dark period.

a7



Chapter 2

2000 - 25
NS
1

1600 201 1
5 =
g £
5 1200 = 15
3 o
g s
& & 10
5 800 S
S 2
g8 g
> S

400 5 O Control

B B. cinerea
0 0 T
150
=)
o
o
-
=
c
Re]
a
<
o
x
()
[
=
= [ control
()
~ & B. cinerea
g B Control + P. rapae
Il B. cinerea + P. rapae

Figure 8: Effect of B. cinerea infection on P. rapae-induced gene expression.

A) RT-gPCR analysis of VSP2 and PDF1.2 gene expression in leaves of Col-0 control plants and leaves infected
with B. cinerea 24 h prior to infestation with P. rapae. Indicated are expression levels relative to untreated Col-0
plants. Different letters indicate statistically significant differences between the treatments at the indicated time
point (ANOVA, Tukey post-hoc tests; P<0.05; NS = not significant). Error bars represent SE, n=3 plants.

B) Caterpillar performance on Col-0 control plants or plants treated with B. cinerea. One first-instar caterpillar
of P. rapae was placed on each plants and allowed to feed for 7 days after which the weight was determined
(Student’s t-test; NS = not significant). Error bars represent SE, n=23-28.

Here, we show that ABA and ET are important regulators of the antagonism between
the MYC- and the ERF-branch during the Arabidopsis-P. rapae interaction.
Therole of ABA in the balance between the MYC- and the ERF-branch during herbivory

In wild-type Col-0 plants, P. rapae feeding enhanced the production of JAs, as well
as that of ABA (Figure 6 & Figure 9; Vos et al., 2013b). Also in maize plants, increased
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ABA biosynthesis has been demonstrated upon herbivory (Erb et al., 2009). We show
that aba2-1 plants fail to activate the MYC-branch, measured as reduced activation of
VSP2 after P. rapae feeding (Figure 1). Importantly, aba2-1 plants are also deficient in
suppression of the ERF-branch, apparent from enhanced activation of PDF1.2 after P.
rapae feeding (Figure 1). Since aba2-1 plants differ from Col-0 in the production of ABA
but not of JAs (Figure 6), it seems plausible that in wild-type plants ABA is essential for
shifting the MYC/ERF balance towards the MYC-branch upon herbivory. An important
role for ABA in fine-tuning of the JA response during herbivory was confirmed by the
observation that exogenous application of ABA to Col-0 plants stimulated the MYC-
branch, while in myc2 and myc2,3,4 plants, that highly express the ERF-branch upon P.
rapae feeding, ABA strongly inhibited the ERF-branch (Figure 2 & Supplemental Figure
1). In line with this, B. cinerea infection resulted in high expression of the ERF-branch,
which was strongly suppressed by subsequent P. rapae feeding (Figure 8A), likely due to
enhanced ABA levels upon P. rapae feeding. Exogenous ABA by itself did not alter the
expression of the marker genes VSP2 and PDF1.2 at any of the time points investigated
(Figure 2, Supplemental Figure 1 & data not shown), indicating that ABA alone is not
sufficient for influencing the expression levels of these marker genes, but requires
additional activation of the JA pathway.

Analysis of the 355::0RA59 transgenic line showed that ABA is able to suppress
PDF1.2 even when ectopic ORA59 expression levels are constitutively high (Figure
3A). Previously, Van der Does et al. (2013) investigated the suppressive effect of SA
on JA-induced PDF1.2 expression. They found that the GCC-box, which is present in
the promoter of PDF1.2 and ORA59 and required for their JA-responsive expression, is
essential and sufficient for transcriptional suppression by SA. SA was shown to suppress
accumulation of the ORA59 protein, which may contribute to SA/JA crosstalk via the
GCC-box. Similarly, we show here that ABA completely inhibits the MelA-induced
activation of the GCC-box (Figure 3B & C). Furthermore, Zander et al. (2014) showed
that ORA59 transcript levels can be suppressed by SA. We found that, comparable
to PDF1.2 levels in myc2 plants upon feeding by P. rapae and in Col-0 plants after B.
cinerea infection (Figure 2 & Figure 8A), also ORA59 transcript levels were high in these
situations. These high ORA59 transcript levels could also be suppressed by applying
ABA to myc2 plants (Supplemental Figure 2) or by P. rapae feeding on wild-type plants
(Supplemental Figure 3). The latter is likely due to enhanced ABA levels that are induced
upon P. rapae feeding. Together, these data point towards a similar mechanism for
SA-dependent and ABA-dependent suppression of the ERF-branch at the level of
transcriptional regulation at the GCC-box.

Interestingly, besides myc2 plants also myc2,3,4 plants showed suppression of the
ERF-branch by exogenous application of ABA to P. rapae-infested plants (Figure 2 &
Supplemental Figure 1). This suggests that ABA can down regulate ERF-dependent JA
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responses independently of these three MYC transcription factors and independently
of the previously reported MYC2/MYC3/MYC4-EIN3/EIL1 protein-protein interactions
(Song et al., 2014). The ABA biosynthesis that was induced upon P. rapae feeding was
largely dependent on MYC transcription factors, as indicated by basal ABA levels in P.
rapae-infested myc2 and myc2,3,4 plants compared to Col-0 at 24 h (Figure 6). Hence,
the MYC-independent suppressive effect of ABA on the ERF-branchin P. rapae-damaged
tissue might be partly regulated through MYC-mediated induction of ABA (Figure 9).

The role of ET in the balance between the MYC- and the ERF-branch during herbivory
Continuous monitoring of the production of ET in P. rapae-infested Arabidopsis plants
revealed that P. rapae feeding did not induce changes in the emission of ET in this
set-up (Figure 7 & Figure 9). At 24 h, ein2-1 plants showed enhanced activation of the
MYC-branch after P. rapae feeding, measured as increased activation of VSP2 (Figure 1).
The production of JA and especially ABA was enhanced in the ein2-1 plants compared
to Col-0 upon P. rapae feeding (Figure 6), suggesting that in wild-type plants basal ET
signaling can suppress herbivory-induced production of JA and ABA, which tempers the
activation of the MYC-branch.

Stronger evidence for a role for ET in rewiring of the MYC/ERF balance was provided
by the experiment in which gaseous ET was applied to the plants. This ET treatment led
to activation of the ERF-branch during P. rapae feeding, while the MYC-branch was
suppressed (Figure 4). Both effects were absent in the ET-insensitive mutant ein2-1,
indicating that the modulating effect of ET was mediated via the ET signaling pathway.
Infection with the necrotrophic pathogen B. cinerea induced ET emission (Figure 7),
but in contrast to exogenously applied gaseous ET, B. cinerea infection was not able to
suppress the MYC-branch upon P. rapae feeding (Figure 8). A likely explanation for the
discrepancy between the application of gaseous ET and infection with B. cinerea is that
the activation of the ERF-branch by B. cinerea infection was not strong enough or too
temporarily to completely suppress the P. rapae-induced activation of the MYC-branch.

ET has been found to play a role in many plant species in resistance to herbivores
(Von Dahl & Baldwin, 2007). However, although ET signaling has the potential to
modulate the balance between the MYC- and the ERF branch in Arabidopsis, ET levels
do not change upon feeding by P. rapae and the ET inducing B. cinerea infection was
not able to suppress the MYC-branch upon P. rapae feeding. Therefore, ET signaling is
unlikely to play a major role in the defense response of Arabidopsis to P. rapae feeding
(Figure 9).

50



Abscisic acid is essential for differential regulation of jasmonic acid-dependent defenses during
Arabidopsis-insect interactions

Herbivory by P. rapae
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Figure 9: Model of differential regulation of JA
responses during herbivory by P. rapae.
Feeding by P. rapae stimulates the production

The ERF-branch components indicated in
the model are shaded, because they are not
activated during the Arabidopsis-P. rapae
interaction. Although ET has the capacity
to suppress the P. rapae-induced MYC-
branch, it is not produced during the P.

rapae-Arabidopsis interaction, and thus does

v not play a significant role in the MYC/ERF-
Defense against P. rapae

branch interaction model during infestation.
Arrows indicate a stimulating effect, whereas
the blocked line indicates a suppressive effect.

The differential role of the MYC- and the ERF-branch on preference and performance
of P. rapae caterpillars

The importance of ABA on herbivore resistance became further apparent from two-
choice assays, in which P. rapae caterpillars were found to prefer to feed from the
aba2-1 and myc2 plants over wild-type Col-0 plants (Figure 5A). These findings confirm
previous results that P. rapae caterpillars prefer to feed from plants expressing the
ERF-branch (Verhage et al., 2011). Mdiller et al. (2010) showed that P. rapae caterpillars
preferred to feed from plants containing glucosinolates. The myc2 mutant was shown
to have increased glucosinolate levels upon herbivory by P. rapae (Verhage et al., 2011).
On the contrary, the myc2,3,4 mutant was recently found to contain <1% of wild-
type levels of glucosinolates, which was associated with a preference for Col-0 over
myc2,3,4 by specialist Pieris brassicae caterpillars (Schweizer et al., 2013). Therefore,
beside activated ERF-signaling also glucosinolate accumulation might determine the
feeding preference of specialist caterpillars.

The feeding preference of P. rapae caterpillars for aba2-1 and myc2 plants was not
obviously correlated with enhanced performance on these mutants in no-choice assays
(Figure 5B), which corresponds with the observation that the ERF-branch activating B.
cinerea infection or ACC pretreatment had no effect on caterpillar performance (Figure
5C & Figure 8B). On the other hand, P. rapae caterpillars showed no preference for
either ein2-1 or Col-0 plants when given a choice between those two genotypes in a
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two-choice assay (Figure 5A). However, performance of P. rapae caterpillars was highly
reduced on ein2-1 plants (Figure 5B), which corresponds with the observation that
the MYC-branch activating MeJA or ABA treatment significantly reduced caterpillar
performance (Figure 5C). Together, these results indicate that enhancement of the ERF-
branch results in strong caterpillar preference, but caused only a minimal effect on
caterpillar performance, whereas enhancement of the MYC-branch does not influence
caterpillar preference, but has a strong negative effect on caterpillar performance.

All together, the results indicate that there is plasticity in the antagonistic MYC/
ERF-branch interaction during JA-dependent defense signaling activated by attackers,
which is regulated by ABA and ET levels and upon herbivory is dominated by the ABA co-
regulated MYC-branch. This study highlights the interplay between JA on the one hand,
and ABA and ET on the other hand, in shaping the outcome of the defense response
that is triggered upon herbivory. By prioritizing the MYC-branch over the ERF-branch
during insect herbivory, Arabidopsis is capable of focusing its JA-induced response to
defenses that contribute to maximizing the chance of survival.

MATERIAL & METHODS

Plant material and cultivation

Seeds of Arabidopsis thaliana accession Col-0 and mutants jin1-7 (myc2), myc2,3,4,
aba2-1, ein2-1 and coil-1 (Koornneef et al., 1982; Feys et al., 1994; Alonso et al., 1999;
Lorenzo et al., 2004; Fernandez-Calvo et al., 2011) and the transgenic lines 355::ORA59
and GCC::GUS (Pré et al., 2008; Zarei et al., 2011) were sown on river sand. Two weeks
later, seedlings were transplanted into 60-ml pots containing a sand-potting soil mixture
(5:12 v/v) that had been autoclaved twice for 20 min with a 24 h interval. Plants were
cultivated in a growth chamber with a 10-h day and 14-h night cycle at 70% relative
humidity and 21°C. Plants were watered every other day and received 10 ml of half-
strength Hoagland solution (Hoagland & Arnon, 1938) containing 10 pM sequestreen
(CIBA-Geigy, Basel, Switzerland) once a week.

Pieris rapae assays
Pieris rapae (small cabbage white) was reared on white cabbage plants (Brassica
oleracea) as described (Van Wees et al., 2013). First-instar caterpillars were used in
all experiments. For gene expression analysis, two caterpillars were placed on fully
expanded leaves of 5-week-old Arabidopsis plants using a fine paintbrush. Caterpillars
were removed 24 h later and leaves were harvested at different time points after
infestation. Throughout the ET production measurement, caterpillars remained on the
leaves for the entire assay.

For the two-choice assays, two or three aba2-1 and ein2-1 mutant plants (instead
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of one plant), were grown in one pot to compensate for their smaller size. Biomass
and leaf area were measured from a representable subset of 6-week-old plants before
the start of the assay to verify that the amount of leaf tissue was equal among the
different genotypes tested. Two pots containing Col-0 wild-type plants and two pots
with the mutant were placed together in an arena. Two first-instar caterpillars were
released on the plants in each pot in the arena (n=20-30), so that there were eight
caterpillars per arena. The plants in the arena were in physical contact with each other,
allowing the caterpillars to freely move through the arena. After 4 days, the number of
caterpillars present on each genotype was monitored and the frequency distribution of
the caterpillars over the different genotypes was calculated.

To examine caterpillar performance, a single first-instar caterpillar was placed on
a 5-week-old plant inside a plastic cup covered with an insect-proof mesh to contain
the caterpillars. After 7 days of feeding, caterpillars were weighed to the nearest 0.1
mg on a microbalance.

Botrytis cinerea inoculation

Botrytis cinerea inoculations were performed with strain B05.10 (Van Kan et al.,
1997) as described previously (Van Wees et al., 2013). B. cinerea solution was made
into a final density of 1-10° spores/ml and 5 pL droplets of the spores were applied
to six leaves of 5-week-old plants. Plants were used immediately for measurement of
ethylene production or were placed under a lid for 24 h to increase relative humidity
and stimulate the infection, after which P. rapae caterpillars were placed on the plants.

Chemical treatments

Plants were treated with MelJA (Serva, Brunschwig Chemie, Amsterdam, the
Netherlands) or ABA (Sigma, Steinheim, Germany) by dipping plants in a solution
containing either 100 uM MelA, 100 uM ABA or a combination of both chemicals and
0.015% (v/v) Silwet L77 (Van Meeuwen Chemicals BV, Weesp, the Netherlands) 24 h
before caterpillar feeding. MeJA and ABA solutions were diluted from a 1000-fold
concentrated stock in 96% ethanol. The mock solution contained 0.015% Silwet L77
and 0.1% ethanol.

For caterpillar performance, plants were treated with 100 upM MelA (Serva,
Brunschwig Chemie, Amsterdam, the Netherlands), 100 uM ABA (Sigma, Steinheim,
Germany) or 1 uM ET precursor 1-aminocyclopropane-1-carboxylic acid (ACC; Sigma,
Steinheim, Germany) by applying 20 ml of the solutions to the plants as a root drench, 5
and 2 days before caterpillar feeding. MeJA and ABA solutions were diluted from a 1000-
fold concentrated stock in 96% ethanol. The mock solution contained 0.1% ethanol.

Application of gaseous ET to the plants was performed as described previously
(Millenaar et al., 2005; Leon-Reyes et al., 2009). In short, gaseous ET (100 pl/l; Hoek
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Loos, Amsterdam, the Netherlands) and air (70% relative humidity) were mixed using
flow meters (Brooks Instruments, Veenendaal, the Netherlands) to generate an output
concentration of 1 pl/l ethylene, which was flushed continuously through glass cuvettes
(13.5 x 16.0 x 29.0 cm) at a flow rate of 75 I/h and then vented to the outside of the
building. The concentration of ET in the airflow was verified using gas chromatography.
Five-week-old plants were placed separately in the cuvettes and remained there for the
duration of the experiment. Control cuvettes containing plants were flushed with air
(70% relative humidity) at the same flow rate. ET and air treatments started 1 day prior
to transfer of P. rapae to the plants in the cuvettes and continued for the duration of
the experiment. Light and temperature conditions were the same as described above.

RNA extraction, RT-qPCR and northern blot analysis

Total RNA was isolated as described (Ofiate-Sanchez & Vicente-Carbajosa, 2008).
SuperScript™ IIl Reverse Transcriptase was used to convert DNA-free total RNA into
cDNA. 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. A standard thermal profile was used: 50°C
for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. Amplicon
dissociation curves were recorded after cycle 40 by heating from 60 to 95°C with a
ramp speed of 1.0°C/min. Transcript levels were calculated relative to the reference
gene Atl1g13320 (Czechowski et al., 2005) using the 22" method described previously
(Livak & Schmittgen, 2001; Schmittgen & Livak, 2008).

For northern blot analysis, 15 pg of RNA was denatured using glyoxal and dimethyl
sulfoxide (Sambrook et al., 1989), electrophoretically separated on 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. Equal loading was confirmed by staining
rRNA bands with ethidium bromide. Northern blots were hybridized with gene-specific
probes for PDF1.2 and VSP1/2 (Leon-Reyes et al., 2010b). After hybridization with a-32P-
dCTP-labeled probes, blots were exposed for autoradiography.

The AGI numbers of the studied genes are At5g24780 (VSP1), At5g24770 (VSP2),
At1g06160 (ORA59) and At5g44420 (PDF1.2).

Jasmonates and ABA analysis

For JA, JA-lle, OPDA and ABA concentration analysis, 50-100 mg of P. rapae-infested
damaged leaves as well as undamaged leaves from non-infested control plants were
ground. The extraction and hormone analysis was performed as previously described
(Lopez-Raez et al., 2010). At the start of the extraction 1 ml of cold ethylacetate
containing D,-SA (25 ng/ml) and D,-JA (25 ng/ml) was added to the samples as an internal
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standard in order to calculate the recovery of the hormones measured. Hormone levels
were analyzed by LC-MS on a Varian 320 Triple Quad LC/MS/MS. Ten pl of each sample
was injected onto a Pursuit column (C18; 5 um, 50 x 2.0 mm; Varian) that was connected
to a precolumn (Pursuit Metaguard C18; 5 um; 2.0 mm). Multiple reaction monitoring
was performed for parent-ions and selected daughter-ions after negative ionization:
JA 209/59 (fragmented under 12V collision energy), JA-lle 322/130 (fragmented under
19V collision energy), OPDA 291/165 (fragmented under 18V collision energy) and ABA
263/153 (fragmented under 9V collision energy). The mobile phase comprised solvent
A (0.05% formic acid) and solvent B (0.05% formic acid in MeOH) with settings as
described (Diezel et al., 2009). The retention time of each compound was confirmed with
pure compounds (ChemIm Ltd, Olomouc, Czech Republic). The surface area for each
daughter-ion peak was recorded for the detected analytes. Analytes were quantified
using standard curves made for each individual compound.

Ethylene measurements

ET production was measured in a laser-driven photoacoustic detection system (ETD-300,
Sensor Sense, Nijmegen, the Netherlands) connected to a 6-channel valve control box in
line with a flow-through system (Voesenek et al., 1990). Five-week-old plants were placed
in 2-1 air-tight cuvettes (four plants per cuvette), which were incubated under growth
chamber conditions. After an acclimation time of 2 h, the cuvettes were continuously
flushed with air (flow rate: 0.9 I/h), directing the flow-through air from the cuvettes into
a photoacoustic cell for ET measurements. ET levels were measured over consecutive 0.5
h time intervals, after which the machine switched to the next cuvette (n=6).

GUS assays

In the histochemical GUS assay, GUS activity was assessed by transferring plants to
a GUS staining solution (1 mM X-Gluc, 100 mM NaPi buffer, pH 7.0, 10 mM EDTA and
0.1% [v/v] Triton X-100). After vacuum infiltration and overnight incubation at 37°C,
the plants were destained by repeated washes in 96% ethanol (Spoel et al., 2003). For
the quantitative GUS assay, protein was isolated from frozen plant material and GUS
activity was quantified using a microplate reader (BioTek Instruments, Inc., Winooski,
United States of America) as described (Pré et al., 2008).
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Supplemental Figure 1: Effect of ABA treatment
on P. rapae-induced PDF1.2 expression.
RT-gPCR analysis of PDF1.2 gene expression
at 48 h in leaves of Col-0 and myc2,3,4 plants
that were treated with a mock solution or with
100 pM ABA 24 h prior to infestation with P.
rapae. Indicated are expression levels relative
to non-infested Col-0 plants. Different letters
indicate statistically significant differences
between treatments of one line. Indications
above the brackets specify whether there is
an overall statistically significant difference
between myc2,3,4 and Col-0 (two-way ANOVA;
* = P<0.05; NS = not significant). Error bars
represent SE, n=3 plants.
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Supplemental Figure 2: Effect of ABA
on P. rapae-induced ORA59 expression.
RT-gPCR analysis of ORA59 gene expression
at 24 h in leaves of Col-0 and myc2 plants that
were treated with a mock solution or with
100 uM ABA 24 h prior to infestation with P.
rapae. Indicated are expression levels relative
to mock-treated Col-0 plants. Different letters
indicate statistically significant differences
between treatments of one line. Indications
above the brackets specify whether there is
an overall statistically significant difference
between myc2 and Col-0 (two-way ANOVA; ***
= P<0.001). Error bars represent SE, n=3 plants.
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Supplemental Figure 3: Effect of P. rapae on B. cinerea-induced ORA59 expression.

RT-qPCR analysis of ORA59 gene expression in leaves of Col-0 control plants and leaves infected with B. cinerea
24 h prior to infestation with P. rapae. Indicated are expression levels relative to untreated Col-0 plants. Different
letters indicate statistically significant differences between the treatments at the indicated time point (ANOVA,
Tukey post-hoc tests; P<0.05; NS = not significant). Error bars represent SE, n=3 plants.
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ABSTRACT

In Arabidopsis thaliana, the MYC2, MYC3 and MYC4 transcription factors on the
one hand and the AP2/ERF transcription factors ORA59 and ERF1 on the other hand
regulate distinct branches of the jasmonic acid (JA) signaling pathway in an antagonistic
fashion, co-regulated by abscisic acid (ABA) and ethylene, respectively. Feeding by
caterpillars of the specialist herbivore Pieris rapae results in activation of the MYC-
branch and concomitant suppression of the ERF-branch in insect-damaged leaves. Here
we investigated the differential JA signaling activation in undamaged systemic leaves
of P. rapae-infested plants. We found that the MYC2 transcription factor gene was
induced both in the local insect-damaged leaves and the systemic undamaged leaves
of P. rapae-infested Arabidopsis plants. However, in contrast to the insect-damaged
leaves, the undamaged tissue did not show activation of the MYC-branch marker
gene VSP1. Comparison of the hormone signal signature revealed that the levels of JA
and (+)-7-iso-jasmonoyl-L-isoleucine raised to similar extents in locally damaged and
systemically undamaged leaves, but the production of ABA and the JA precursor 12-oxo-
phytodienoic acid was enhanced only in the local herbivore-damaged leaves, and not
in distal undamaged leaves. Challenge of undamaged leaves of pre-infested plants with
either P. rapae caterpillars or exogenously applied ABA led to potentiated expression
levels of MYC2 and VSP1, with the latter reaching extremely high expression levels.
Moreover, P. rapae-induced resistance, as measured by reduction of caterpillar growth
on pre-infested plants, was blocked in the ABA biosynthesis mutant aba2-1, that was
also impaired in P. rapae-induced expression of VSP1. Together, these results suggest
that ABA is a crucial regulator of herbivore-induced resistance by activating primed JA-
regulated defense responses upon secondary herbivore attack in Arabidopsis.
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INTRODUCTION

Plants possess sophisticated defense mechanisms to protect themselves against
pathogens and herbivorous insects. These mechanisms include structural and chemical
barriers that can be constitutively present in the plant or can be induced upon
activation of the plant immune system. Recognition of the attacking organism induces
local defense responses and the resistance induced is often extended to systemic
tissue, thereby protecting undamaged distal plant parts against future attack. The plant
hormones salicylic acid (SA) and jasmonic acid (JA) are major regulators of the induced
defense signaling network controlling local as well as systemic resistance signaling
events in roots and leaves (Pieterse et al., 2012; Soler et al., 2013). The SA-JA backbone
of the immune signaling network can be modified by other hormones, such as ethylene
(ET) and abscisic acid (ABA; Van Loon et al., 2006b; Ton et al., 2009; Robert-Seilaniantz
et al., 2011). The hormone signal signature produced upon pathogen or insect attack
depends on the stimuli perceived and determines the suite of attacker-specific defense
responses that are activated in the plant (De Vos et al., 2005; Pieterse et al., 2009;
Verhage et al., 2010).

JA is an important hormone regulating the induction of defense responses to
herbivorous insects and necrotrophic pathogens (Glazebrook, 2005; Howe & Jander,
2008). Infestation of Arabidopsis thaliana (Arabidopsis) with caterpillars of the specialist
chewing herbivore Pieris rapae (small cabbage white) induces defense responses that
inhibit P. rapae performance, resulting in reduced weight gain of the caterpillars on
pre-infested plants (De Vos et al., 2006). In many plant species it has been shown that
this wound-induced resistance also extends systemically to undamaged plant parts
(Howe & Jander, 2008). JA or one of its isoforms have been implicated as important
signals in both root- and shoot-induced systemic defenses upon herbivory in various
plant-herbivore interactions (Green & Ryan, 1972; Howe & Jander, 2008; Soler et al.,
2013). Depending on the hormonal context and the below- or above-ground origin of
JA, different JA-dependent responses in systemic tissues are activated (Pieterse et al.,
2012; Tytgat et al., 2013).

Disruption of plant tissue by herbivory triggers production of JA and its structurally
related oxylipin derivatives (collectively called jasmonates (JAs); Mithofer et al., 2005).
TheF-boxprotein COl1functionsasakeyregulatorof JAsignaling (Xieetal., 1998). Mutant
coil-1 plants are unresponsive to JAs and show alterations in the level of resistance to
different herbivorous insects and necrotrophic pathogens (Van der Ent et al., 2009b).
(+)-7-iso jasmonoyl-L-isoleucine (JA-lle) has been determined as the most biologically
active form of JA (reviewed in Wasternack & Hause, 2013), however, the role of other
oxylipin isoforms in activation of JA signaling has remained largely unknown. Work on
OPR3-impaired opr3 mutants revealed that the JA-precursor 12-oxo-phytodienoic acid
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(OPDA) is a direct regulator of a distinct set of JA-responsive genes (Stintzi & Browse,
2000; Taki et al., 2005; Bottcher & Pollmann, 2009), suggesting that additional oxylipins
influence the final outcome of the JA response. Within the JA signaling pathway, two
distinct, antagonistic branches of transcriptional regulation by JA are recognized; the
MYC-branch and the ERF-branch (hereafter referred to as such). The MYC-branch,
which is co-regulated by ABA, is activated upon feeding by herbivorous insects and is
regulated by the basic helix-loop-helix leucine zipper transcription factors MYC2, MYC3
and MYC4, leading to the transcription of the VSP1 and VSP2 marker genes (Chapter
2; Anderson et al., 2004; Thaler & Bostock, 2004; Lorenzo & Solano, 2005; Fernandez-
Calvo et al., 2011; Niu et al., 2011). The ERF-branch, which is co-regulated by ET, is
activated upon infection with necrotrophic pathogens and is controlled by the AP2/
ERF-domain transcription factors ERF1 and ORA59, leading to transcription of PDF1.2, a
marker gene of the JA/ET-regulated ERF-branch (Penninckx et al., 1998; Lorenzo et al.,
2004; Pré et al., 2008).

ABA is known to have synergistic effects on the MYC-branch and antagonistic
effects on the ERF-branch, as evidenced by effects of ABA on JA-induced transcriptional
activation which was enhanced by ABA for MYC2 and VSP2 but suppressed by ABA for
PDF1.2 (Chapter 2; Anderson et al., 2004). In line with these findings, ABA deficient
mutants were reported to be more susceptible to herbivory (Thaler & Bostock, 2004;
Bodenhausen & Reymond, 2007) and more resistant to necrotrophic pathogens
(Anderson et al., 2004; Sanchez-Vallet et al., 2012). In Nicotiana attenuata plants,
ABA has been shown to amplify JA-dependent defense responses as part of the signal
transduction pathway that is elicited by oral secretions of Manduca sexta caterpillars
(Dinh et al., 2013). There have also been several reports on the role of ABA in systemic
induced resistance triggered by diverse stimuli. It was hypothesized that ABA may
function as a systemic signal in mediating above-ground resistance triggered by below-
ground herbivory in maize (Erb et al., 2009). However, it was proven in a subsequent
study that the enhanced level of resistance was independent of ABA and instead was
due to induced water stress in the plant upon root herbivory (Erb et al., 2011). ABA
was demonstrated to have a role in induced systemic resistance (ISR) that is elicited
by below-ground beneficial rhizobacteria in Arabidopsis (Van der Ent et al., 2009a).
ABA signaling was involved in priming of above-ground defenses, as evidenced by
enhanced callose deposition upon challenge of ISR-expressing tissue with the pathogen
Hyaloperonospora arabidopsidis. A similar role for ABA was shown for induced
resistance triggered by B-aminobutyric acid (BABA; Ton et al., 2005).

In Arabidopsis, feeding by P. rapae caterpillars results in activation of the MYC-
branch and concomitant suppression of the ERF-branch of the JA pathway in insect-
damaged leaves (Chapter 2; Verhage et al., 2011). In two-choice assays with P. rapae
caterpillars and Arabidopsis plants it was shown that the caterpillars preferred plants
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that express the ERF-branch of the JA pathway over plants that express the MYC-branch
(Chapter 2; Verhage et al., 2011). This suggests that suppression of the ERF-branch by
activating the MYC-branch is part of the plant’s defense strategy in this interaction.
Here, we investigated the engagement of the MYC- and the ERF-branch in P. rapae-
induced resistance in undamaged leaves. We provide evidence that undamaged
leaves of herbivore-infested plants express elevated levels of MYC2 mRNA, resulting
in priming of the MYC-branch of the JA pathway. The enhancement in ABA levels, upon
secondary herbivore attack, in the primed leaves mediates a potentiated expression
of the MYC-branch resulting in enhanced expression levels of VSPI. This is associated
with enhanced herbivore resistance in previously infested plants, which is shown to be
ABA-dependent.

RESULTS

Effects of P. rapae feeding on differential JA-regulated responses in distal tissue

In Arabidopsis, P. rapae feeding locally activates the MYC-branch of the JA pathway
while the ERF-branch is suppressed (Chapter 2; Verhage et al., 2011). To investigate
the expression of this differential JA response in undamaged (systemic) leaves of P.
rapae-infested plants, we monitored the expression of the key transcription factor
genes MYC2 and ORA59, as well as their respective marker genes VSP1/2, and PDF1.2.
The probe used for detection of VSP gene expression detected both VSPI and VSP2
(designated VSP1/2). First-instar P. rapae caterpillars were allowed to feed for 24 h on
Arabidopsis plants, after which the caterpillars were removed. Figure 1A shows that
MYC2 transcription was induced to high levels until 6 h after removal of the caterpillars
(30 h), not only in locally damaged leaves that were eaten by the caterpillars, but
also in systemic leaves that were not damaged. At later time points MYC2 transcript
levels decreased but remained elevated in comparison to non-infested control plants.
The level of P. rapae-induced MYC2 expression was strikingly similar in damaged and
undamaged leaves. In locally damaged leaves of P. rapae-infested wild-type Col-0
plants, MYC2 transcription coincided with activation of the MYC-branch marker genes
VSP1/2, which peaked also at 6 h after removal of the caterpillars (Figure 1B). However,
in systemic undamaged tissue VSP1/2 transcription was remarkably lower. These results
show that despite the fact that local and systemic tissues accumulated similar levels of
MYC2 transcripts, subsequent activation of the downstream target genes VSP1/2 of the
MYC-branch was severely reduced in systemic tissue.

In herbivore-damaged leaves, activation of the MYC-branch results in suppression
of the ERF-branch (Chapter 2; Verhage et al., 2011). MYC2-impaired jin1-2 and jin1-7
mutant plants thus displayed enhanced expression of the ERF-branch regulator ORA59
and the ERF-branch marker gene PDF1.2 in local insect-damaged leaves (Figure 1B &
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Figure 1: Differential JA responses in Col-0 and MYC2-impaired jin1 plants in local damaged and systemic
undamaged leaves upon herbivory by P. rapae.

(A) Northern blot analysis of MYC2 transcript levels in non-infested (control) and P. rapae-infested Col-0 plants.
First-instar caterpillars were allowed to feed for 24 h after which they were removed (24 h). Subsequently, damaged
(P. rapae local) and undamaged (P. rapae systemic) leaf tissue was harvested for gene expression analysis.

(B) Northern blot analysis of JA-responsive VSP1/2 and PDF1.2 gene expression in damaged (P. rapae local) and
undamaged (P. rapae systemic) tissue of P. rapae-infested Col-0 and MYC2-impaired jin1-7 plants.

(C) RT-qPCR analysis of ORA59 transcript levels (relative to non-infested Col-0 at 24 h) in non-infested (control)
and P. rapae-damaged (P. rapae local) and —undamaged (P. rapae systemic) tissue of infested Col-0 and jin1-2
plants. Asterisks indicate statistically significant differences between genotypes at specific time points (** P<0.01;
*** P<0.001) and different letters indicate statistically significant differences between treatments within one
genotype at specific time points (P<0.05; NS, not significant). Data were analyzed per time point using two-way
ANOVA, error bars represent SE, n=3 plants.
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C; Chapter 2; Verhage et al., 2011). In systemic tissue of infested jin1 mutant plants
no elevation in ERF-branch activity was observed (Figure 1B & C). In fact, the levels
of PDF1.2 and ORA59 expression were as low as in systemic tissues of Col-0 plants
that were infested by P. rapae. Apparently, the ERF-branch of the JA pathway did not
become activated in systemic leaves, neither in wild-type Col-0, nor in jin1 mutant
plants. Hence, the observed differences in JA-regulated gene expression in damaged
versus undamaged leaves were confined to transcriptional activation of MYC2, without
downstream consequences on VSP1/2 induction and ERF-branch repression.

Different signal signatures in damaged versus undamaged leaves of P. rapae-infested
plants

The arsenal of defense responses that is triggered by the JA pathway depends on
the different isoforms of JA and on the hormonal context in which bioactive JAs are
produced. To investigate whether the differences in JA-responsive gene expression
in damaged and undamaged leaves of P. rapae-infested plants may be related to
differences in the hormonal signal signature, we monitored the accumulation of JA, its
precursor OPDA, the biologically highly active amino acid conjugate JA-lle, and ABA as
it is a modulator of JA signaling and can mediate resistance to generalist herbivores.
Again, first-instar caterpillars were allowed to feed for 24 h after which they were
removed from the leaves. Hormone levels were measured 0, 6 and 24 h later (24, 30
and 48 h). JA, JA-lle, OPDA and ABA levels increased significantly in locally P. rapae-
damaged leaves (Figure 2). JA and JA-lle levels also rose in systemic undamaged tissue
of the same plants and reached similar levels as in herbivore-damaged leaves (Figure 2).
In contrast, no rise in OPDA and ABA levels was detected in systemic undamaged tissue
(Figure 2). These results demonstrate that the signature of JA, JA-lle, OPDA and ABA as
detected in damaged leaf tissue of herbivore-infested plants differs from that in distal
undamaged tissue due to a lack in increase of ABA and OPDA.

P. rapae feeding induces MYC2 in undamaged leaves and primes for enhanced P.
rapae- and ABA-induced MYC2 and VSP1

Previously, it has been demonstrated that systemic priming for enhanced JA-regulated
defenses by ISR-inducing beneficial root-colonizing rhizobacteria is associated with
enhanced expression of MYC2 in above-ground plant parts, without a direct effect on
the expression of downstream JA-responsive target genes (Pozo et al., 2008; Van der Ent
et al., 2009a). Moreover, Abe et al. (2003) found that overexpression of MYC2 primes
the plants for enhanced sensitivity to ABA, resulting in enhanced expression of ABA-
responsive genes upon exogenous ABA application. We therefore hypothesized that
the observed systemic increase of MYC2 transcripts in herbivore-damaged plants is
part of a herbivore-induced priming response that may lead to an accelerated defense
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Figure 2: Production of JA, JA-lle, OPDA and ABA in local damaged and systemic undamaged leaves of Col-0
plants upon herbivory by P. rapae.

Levels of JA, JA-lle, OPDA and ABA in leaves of Col-0 plants on which P. rapae caterpillars had been allowed
to feed for 24 h. Compound levels were measured by Triple Quad LC/MS/MS. Depicted in grey bars are log,-
transformed fold induction values of the compound levels (error bars represent SE, n=4 plants) in local damaged
and systemic undamaged leaves of the same P. rapae-infested plants as compared to the levels in leaves of non-
infested plants that were harvested at the same time points. Statistics were performed on log -transformed data.
Letters indicate statistically significant differences in compound levels between leaves of non-infested control
plants and damaged local leaves (capital letters) and undamaged systemic leaves (small letters) of P. rapae-
infested plants. Data were analyzed per time point using Student’s t-test (P < 0.05). Asterisks indicate statistically
significant differences in compound levels between the damaged (local) and undamaged (systemic) leaves of P.
rapae-infested plants. Data were analyzed per time point using Student’s t-test (** P < 0.01; * P < 0.05).

response after secondary herbivore attack when ABA levels rise due to damage of the
tissue. To investigate this, we monitored the expression of MYC2 and VSP1 at different
time points in damaged and undamaged tissue of P. rapae-infested Col-0 leaves, before
and after challenge with a secondary infestation by P. rapae or exogenous application
of 10 uM ABA. Figure 3 shows that MYC2 and VSP1 genes were locally induced at 24 h
after P. rapae caterpillars were placed on the leaves, after which transcription leveled
off at 48 h. In systemic tissue, MYC2 mRNA levels were increased 6-fold at 24 h and 20-
fold at 48 h, whereas expression of the MYC2-regulated gene VSP1 was not increased
systemically. These findings are in line with the results shown in Figure 1. At 48 h, fresh
P. rapae caterpillars were allowed to feed from the plants and this secondary infestation
of previously undamaged leaves of infested plants resulted in enhanced expression
of MYC2 (2-fold) and especially VSP1 (80-fold) compared to infestation of non- pre-
infested plants. Also, when systemic leaves were challenge treated with exogenously
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Figure 3: Effects of P. rapae feeding and ABA treatment on expression of the MYC-branch in undamaged
leaves of pre-infested Col-0 plants.

RT-qPCR analysis of (A) MYC2 and (B) VSP1 transcript levels (relative to non-infested control at 24 h) in P. rapae-
infested Col-0 plants. First-instar caterpillars were allowed to feed for 24 h after which they were removed (24 h).
Damaged (P. rapae local) and undamaged (P. rapae systemic) leaves were harvested for analysis at different time
points after removal of the P. rapae caterpillars. In addition, at 48 h, undamaged systemic leaves were challenged
with fresh first-instar caterpillars or treated with 10 uM ABA. Treated systemic leaf tissue was harvested 24 h
later (72 h) for gene expression analysis. For comparison, non-infested plants received ABA treatment as well.
Different letters indicate statistically significant differences between treatments at specific time points (ANOVA,
Tukey post-hoc test; P<0.05; NS, not significant). Asterisks indicate statistically significant differences between
treatment of undamaged (P. rapae systemic) leaves of P. rapae-infested plants and leaves of non-pre-infested
plants (Student’s t-test; **P<0.01; ***P<0.001). Error bars represent SE, n=3 plants.
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applied ABA, the expression levels of MYC2 and VSP1 increased significantly (20-fold
and 1600-fold respectively) compared to ABA treatment of control plants, that by itself
already led to 2- and 100-fold induction levels, respectively, compared to uninduced
control plants. These results indicate that undamaged tissue of P. rapae-infested plants
is primed for enhanced expression of MYC2 and VSP1 and that ABA plays an important
role in the onset of the potentiated expression pattern upon challenge.

P. rapae-induced resistance is blocked in aba2-1 and coil-1 mutants

To investigate the role of ABA in P. rapae-induced resistance in undamaged systemic
tissue, we assessed the performance of P. rapae on uninduced and P. rapae-induced
Col-0 plants, ABA biosynthesis mutant aba2-1 and JA-nonresponsive mutant coil-1.
As an induction treatment, a first-instar caterpillar was placed on each plant and was
allowed to feed for 24 h, which resulted in minor chewing damage on usually one leaf,
after which the caterpillar was removed. Subsequently, a new first-instar caterpillar
was placed on P. rapae-induced and on untreated control plants. After 7 days the
weight of these caterpillars was determined. Figure 4A shows that the caterpillars
weighed significantly less when fed on Col-0 plants that were pre-treated with P.
rapae than on control Col-0 plants that were not pre-induced, confirming the findings
of (De Vos et al., 2006). The herbivore-induced reduction of P. rapae performance as
observed in Col-0 plants was completely blocked in aba2-1 and coil-1 mutant plants
(Figure 4A). To investigate if the absence of this resistance effect in aba2-1 and coil-1
plants coincides with reduced expression of the VSP1 marker gene, we monitored VSP1
transcript levels after infestation by P. rapae. Figure 4B shows that VSP1 induction by P.
rapae feeding is completely absent in both aba2-1 and coil-1 mutant plants. Together,
these results indicate that both ABA and JA play an important role in the expression of
P. rapae-induced defenses.

DISCUSSION

Previously, we demonstrated that herbivory by P. rapae on Arabidopsis leads to
activation of the MYC-branch of the JA pathway and concomitant suppression of
the ERF-branch of the JA pathway in herbivore-damaged leaves (Chapter 2; Verhage
et al., 2011). Because P. rapae caterpillars have a preference to feed from leaf tissue
that expresses the ERF-branch of the JA pathway (Chapter 2; Verhage et al., 2011), it
is thought that MYC2-mediated suppression of the ERF-branch is part of the plant’s
defense strategy to limit herbivore damage. Here we investigated whether this
differential JA response during herbivory is extended to systemic undamaged tissues.
We demonstrated that P. rapae feeding induces similar levels of MYC2 gene expression
in damaged and undamaged leaves (Figure 1). However, in systemic undamaged leaves
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Figure 4: Effect of herbivory on P. rapae
performance on Col-0, aba2-1 and
coil-1 plants.

(A) Growth of P. rapae caterpillars
on herbivore-induced (P. rapae) and
uninduced (control) Col-0, aba2-1 and
coil-1 plants. A first-instar caterpillar
was allowed to feed for 24 h after which
it was removed. Another 24 h later, a
new first-instar caterpillar was placed
onto uninduced plants and P. rapae-
induced plants. Caterpillar fresh weight
was measured after 7 days of feeding.
Feeding of a single first-instar caterpillar
for 24 h caused only minor chewing
damage on usually one leaf, leaving ample
tissue on all the plant genotypes for the
subsequent caterpillar to feed for 7 days.
The values presented are means (+ SE) of
30-36 caterpillars that fed on similarly-
treated plants. Different letters indicate
statistically significant differences between
performance on control (non-pre-infested)
and herbivore-pretreated plants per
genotype (P<0.05; NS, not significant);
asterisks indicate statistically significant
interaction between genotype x treatment
(*P<0.05; ***P<0.001). Data were analyzed
using two-way ANOVA.

(B) RT-gPCR analysis of VSP1 transcript
levels (relative to non-infested Col-0)
in non-infested (control) and P. rapae-
infested (P. rapae) Col-0, aba2-1 and coil-
1 plants. First-instar caterpillars were
allowed to feed for 24 h after which they
were removed and damaged leaves were
harvested for analysis. Different letters
indicate statistically significant differences
between control and treatment of one
genotype (P<0.05; NS, not significant);
asterisks indicate statistically significant
interaction between genotype x treatment
(*P<0.05). Data were analyzed using two-
way ANOVA, error bars represent SE, n=3
plants.
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this did not lead to full induction of the MYC-branch of the JA-pathway, as evidenced by
low VSP1/2 induction levels and lack of MYC2-mediated suppression of the ERF-branch
marker genes ORA59 and PDF1.2 (Figure 1B & C).

This observation resembles a phenomenon that is called priming for enhanced
defense (Conrath et al., 2006), which is also observed during rhizobacteria-mediated
ISR. Upon root colonization by beneficial ISR-inducing rhizobacteria, aboveground plant
tissue acquires an enhanced level of resistance that is effective against a broad spectrum
of pathogens and herbivorous insects (Van Wees et al., 2008; Pineda et al., 2010). This
type of systemic induced resistance is not associated with direct activation of defense-
related genes, but a large set of predominantly JA-responsive genes becomes primed
for accelerated expression after pathogen or insect attack (Van Wees et al., 1999; Pozo
et al., 2008; Van Oosten et al., 2008). Pozo et al. (2008) and Van der Ent et al. (2009a)
demonstrated that induction of ISR elicited by Pseudomonas fluorescens WCS417r
was associated with enhanced expression of MYC2 in systemic leaf tissue, resembling
our observation in undamaged leaves of P. rapae-infested plants. Moreover, MYC2-
impaired jin1 mutants were blocked in ISR and priming of JA-regulated defenses (Pozo
et al., 2008), highlighting the importance of MYC2 in this type of induced resistance and
in priming for enhanced defense.

Analysis of the production of JA, JA-lle, OPDA and ABA in local and systemic tissues
revealed that the signature of these hormonal signals in undamaged leaves of P. rapae-
infested plants is different from that observed in herbivore-damaged leaves (Figure
2). Levels of all four compounds rose significantly in herbivore-infested leaves, but in
undamaged leaves only JA and JA-lle levels were elevated, even to a similar extent as in
damaged leaves. This correlates with the comparable levels of MYC2 gene expression in
local and systemic leaves. In contrast, neither ABA nor OPDA levels were upregulated in
undamaged tissue. OPDA levels showed even a trend of decrease after 24 h of P. rapae
feeding, which is in support of the findings of Koo et al. (2009), who showed a rapid
depletion of OPDA levels in systemic tissue of Arabidopsis upon infliction of mechanical
damage. Possibly, systemic OPDA is converted into JA and JA-lle (Koo et al., 2009).

The lack of an increase of ABA in undamaged tissue implies that ABA is not
systemically translocated from insect-infested leaves. Erb et al. (2011) found that upon
belowground herbivory in maize there was a local increase in JA, OPDA and ABA levels,
comparable to our own findings on local herbivory. In systemic leaves they detected an
increase in ABA levels, whereas JA and OPDA levels remained unaltered. However, this
systemic increase in ABA levels is correlated to the general water stress that is inflicted
by root herbivory, whereas in our setup increased levels of ABA seem strictly related to
the relatively mild local wounding caused by insect feeding on generally only one leaf.
Leaf wounding and herbivory are associated with leaf water loss (Aldea et al., 2005;
Consales et al., 2012) and this abiotic stress may be the cause of the detected increase
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in ABA. In combination with other wound-induced cues the increased ABA levels may
activate effective anti-herbivore defenses. In systemic tissue of mechanically damaged
soybean plants there is no water loss (Aldea et al., 2005) and this may also be the case
in undamaged tissue of P. rapae-infested Arabidopsis. The consequential lack of ABA
increase may prevent the direct activation of costly defense responses, while instead
the tissue becomes primed for the MYC-branch of JA signaling, which is a cost-efficient
way of the plant to prepare itself for future attack (Van Hulten et al., 2006; Vos et al.,
2013a). Upon subsequent damage of the primed systemic tissue, inflicted by secondary
infestation, it is likely that local ABA levels rise due to water stress, which triggers
full-blown anti-herbivore defenses (Figure 3). In this theory, water loss/ABA acts as
a sensor for plants to trigger an appropriate local response or only prime systemic
tissue for future induction. The difference in hormonal signal signature between local
damaged and systemic undamaged tissue may be causally related to the strongly
reduced activation of downstream MYC2-dependent target genes such as VSP1/2 in
the undamaged tissue.

As a regulator of the balance between the MYC- and the ERF-branch of the JA
defense signaling pathway (Anderson et al.,, 2004; Kazan & Manners, 2013), ABA
impacts resistance against both pathogens and insects. Moreover, ABA plays a role in
primed plant defenses against pathogens as triggered by resistance-inducing beneficial
rhizobacteria and BABA (Ton et al., 2005; Van der Ent et al.,, 2009a). Arabidopsis
lines that overexpress MYC2 are hypersensitive to ABA (Abe et al., 2003). Here, we
demonstrate that the aba2-1 mutant is blocked in VSPI1 induction upon P. rapae
feeding, demonstrating that ABA signaling is required for activation of MYC-branch-
regulated responses (Figure 4B). Since our plants show a systemic increase in MYC2
expression, but no increase in VSP1/2 expression, we tested if the enhanced MYC2
transcript levels in the systemic leaf tissue were associated with enhanced sensitivity
to ABA. Therefore, we applied 10 uM ABA to undamaged leaf tissue of P. rapae-induced
plants. Indeed, the systemically primed leaves showed enhanced expression of the
MYC-branch marker genes MYC2 and VSP1 in response to the ABA treatment (Figure 3),
underlining the importance of ABA in the onset of the potentiated defense response
in systemically primed leaves. Taken together, these findings indicate that ABA and JA
are tightly interconnected and that regulation of ABA levels in response to herbivory
can modulate JA-driven defense responses (Erb et al., 2012). Besides ABA, additional
signals could regulate systemic resistance induced by herbivores. Like ABA, OPDA was
shown to increase only locally upon infestation and not systemically, rendering it a valid
candidate for activating the primed MYC-branch in herbivory-induced systemic tissue.

Transcription factors can act as amplifiers in defense signaling cascades. Even a
modest induction during priming can be sufficient to enhance the defense signaling
capacity, thereby giving the primed plant tissue a ‘head start’ during the early stages of
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pathogen or insect attack. To test if the undamaged tissue of P. rapae-infested plants
is primed for future caterpillar attack, the effect of a succeeding infestation by P. rapae
of these tissues was tested. MYC2 gene expression was found to be induced at 2-fold
higher levels after the second attack than after a first attack (Figure 3A). The expression
levels of VSP1 in P. rapae-challenged systemic leaves were a steep 80-fold higher
compared to those observed in non-pre-infested P. rapae-damaged leaves (local).
These results suggest that systemic undamaged tissues of P. rapae-infested plants are
indeed primed for enhanced defense against future caterpillar attack.

Insect performance assays demonstrated that primary infestation by one P. rapae
caterpillar for 24 h, which resulted in only minor chewing damage on usually one
leaf, was sufficient to lead to reduced growth of a secondary infesting caterpillar on
Col-0 plants, that was placed on the plant one day later and of whom the weight was
determined 7 days later (Figure 4A). This result correlates with the P. rapae-induced
priming of undamaged tissue, leading to enhanced activation of the MYC-branch upon
challenge with P. rapae. This protective effect was completely blocked in the ABA
biosynthesis mutant aba2-1 and the JA response mutant coil-1, that are both affected
in MYC signaling (Figure 4B), indicating that functional JA and ABA pathways are both
necessary for the onset of herbivore-induced resistance in undamaged systemic
tissues. One could debate whether we can speak in this situation about induction of
systemic resistance for two reasons. Firstly, during the pre-infestation the caterpillar
might have crawled over more than one or two leaves and thereby caused invisible
additional damage to the seemingly undamaged leaves. This cannot be excluded, but it
is unlikely because P. rapae first-instar caterpillars usually stay on the leaf that they are
placed on for the first day. Secondly, the challenge caterpillar that was allowed to feed
for 7 days did not only feed from undamaged tissue but also from the pre-damaged
tissue. The amount of pre-damaged tissue was, however, estimated to be less than 5%
of the total amount of tissue, so this can unlikely explain the difference in caterpillars
performance on pre-infested versus uninduced Col-0 plants. It is a fact that during the
7 days of the performance experiment there is a continuous induction of resistance
and still, one could detect a difference in insect performance due to pre-infestation 8-9
days earlier, which indicates that the herbivore-induced effect on resistance that we
detected is robust.

On the coil-1 mutant plants the caterpillars grew larger than on Col-0 and aba2-
1, confirming previous findings that JA signaling is indispensable for insect resistance
(Bodenhausen & Reymond, 2007; Fernandez-Calvo et al., 2011; Verhage et al., 2011).
The aba2-1 mutant did not allow enhanced growth of the P. rapae caterpillars compared
to Col-0, whereas caterpillars of the generalist herbivore Spodoptera littoralis grew
significantly larger on aba2-1 (Bodenhausen & Reymond, 2007). This suggests that ABA
signaling is a critical component of the resistance response against generalists, but
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we show that ABA also functions as an activator of primed defense responses against
specialists (and possibly also generalists).

Priming has been demonstrated to entail limited fitness costs, especially
in comparison to the higher costs associated with direct activation of defenses.
Moreover, the fitness costs of priming were shown to be outweighed by the enhanced
resistance benefits under pathogen pressure, which suggests that priming functions

T
Priming

. local leaf

. systemic leaves

Figure 5: Model of differential JA responses in local damaged and systemic undamaged leaves upon
P. rapae feeding.

(A) Upon P. rapae feeding, local damaged leaves show upregulation of JA/JA-lle and ABA levels and of
transcriptional activity of the MYC-branch regulator gene MYC2 and its downstream response gene VSPI.
(B) In systemic undamaged leaves of P. rapae-infested plants, the level of JA/JA-lle and MYC2 gene
expression is upregulated. However, the level of ABA and MYC-regulated VSP1 transcription is not increased.
(C) Challenge of MYC-primed undamaged systemic leaves with either P. rapae caterpillars or exogenously
applied ABA leads to potentiated transcript levels of MYC2 and particularly VSP1, which are much higher than
those observed in local infested leaves. Furthermore, P. rapae performance is reduced if plants were previously
infested. This indicates that undamaged tissue of P. rapae-infested plants is primed for enhanced defense
against subsequent P. rapae attack and that ABA production induced upon subsequent infestation is important
for the onset of potentiated expression of the MYC-branch of JA signaling.
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as an ecological adaptation of the plant to respond faster to a hostile environment
(Van Hulten et al., 2006; Walters et al., 2008; Vos et al., 2013a). The data presented
here point to a model (Figure 5) in which herbivory leads to priming of the MYC-branch
of the JA pathway in systemic undamaged leaves, without fully activating costly JA-
dependent defenses, for which also a local increase of ABA is required, which is likely
induced by local damage-induced leaf water stress. The primed state leads to elevated
activation of MYC2-dependent defenses when undamaged systemic tissue is attacked
by insect herbivores. ABA is identified as a regulator of herbivore-induced resistance by
activating the potentiated expression of defense responses in previously undamaged
tissue upon secondary herbivore attack.

MATERIAL & METHODS

Plant material and cultivation

Seeds of Arabidopsis thaliana wild-type Col-0 and mutants jin1-2, jin1-7, aba2-1 and
coil-1 (Koornneef et al., 1982; Feys et al., 1994; Lorenzo et al., 2004) were sown on
river sand and, after 2 weeks of growth, seedlings were transplanted into 60-ml pots
containing a sand-potting soil mixture (5:12 v/v) that had been autoclaved twice for 20
min with a 24 h interval. Plants were cultivated in a growth chamber with a 10-h day
and 14-h night cycle at 70% relative humidity and 21°C. Plants were watered every
other day and received half-strength Hoagland solution (Hoagland & Arnon, 1938)
containing 10 uM sequestreen (CIBA-Geigy, Basel, Switzerland) once a week.

Pieris rapae assays

Pieris rapae (small cabbage white) was reared on white cabbage plants (Brassica oleracea)
as described (Van Wees et al., 2013). In all experiments, first-instar caterpillars were used.
For gene expression analysis, two caterpillars were placed separately on fully expanded
leaves of 5-week-old Arabidopsis plants using a fine paintbrush. The caterpillars were
removed 24 h later and leaves were harvested at different time points after introduction
of the caterpillars. Leaves damaged by caterpillar feeding (local) were harvested
separately from undamaged leaves (systemic) of infested and uninfested (control) plants.
Undamaged systemic leaves that received a second treatment (P. rapae or ABA) were
distinguished from locally damaged leaves by marking the local leaves before the second
treatment. Even though P. rapae first-instar caterpillars commonly stayed on one leaf on
which they were introduced, they incidentally crawled to other leaves. On leaves where
they would not leave visible damage potential induction of addition unknown defenses
cannot be excluded. Two fresh first-instar caterpillars were placed on fully expanded,
undamaged leaves of P. rapae-infested plants at 48 h. At 72 h the caterpillars were
removed and systemic damaged leaves were harvested for gene expression analysis.
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For the P. rapae performance assay, 5-week-old plants were placed in Magenta
GA-7 containers with a modified mesh lid. Plants were challenged with P. rapae by
placing one fresh first-instar caterpillar on each plant, which was then allowed to feed
for 7 days. The weight of each individual caterpillar was measured using a microbalance.
To determine herbivore-ISR, each plant was exposed to herbivory by a single first-
instar caterpillar for 24 h after which the caterpillar was removed. At 48 h, plants were
challenged with one fresh first-instar caterpillar, which was allowed to feed on the
plants for 7 days, as described above. In all experiments there was ample tissue for the
caterpillars to feed from for 7 days.

ABA treatment

Undamaged control plants and P. rapae-infested plants were treated with ABA (Sigma,
Steinheim, Germany) by dipping the plants in a solution containing 10 uM ABA and
0.015% (v/v) Silwet L77 (Van Meeuwen Chemicals BV, Weesp, the Netherlands). ABA
was added to the solution from a 1000-fold concentrated stock in 96% ethanol.

RNA extraction and northern blot analysis

Total RNA was isolated as described (Van Wees et al,, 1999). For northern blot
analysis, 10 pug of RNA was denatured using glyoxal and dimethyl sulfoxide (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. To check for equal loading, rRNA bands were stained
with ethidium bromide. Northern blots were hybridized with gene-specific probes
for PDF1.2, VSP1/2 and MYC2 as described (Leon-Reyes et al., 2010b; Verhage et al.,
2011). After hybridization with o-[32P]-dCTP-labeled probes, blots were exposed for
autoradiography and signals were quantified using a BioRad Molecular Imager FX with
Quantity One software (BioRad, Veenendaal, The Netherlands). The AGI numbers for
the genes studied are indicated in the primer table below. All gene expression analyses
have been repeated with similar results.

RT-qPCR

SuperScript™ [l Reverse Transcriptase was used to convert DNA-free total RNA
into cDNA. PCR reactions were performed in optical 96- or 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. A standard thermal profile
was used: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1
min. Amplicon dissociation curves were recorded after cycle 40 by heating from 60 to
95°C with a ramp speed of 1.0°C/min. Transcript levels were calculated relative to the
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reference gene At1g13320 (Czechowski et al., 2005) using the 22 method described
previously (Livak & Schmittgen, 2001; Schmittgen & Livak, 2008).

The AGI numbers of the studied genes are Atlg06160 (ORA59), At5g44420
(PDF1.2), At1g32640 (MYC2) and At5g24780 (VSP1).

Jasmonates and ABA analysis

For JA, JA-lle, OPDA and ABA concentration analysis, 0.5 g of leaf tissue was ground
in a mortar with liquid nitrogen. The samples of P. rapae-damaged leaves (local) and
-undamaged leaves (systemic) originated from the same plants. The extraction and
hormone analysis was performed as described (Lépez-Raez et al., 2010); 2 ml of cold ethyl
acetate containing [2H6]-ABA was added to the samples at the start of the extraction
as an internal standard (0.25 nmol) in order to calculate the recovery of the hormones
measured. Hormone levels were analyzed by LC-MS on a Varian 320 Triple Quad LC/
MS/MS. Ten microliters of each sample was injected onto a Pursuit column (C18; 5 um,
50 x 2.0 mm; Varian) that was connected to a precolumn (Pursuit Metaguard C18; 5 um;
2.0 mm). Multiple reaction monitoring was performed for parent-ions and selected
daughter-ions after negative ionization: JA 209/59 (fragmented under 12V collision
energy), JA-lle 322/130 (fragmented under 19V collision energy), OPDA 291/165
(fragmented under 18V collision energy), and ABA 263/153, ABA-D, 269/159 (both
isoforms of ABA fragmented under 9V collision energy). The mobile phase comprised
solvent A (0.05% formic acid) and solvent B (0.05% formic acid in MeOH) with settings
as described (Diezel et al., 2009). The retention time of each compound was confirmed
with pure compounds (ChemIm Ltd, Olomouc, Czech Republic). The surface area for
each daughter-ion peak was recorded for the detected analytes. The analytes were
quantified using standard curves made for each individual compound.
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ABSTRACT

The hormone salicylic acid (SA) induces plant defenses against biotrophic pathogens.
Jasmonic acid and its oxylipin derivatives (JAs) together with ethylene (ET) are
important hormonal regulators of induced plant defenses against necrotrophic
pathogens, whereas JAs together with abscisic acid (ABA) regulate induced plant
defenses against herbivorous insects. Hormonal crosstalk between the different plant
defense pathways has often been hypothesized to be a cost-saving strategy that has
evolved as a means of the plant to reduce allocation costs by repression of unnecessary
defenses, thereby minimizing trade-offs between plant defense and growth. However,
proof for this hypothesis has not been demonstrated yet. In this study the impact of
hormonal crosstalk on disease resistance and fitness of Arabidopsis thaliana when
under multi-species attack was investigated. Induction of SA- or JA/ABA-dependent
defense responses by the biotrophic pathogen Hyaloperonospora arabidopsidis or the
herbivorous insect Pieris rapae, respectively, was shown to reduce the level of induced
JA/ET-dependent defense against subsequent infection with the necrotrophic pathogen
Botrytis cinerea. However, despite the enhanced susceptibility to this second attacker,
no additional long-term negative effects were observed on plant fitness when plants
had been challenged by multiple attackers. Similarly, when plants were grown in dense
competition stands to enlarge fitness effects of induced defenses, treatment with a
combination of SA and MeJA did not cause additional negative effects on plant fitness
in comparison to the single MelA treatment. Together, these data support the notion
that hormonal crosstalk in plants during multi-attacker interactions allows plants to
prioritize their defenses, while limiting the fitness costs associated with induction of
defenses.
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INTRODUCTION

Plants can activate defense responses to protect themselves against a plethora of
microbial pathogens and herbivorous insects. These defense responses are modulated
by the induced production of a hormonal blend in the plant. The plant hormones
salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) are important
regulators of induced defense mechanisms (Robert-Seilaniantz et al., 2011; Pieterse
et al., 2012; Vos et al., 2013a). SA-dependent defenses are generally effective against
biotrophic pathogens, while JA-dependent defenses are generally effective against
necrotrophic pathogens and herbivorous insects (Glazebrook, 2005; Howe & Jander,
2008). SA is rapidly synthesized upon infection with biotrophic pathogens (Malamy et
al., 1990; Métraux et al., 1990). Defense signaling downstream of SA depends on the
transcriptional regulator NPR1 (Dong, 2004), eventually resulting in the activation of
a large set of defense-related genes, amongst which the robust marker gene of the
SA signaling pathway, PRI (Van Loon et al., 2006). In response to wounding, insect
herbivory or infection with necrotrophic pathogens, JA and its oxylipin derivatives
(collectively referred to as jasmonates (JAs)) rapidly accumulate in plants (Creelman
et al., 1992; Penninckx et al., 1996). In Arabidopsis thaliana (Arabidopsis), there are
two distinct branches of the JA response pathway that antagonize each other; the ERF-
branch and the MYC-branch (hereafter referred to as such). The ERF-branch is activated
upon infection with necrotrophic pathogens and is regulated by the AP2/ERF-domain
transcription factors ERF1 and ORAS59 (Anderson et al., 2004; Pré et al., 2008). The ERF-
branch of the JA response is co-regulated by ET and results in activation of a large set
of ERF-branch genes, including the marker gene PDF1.2 (Penninckx et al., 1998; Lorenzo
et al., 2003). The MYC-branch is activated upon wounding or feeding by herbivorous
insects and is regulated by the basic helix-loop-helix leucine zipper transcription
factors MYC2, MYC3 and MYC4 in concerted action with ABA (Anderson et al., 2004;
Fernandez-Calvo et al., 2011; Niu et al., 2011; Vos et al., 2013b). Activation of the MYC-
branch leads to transcription of a large set of JA-responsive genes, including VSP1 and
VSP2 that are marker genes of the MYC-branch (Anderson et al., 2004; Lorenzo et al.,
2004).

Activation of the different hormone-regulated defense responses is not without
fitness costs. In several plant species it has been shown that exogenous application
of SA or its chemical analogue benzothiadiazole (BTH) inhibited plant growth and
seed production (Heil et al., 2000; Cipollini, 2002; Canet et al., 2010). Furthermore,
under non-infected conditions, Arabidopsis mutants constitutively expressing SA-
dependent defenses are dwarfed and severely affected in seed production (Bowling et
al., 1994; Heil & Baldwin, 2002; Heidel et al., 2004; Van Hulten et al., 2006). Conversely,
SA-deficient Arabidopsis genotypes have higher growth rates and seed production
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compared to wild-type plants (Cipollini, 2002; Abreu & Munné-Bosch, 2009). Activation
of JA-dependent defense responses can also result in negative effects on plant fitness.
Infestation with insects or exogenous application of JA decreased seed production
and delayed flowering and fruit ripening (Agrawal et al., 1999; Redman et al., 2001;
Van Dam & Baldwin, 2001). In addition, Arabidopsis plants constitutively expressing
JA-dependent defenses, showed reduced growth phenotypes (Ellis & Turner, 2001;
Cipollini, 2010). Together, this demonstrates the negative fitness effects of hormone-
dependent defense activation.

Quantity, composition and timing of the hormonal blend and cross-communication
between the hormone signaling pathways contributes to activation of effective over
infective defenses (De Vos et al., 2005; Pieterse et al., 2012; Vos et al., 2013a; Caarls et
al., 2015). Many cases of crosstalk between the SA and JA pathway have been reported
(Bostock, 2005; Stout et al., 2006; Pieterse et al., 2012). Pharmacological experiments
with Arabidopsis revealed that the JA-responsive genes PDF1.2 and VSP2 are highly
sensitive to suppression by SA. The antagonistic effect of SA on JA signaling was
observed in a large number of Arabidopsis accessions (Koornneef et al., 2008) and was
even reported to remain active in the next generation of plants (Luna et al., 2012),
highlighting the potential significance of this phenomenon in the regulation of induced
plant defenses in nature. This antagonism between SA and JA signaling can affect plant
resistance. For example, in Arabidopsis, induction of the SA pathway by exogenous
application of SA or infection with the hemibiotrophic pathogen Pseudomonas syringae
rendered the plants more susceptible to the necrotrophic fungus Alternaria brassicicola
(Spoel et al., 2007; Leon-Reyes et al., 2009). Furthermore, reduced SA signaling in
Arabidopsis genotypes NahG and nprl was correlated with reduced feeding by the
herbivorous insect Trichoplusia ni (Cui et al., 2002).

Likewise, between the ERF- and the MYC-branch of the JA pathway a mutually
antagonistic relationship exists (Lorenzo et al., 2004; Verhage et al., 2011; Vos et
al., 2013b). This antagonism between the ERF- and the MYC-branch can affect
plant resistance against necrotrophs. For example, in MYC2-mutated jin1 and ABA
biosynthesis mutant aba2-1 plants, the ERF-branch of the JA pathway is stimulated,
resulting in enhanced resistance against necrotrophic pathogens, such as Botrytis
cinerea, Plectosphaerella cucumerina and Fusarium oxysporum (Anderson et al., 2004;
Lorenzo et al., 2004; Nickstadt et al., 2004; Adie et al., 2007; Sanchez-Vallet et al., 2012).
Furthermore, caterpillars of the insect herbivore Pieris rapae preferred to feed from
jin1 mutant plants and ORA59-overexpressing plants over wild-type plants (Verhage et
al.,, 2011), indicating that crosstalk between the ERF- and the MYC-branch also affects
plant-insect interactions.

Extensive cross-communication between defense signaling pathways allows the
plant to fine-tune the defense response to the attacker at hand (Reymond & Farmer,
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1998). Since activation of inducible plant defenses is not without costs, there are trade-
offs between plant defense and growth (Heil & Baldwin, 2002; Van Hulten et al., 2006;
Walters & Heil, 2007; Vos et al., 2013a; Cipollini et al., 2014). Hormonal crosstalk has
often been interpreted as a cost-saving strategy and may have evolved as a means of
the plant to reduce allocation costs by repression of unnecessary defenses that are
ineffective against the attacker that is encountered (Pieterse & Dicke, 2007; Thaler et
al., 2012).

In this study the impact of hormonal crosstalk on disease resistance and fitness
of Arabidopsis plants when under multi-species attack was investigated. Induction
of SA- or JA/ABA-dependent signaling induced by a primary attacker was shown to
negatively affect JA/ET-dependent defense responses activated by subsequent attack
with a necrotrophic pathogen, resulting in reduced resistance to this attacker. However,
although plants under multi-species attack became more susceptible to the second
attacker, this did not lead to long-term negative fitness effect, providing preliminary
support for the cost-saving character of hormonal crosstalk.

RESULTS

Multi-attacker conditions reduce resistance but not fitness of Arabidopsis plants

In this research, fitness costs associated with defense against multiple attackers were
investigated. To this end, 5-week-old Arabidopsis plants were exposed to two attackers
that induce antagonizing defense pathways. Firstly, the plants were either inoculated
with the biotrophic pathogen Hyaloperonospora arabidopsidis, which induces the SA
pathway, or infested with P. rapae caterpillars, which induce the MYC-branch of the
JA pathway. Twenty four h later, the caterpillars were removed after which all plants
were inoculated with the necrotrophic pathogen B. cinerea, which induces the ERF-
branch of the JA pathway. Figure 1 shows the gene expression results from the defense
inductions by the different combinations of attackers. When plants were infected with H.
arabidopsidis, the SA pathway marker gene PR1 was strongly induced (Figure 1A). In the
combination treatment with H. arabidopsidis and B. cinerea, PR1 expression was even
higher at 28 h, probably because B. cinerea can induce the SA pathway as a virulence
strategy (El-Oirdi et al., 2011) and the tissue may be primed for SA responsiveness by
the H. arabidopsidis infection. PR1 expression leveled off again towards 72 h. Feeding
by P. rapae induced the MYC-branch, as indicated by high VSP2 expression (Figure 1B).
VSP2 expression returned to basal levels at 48 h and was not altered in the combination
treatment with B. cinerea at any of the time points investigated. In all cases, the ERF-
branch marker gene PDF1.2 was activated in response to B. cinerea infection at 48
and 72 h, but was strongly repressed when plants were previously infected with H.
arabidopsidis or infested with P. rapae (Figure 1A & B). Similar antagonistic effects on
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Figure 1: Differential expression of PR1, VSP2 and PDF1.2 in response to multiple attackers.

RT-qPCR analysis of H. arabidopsidis-responsive PR1 expression (A), P. rapae-responsive VSP2 expression (B) and
B. cinerea-responsive PDF1.2 expression (A & B). Plants were either inoculated with H. arabidopsidis or infested
with P. rapae caterpillars. At 24 h the caterpillars were removed after which all plants were inoculated with B.
cinerea. Samples were taken at the indicated time points after the first treatment. Different letters indicate a
statistically significant difference between the different treatments within one time point (ANOVA, Tukey post-
hoc test; P<0.05; NS = not significant). Error bars represent SE, n=3 plants.

PDF1.2 gene expression were found when, before B. cinerea infection, plants were
induced by exogenous application of either 1 mM SA or a combination of 100 uM
MelA and 100 uM ABA (Supplemental Figure 1). This indicates that the activation of
the SA pathway or the MYC-branch of the JA pathway prior to infection with B. cinerea
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suppressed the B. cinerea-induced activation of the ERF-branch, providing evidence for
hormonal crosstalk on the defense gene expression level induced by combinations of
different attackers.

To investigate whether suppression of the ERF-branch by prior attack with either
H. arabidopsidis or P. rapae is accompanied by a reduced level of resistance against B.
cinerea, we performed disease resistance bioassays. Plants that were induced by H.
arabidopsidis or P. rapae were significantly more susceptible to B. cinerea than control
plants (Figure 2A & B). Accordingly, B. cinerea Tubulin transcript levels were significantly
higher in induced plants than in control plants (Figure 2C). Plants that were treated with
exogenous application of ImM SA or a combination of 100 uM MelJA and 100 uM ABA
were also more susceptible to subsequent B. cinerea infection (Supplemental Figure 2).
Together, these results show that suppression of the ERF-branch of the JA pathway by
either the SA inducer H. arabidopsidis or the MYC-branch inducer P. rapae coincides
with a reduction in the level of resistance against B. cinerea.

To investigate whether these hormonal crosstalk-mediated effects on PDF1.2
gene expression and resistance to B. cinerea impacted the fitness of the plants under
multi-attacker conditions, the rosette size, flowering time and seed production were
measured. Neither H. arabidopsidis infection nor P. rapae infestation affected any of
these fitness parameters by themselves (Figure 3A & B), which could be explained by
the non-optimal temperature for infection with H. arabidopsidis from 24 h onwards
and the removal of the P. rapae caterpillars at 24 h. In contrast, B. cinerea infection
had a strong negative effect on rosette size and seed production and prolonged the
flowering time (Figure 3A & B). Prior attack with either H. arabidopsidis or P. rapae did
not result in an additional effect on the fitness traits compared to B. cinerea infection
alone. Similar results were found when plants were induced by exogenous application
of 1 mM SA or a combination of 100 uM MeJA and 100 uM ABA (Supplemental Figure
3). Overall, it can be concluded that infection with B. cinerea led to reduced fitness.
Nonetheless, although prior attack by H. arabidopsidis or P. rapae or induction by
exogenously applied SA or a combination of MeJA and ABA resulted in enhanced
susceptibility to B. cinerea infection, which was likely due to the suppression of the
ERF-branch, this was not associated with additional fitness costs.

Fitness costs of SA and MelA treatments in competition-grown plants

Since competition for light and nutrients can increase the probability of detecting
fitness costs of activating different hormone signaling pathways (Dietrich et al., 2005),
Arabidopsis plants were grown in competition trays, consisting of separate small pots
positioned very close together. This set-up led to competition of the above-ground
plant parts, but not of the root-systems. Each tray consisted of 49 plants, of which
25 plants were supplied with a soil drench containing 500 UM SA, 50 uM MelJA, or a
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Figure 2: Effect of prior attack by H. arabidopsidis or P. rapae on disease resistance against B. cinerea.

(A) Quantification of disease symptoms of Arabidopsis Col-0 plants infected with B. cinerea. Twenty four h before
inoculation with B. cinerea, plants were inoculated with H. arabidopsidis or infested with P. rapae. Disease
severity of the inoculated leaves was scored in 3 classes. Percentage of leaves in each class was calculated per
plant (X2-test; n=20 plants).

B) Disease symptoms of B. cinerea infection in control plants, H. arabidopsidis-induced plants and P. rapae-
induced plants.

C) RT-gPCR analysis of B. cinerea Tubulin levels relative to Arabidopsis reference gene mRNA levels after single
and double treatments. Samples were taken at the indicated time points after the first treatment. Different
letters indicate a statistically significant difference between the different treatments within one time point
(ANOVA, Tukey post-hoc test; P<0.05; NS = not significant). Error bars represent SE, n=3 plants.
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Figure 3: Growth and fitness parameters of single- and double-attacked plants.

Rosette diameter (cm), flowering time (days post inoculation) and total seed production (mg) of Arabidopsis
plants. Plants were either inoculated with H. arabidopsidis or infested with P. rapae caterpillars. At 24 h the
caterpillars were removed after which all plants were inoculated with B. cinerea. Different letters indicate a
statistically significant difference between the different treatments (ANOVA, Tukey post-hoc test; P<0.05; NS =
not significant). Error bars represent SE, n=20 plants.

combination of both hormones. The other 24 plants were treated with either a mock
solution or a combination of both hormones (Figure 4). Only the inner nine plants were
used for measurements, to circumvent any edge effect. In all trays, SA and SA/MeJA
treatment induced PRI expression, whereas VSP2 expression was only induced by
the single MelA treatment and not the SA/MeJA combination treatment (Figure 5),
confirming that the hormone treatments induced the expected effects on SA- and JA-
responsive gene expression.
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When MelA- or SA/MelA-treated plants competed with mock-treated plants, leaf
area and dry weight of the hormone-treated plants were reduced compared to the
mock-treated plants (Figure 6). SA-treated plants did not show a significant reduction
in leaf area or dry weight in competition with mock-treated plants, although a trend
towards a reduction in leaf area and dry weight was detected. There was no significant
difference in leaf area or dry weight when MelJA- and SA/MelA-treated plants
competed with each other, although a trend towards increased dry weight and leaf
area was observed. Together, this indicates that there was no extra negative fitness
effect of the double treatment compared to the MelA treatment alone, but rather a
trend towards a reduction of MelJA-induced fitness costs in the double treatment. On
the other hand, when SA-treated plants competed with SA/MeJA-treated plants, SA/
MelA-treated plants had lower dry weight than SA-treated plants, but there was no
significant difference in leaf area in this competition. Taken together, these data show
that especially the activation of the JA pathway resulted in lower fitness and lower
competitive ability. Activation of the SA pathway did not have major negative effects
on fitness. Treatment with a combination of SA and MeJA reduced plant fitness, but
did not result in an extra negative effect compared to the single MelJA treatment,
indicating that also in dense competition stands, hormonal crosstalk might be a cost-
saving strategy in induced plant immunity.

h - & sA, MelA or SA/MelA
1 Mock or SA/MeJA

[C] Harvested for analysis

Figure 4: Schematic overview of the competition experiment set-up.

Arabidopsis plants were grown in competition trays, consisting of separate small pots positioned very close
together. Each tray consisted of 49 plants, of which 25 plants were soil-drenched containing 500 uM SA, 50 uM
MelA, or a combination of both hormones. The other 24 plants were treated with either a mock solution or a
combination of both hormones. Only the inner nine plants were used for measurements, to circumvent any
edge effect.
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Figure 5: Differential gene expression in competition-grown plants.

RT-gPCR analysis of SA-responsive PRI expression and JA-responsive VSP2 expression in competition-grown
plants 24 h after treatment with a mock, SA, MeJA, or SA/MelA solution. SA-, MeJA- and SA/MelA-treated
plants were grown in competition with mock-treated plants and SA- and MeJA -treated plants were grown in
competition with SA/MelA-treated plants. Indicated are expression levels relatively to those of mock-treated
plants. Asterisks indicate a statistically significant difference between the indicated treatment and mock-treated
plants (ANOVA, Dunnet post-hoc test; ** = P<0.01; * = P<0.05). Error bars represent SE, n=3 plants.

DISCUSSION

Crosstalk between hormone-regulated defense pathways is suggested to allow plants
to fine-tune their defenses to optimize induced resistance to an attacker and reduce
allocation costs (Heil & Baldwin, 2002; Pieterse & Dicke, 2007; Walters & Heil, 2007;
Vos et al., 2013a). Therefore, hormonal crosstalk has often been suggested to be a
cost-saving strategy. Since individual plants are likely to be attacked by more than one
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Figure 6: Growth parameters in competition-grown plants.

Leaf area (cm?) and dry weight of the rosettes (mg) of competition-grown plants three weeks after treatment
with a mock, SA, MeJA, or SA/MelJA solution. SA-, MeJA- and SA/MelJA-treated plants were grown in competition
with mock-treated plants and SA- and MeJA-treated plants were grown in competition with SA/MeJA-treated
plants. Asterisks indicate a statistically significant difference between the two treatments of the indicated
competition tray (Students t-test; ** = P<0.01; * = P<0.05). Error bars represent SE, n=20-25 plants.

organism, hormonal crosstalk may coincide with ecological costs, leading to higher
susceptibility to a subsequent attacker (Heil, 2002; Vos et al., 2013a). Moreover, not
much is known about the consequences of hormonal crosstalk on plant fitness under
multi-species attack (Thaler et al., 2012). In this research, costs of defense activation of
Arabidopsis plants by multiple attackers or hormones were investigated.

Costs and benefits of Arabidopsis plants under multi-species attack

Several studies found a negative effect on resistance againsta subsequent attacker when
a plant was previously induced by another attacker (Vos et al., 2013a). For example, in
Arabidopsis, infection with the hemibiotrophic pathogen P. syringae resulted in higher
susceptibility to a subsequent infection with the necrotrophic fungus A. brassicicola
(Spoel et al., 2007). Furthermore, feeding by the generalist herbivore Spodoptera
littoralis led to increased growth of a virulent strain of P. syringae (Appel et al., 2014).
In tobacco, Manduca sexta caterpillars consumed up to 2.5-times more leaf tissue
from plants previously infected with the SA-inducing tobacco mosaic virus than from
mock-treated plants (Preston et al., 1999) and black bean aphids had a higher growth
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rate and fecundity on bean leaves infected with the necrotrophic pathogen Botrytis
fabae, compared to uninfected leaves (Zebitz & Kehlenbeck, 1991). Comparably, in this
study we found that when Arabidopsis plants were first induced by the SA pathway-
inducing pathogen H. arabidopsidis or the MYC-branch-inducing caterpillar P. rapae,
the ERF-branch of the JA pathway was suppressed and plants became more susceptible
to a subsequent attack by the necrotrophic pathogen B. cinerea compared to non-
induced plants (Figure 1 & Figure 2). Likewise, pretreatment with the hormones SA
or a combination of MelJA and ABA, suppressed the induction of the ERF-branch and
resulted in higher susceptibility to B. cinerea (Supplemental Figure 1 & Supplemental
Figure 2).

Infection with B. cinerea or exogenous application of MeJA activated defense gene
expression (Figure 1 & Figure 5). Furthermore, a negative effect on growth, flowering
time and seed production was found after infection with B. cinerea (Figure 3) or MelJA
treatment (Figure 6), suggesting that there were trade-offs between activation of
defenses by these treatments and plant fitness (Heil & Baldwin, 2002; Van Hulten et
al., 2006; Walters & Heil, 2007; Vos et al., 2013a; Cipollini et al., 2014). However, there
was no negative effect on growth, flowering time and seed production in response
to H. arabidopsidis infection or infestation with P. rapae, while these attackers also
induced defense gene expression (Figure 1 & Figure 3). This is probably caused by
the fact that plants were only shortly exposed to these attackers, since 24 h after the
first pathogen or insect treatment, plants were placed under conditions that inhibited
further growth of the pathogen (H. arabidopsidis) or the inducer was removed (P.
rapae), thereby reducing long-term effects of the primary induction treatments on
plant fitness. Although these single inductions did not have a negative effect on the
fitness parameters, still there were ecological costs of the double induction, as plants
became more susceptible to B. cinerea infection (Figure 2). These ecological costs
did not lead to additional negative effects on fitness compared to B. cinerea-infected
plants that were not previously induced (Figure 3). Likewise, no additional fitness costs
were incurred by the double treatment with SA or a combination of MelA and ABA
and B. cinerea (Supplemental Figure 3). This could be an indication that the hormonal
crosstalk effect that we found at the level of gene expression (Figure 1 & Supplemental
Figure 1) and disease resistance (Figure 2 & Supplemental Figure 2) is indeed a cost-
saving strategy. Testing crosstalk mutants that are not affected in resistance to either
of the attackers could give a definite answer (Thaler et al., 2012; Vos et al., 2013a).
Alternatively, there might not be a linear relation between susceptibility and plant
fitness, which could explain the lack of additional fitness costs in the double treated
plants. However, Heidel et al. (2004) found that higher disease severity after H.
arabidopsidis infection correlated with lower seed production. Furthermore, Cipollini
(2002) found that seed production was significantly lower when plants were treated
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with a high concentration of SA compared to a lower concentration. Together this
suggests that there is a negative correlation between increased disease symptoms and
lower fitness, but to our knowledge, this has never been shown for B. cinerea infection.
However, from our own experience, we know that Arabidopsis can die from a B. cinerea
infection, leading to a fitness level of 0.

Fitness effects of defense activation in plants grown in competition

Previously, it was shown in Nicotiana attenuate that allocation costs of induced
defenses were only found when plants were grown with conspecific competitors (Van
Dam & Baldwin, 2001). This can likely be explained by the fact that in dense competition
stands, plants have to compete for light and nutrients in addition to the investment
of resources in activation of induced defenses. Consequently, growing plants in a
competition set-up can increase the probability of detecting fitness costs of activating
the different defense signaling pathways (Dietrich et al., 2005). Therefore, we tested
the effect of hormone treatments on the fitness of plants grown in dense competition
stands.

SA and/or MelJA solutions were supplied exogenously as a root drench. It
has recently been shown that the effect of JA treatment on primary metabolism,
development and defense specific traits depended on whether JA had been applied to
the shoots or the roots of Brassica oleracea plants (Tytgat et al., 2013). We observed
that root drenching with SA and SA/MelJA resulted in activation of the SA marker gene
PR1 in the leaves, whereas VSP2 expression was activated only by MeJA treatment and
not by SA/MelA treatment (Figure 5), indicating that application of the hormones as a
root drench resulted in SA/JA crosstalk effects in the above-ground plant parts.

Treatment with MeJA led to a negative effect on leaf area and dry weight of the
plants when competing with mock-treated plants (Figure 6), whereas when MelJA-treated
plants competed against SA/MeJA-treated plants no significant differences in leaf area
and dry weight were found, but a trend towards a reduction of the MeJA-induced fitness
costs was visible. Activation of the SA pathway did not have major negative effects
on fitness, although a trend towards reduced growth was detected. SA-treated plants
showed higher dry weight in competition with SA/MeJA-treated plants, but no effect on
leaf area was found. Taken together, these data show that activation of the JA pathway
resulted in lower fitness and lower competitive ability, while the combination of MelA
with SA did not result in an extra negative effect, but rather a trend towards a positive
effect was observed. Together, this indicates that also in dense competition stands, where
costs of defense activation are likely to be higher (Van Dam & Baldwin, 2001; Dietrich et
al., 2005), hormonal crosstalk might be a cost-saving strategy in induced plant immunity.

Although growth rates and dry masses appear valuable phenotypic parameters
to observe fitness effects, in some cases it failed to be valid predictors of effects on
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life time seed production (Dietrich et al., 2005). Therefore, it would be worthwhile to
measure seed production in the competition set-up as well. Additionally, it could be
interesting to use pathogens instead of hormones, to make the effect of induction last
longer and to add a disease resistance effect, which could lead to ecological costs.
Furthermore, environmental conditions such as nutrient availability and presence
of competitors have been shown to impact the amount of fitness costs of induced
defenses (Cipollini et al., 2003; Dietrich et al., 2005), making it likely that environmental
conditions also impact the magnitude of fitness benefits of hormonal crosstalk.

CONCLUSION

Inconclusion, ourresults showthat hormonal crosstalk during multi-attackerinteractions
can shift the balance between SA- or JA/ABA-dependent defenses on the one hand and
JA/ET-dependent defenses on the other hand. Despite the reduced JA/ET-dependent
necrotroph resistance observed during the double attacker interactions, there were no
additional long-term negative fitness effects of plants that were sequentially attacked
by the different attackers. Furthermore, in most cases plants grown in competition
stands did not show a negative effect on plant growth in response to treatment with
both SA and MelA in comparison to the single hormone treatments. Taken together,
these results suggest that hormonal crosstalk might indeed be a cost-saving strategy
that allows plants to prioritize their defenses and reduce fitness costs of defense
activation.

MATERIAL & METHODS

Plant material and cultivation

Seeds of Arabidopsis thaliana accession Col-0 were sown on river sand. Two weeks later,
seedlings were transplanted into 60-ml pots containing a sand-potting soil mixture
(5:12 v/v) that had been autoclaved twice for 20 min with a 24 h interval. Plants were
cultivated in a growth chamber with a 10-h day and 14-h night cycle at 70% relative
humidity and 21°C. Plants were watered every other day and received half-strength
Hoagland solution (Hoagland & Arnon, 1938) containing 10 uM sequestreen (CIBA-
Geigy, Basel, Switzerland) once a week.

Hyaloperonospora arabidopsidis inoculation

Hyaloperonospora arabidopsidis WACO9 was maintained on susceptible Arabidopsis
eds1 plants by weekly transfer to healthy 14-day-old seedlings as described (Koch &
Slusarenko, 1990). Sporangia were obtained by washing diseased leavesin demineralized
water. Debris was filtered out using Miracloth (Merck) and spores were resuspended
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in demineralized water to a final density of 50 spores/ul. Five-week-old plants were
inoculated by spraying the H. arabidopsidis spore suspension using a fine paint brush,
after which the plants were kept at 100% RH at 17°C for 24 h to facilitate infection (Van
Damme et al., 2005).

Pieris rapae infestation

Pieris rapae (small cabbage white) was reared on white cabbage plants (Brassica
oleracea) as described (Van Wees et al., 2013). First-instar caterpillars were used in
all experiments. Two caterpillars were placed on fully expanded leaves of 5-week-old
plants using a fine paintbrush. Caterpillars were removed 24 h later.

Botrytis cinerea inoculation

Botrytis cinerea inoculations were performed with strain B05.10 (Van Kan et al., 1997)
as described previously (Van Wees et al., 2013). B. cinerea suspension with a final
density of 1:10° spores/ml was prepared and 5 pL droplets of the spores were applied
to six leaves per plant per treatment. Plants were placed under a lid to increase relative
humidity to 100% to stimulate the infection. Samples for gene expression analysis were
harvested at the indicated time points. Four days after B. cinerea treatment, lids were
removed.

Rosette diameter, flowering time and seed production

Rosette diameters were measured from pictures that had been taken at the indicated
time points. Two opposing longitudinal measurements were taken of each rosette using
Imagel. On-picture rulers were used to convert measured pixels to realistic centimeters.
Flowering time was noted in days after treatment when the first flower appeared. To
determine seed production, plants were watered every other day until they stopped
producing new flowers. Inflorescences were harvested when all plants had finished
flowering and the seeds were weighed on a microbalance with a 0.0001 g resolution.

Competition experiment

For the competition experiment, seedlings were transplanted to trays consisting of 18-
ml pots organized in a 7 x 7 format, so that plants experienced competition of the
aboveground plant parts, but not of the roots. Hormone treatment was applied in a
chess pattern to 4-week-old plants (Figure 4). Only the inner 9 plants were used for
determining gene expression, leaf area and dry weight to circumvent an edge effect.
Samples for gene expression were harvested 24 h after hormone application. Three
weeks after treatment, plants were harvested and leaf area was measured using a LI-
3100C Area Meter (LI-COR Environmental). Rosette dry weight was determined on a
microbalance with a 0.001 g resolution when the leaves had fully dried in a 60°C stove.

94



Impact of hormonal crosstalk on resistance and fitness of plants under multi-attacker conditions

Chemical treatments

Five-week-old plants were treated with SA (Malinkrodt Baker, Deventer, the Netherlands)
or a combination of MelA (Serva, Brunschwig Chemie, Amsterdam, the Netherlands)
and ABA (Sigma, Steinheim, Germany) by dipping plants in a solution containing either
1 mM SA or a combination of 100 uM MelJA and 100 uM ABA and 0.015% (v/v) Silwet
L77 (Van Meeuwen Chemicals BV, Weesp, the Netherlands). MelA and ABA solutions
were diluted from a 1000-fold concentrated stock in 96% ethanol. The mock solution
contained 0.015% Silwet L77 and 0.1% ethanol.

For the competition experiment, 4-week-old plants were treated with 500 uM SA
(Mallinckrodt Baker, Deventer, The Netherlands), 50 uM MelJA (Duchefa Biochemie BV,
Haarlem, The Netherlands) or a combination of both by applying 3 ml of the solutions to
the plants as a root drench. MeJA solution was diluted from a 1000-fold concentrated
stock in 96% ethanol. The mock solution contained 0.1% ethanol.

RNA extraction and RT-qPCR
Total RNA was isolated as described (Ofiate-Sanchez &Vicente-Carbajosa, 2008).
SuperScript™ Il Reverse Transcriptase was used to convert DNA-free total RNA into
cDNA. 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. A standard thermal profile was used: 50°C for 2
min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. Amplicon dissociation
curves were recorded after cycle 40 by heating from 60 to 95°C with a ramp speed of
1.0°C/min. Transcript levels were calculated relative to the reference gene At1g13320
(Czechowski et al., 2005) using the 22“"method described previously (Livak & Schmittgen,
2001; Schmittgen & Livak, 2008). Primer sequences were as described (Vos et al., 2013b).
The AGI numbers of the studied genes are At2g14610 (PR1), At5g24770 (VSP2) and
At5g44420 (PDF1.2).
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Supplemental Figure 1: Differential expression of PR1, VSP2 and PDF1.2 in response to hormone treatment
and B. cinerea infection.

RT-gPCR analysis of SA-responsive PR1 expression (A), MeJA/ABA-responsive VSP2 expression (B) and B. cinerea-
responsive PDF1.2 expression (A & B). Plants were either treated with 1 mM SA or a combination of 100 uM
MeJA and 100 uM ABA. At 24 h, all plants were inoculated with B. cinerea. Samples were taken at the indicated
time points after the first treatment. Different letters indicate a statistically significant difference between the
different treatments within one time point (ANOVA, Tukey post-hoc test; P<0.05; NS = not significant). Error bars
represent SE, n=3 plants.
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Supplemental Figure 2: Effect of hormone application on disease resistance against B. cinerea.

Quantification of disease symptoms of Arabidopsis Col-0 plants infected with B. cinerea. Twenty four h before
inoculation with B. cinerea, plants were treated with 1 mM SA or a combination of 100 uM MeJA and 100 uM
ABA. Disease severity of the inoculated leaves was scored in 3 classes. Percentage of leaves in each class was
calculated per plant (X-test; n=20 plants).
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Supplemental Figure 3: Growth and fitness parameters of single- and double-treated plants.

Rosette diameter (cm), flowering time (days post inoculation) and total seed production (mg) of Arabidopsis
plants. Plants were either treated with 1 mM SA or a combination of 100 uM MelJA and 100 uM ABA. At 24 h
the caterpillars were removed after which all plants were inoculated with B. cinerea. Different letters indicate
a statistically significant difference between the different treatments (ANOVA, Tukey post-hoc test; P<0.05).
Error bars represent SE, n=20 plants.
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ABSTRACT

Plants can protect themselves against attack by pathogens and insects by activating
their inducible immune system. Activation of these inducible defenses entails fitness
costs, since resources are allocated to resistance instead of to growth and reproduction.
Environmental factors such as day length, competition with other plants and nutrient
availability can influence the magnitude of these fitness costs or sometimes even avert
them. In a field study, we observed that Arabidopsis thaliana plants that were infected
with the biotrophic pathogen Hyaloperonospora arabidopsidis displayed enhanced
fitness, as evidenced by a 70% increase in seed production. In this study, we investigated
how environmental conditions influence the fitness of Arabidopsis after infection with
this downy mildew pathogen. Generally, rosette growth was reduced in the first week
after infection. However, under low nutrient availability, long-day conditions and low
disease pressure, infected plants could compensate for this growth reduction in the
second week by increasing their shoot growth at the expense of root growth. At the end
of the vegetative growth phase, infected plants had grown as much or even more than
control plants, indicating that they had compensated for the initial growth reduction.
Moreover, H. arabidopsidis-infected plants could produce significantly more seeds
than control plants. These results show that under certain environmental conditions,
infection with H. arabidopsidis can positively influence plant fitness. As a biotroph, H.
arabidopsidis benefits from keeping its host alive. Hence, it is tempting to speculate that
the observed conditional plant fitness-promoting effect of H. arabidopsidis infection
is a reflection of the plant-beneficial characteristics associated with the biotrophic
lifestyle of this pathogen.
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INTRODUCTION

To ward off the large diversity of attackers that plants encounter during their life time,
they possess constitutive defenses, like rigid cell walls, thick cuticles, trichomes, thorns,
and toxic or repellent compounds (Osbourn, 1996). In addition, recognition of an
attacking pathogen or insect results in the activation of specific plant defense signaling
pathways and the expression of appropriate inducible defense responses. These
induced defenses are often controlled by a network of interacting plant hormones.
The quantity, composition and timing of the hormonal signal signature that is produced
upon pathogen or insect attack tailors the defense response specifically to the attacker
at hand, which may help to prioritize effective over ineffective defenses (De Vos et al.,
2005; Pieterse et al., 2012; Vos et al., 2013a). Infection with a biotrophic pathogen, such
as the oomycete Hyaloperonospora arabidopsidis, triggers the rapid synthesis of the
plant hormone salicylic acid (SA; Malamy et al., 1990; Métraux et al., 1990; Zeilmaker
et al., 2015), leading to the activation of a large set of defense-related genes, amongst
which the robust marker gene of the SA signaling pathway, PRI (Van Loon et al., 2006a).
The downy mildew pathogen H. arabidopsidis is an obligate biotroph and requires its
host plant to remain alive in order to complete its life cycle and eventually reproduce
(Coates & Beynon, 2010).

The activation of inducible plant defenses entails significant fitness costs, primarily
because valuable resources are allocated to resistance instead of to growth and
reproduction (Herms & Mattson, 1992; Heil & Baldwin, 2002; Walters & Heil, 2007; Vos
et al., 2013a). Exogenous application of SA or its chemical analogue benzothiadiazole
(BTH) has been shown to reduce plant growth and seed production in different plant
species (Heil et al., 2000; Cipollini, 2002; Canet et al.,, 2010). Furthermore, under
non-infected conditions, Arabidopsis thaliana (Arabidopsis) mutants constitutively
expressing SA-inducible defenses, such as cprl, cpr5 and cpr6 are dwarfed and severely
affected in seed production (Bowling et al., 1994; Heil & Baldwin, 2002; Heidel et al.,
2004; Van Hulten et al., 2006). Conversely, the SA-deficient NahG and sid2 Arabidopsis
genotypes have higher growth rates and seed production compared to wild-type plants
(Cipollini, 2002; Abreu & Munné-Bosch, 2009), confirming the negative effects of SA
on growth and reproduction. In SA-nonresponsive nprl plants, negative fitness effects
of BTH treatment were minimized, indicating that NPR1-mediated signaling plays an
important role in the shift from plant growth to plant defense when SA-dependent
defenses are induced (Van Hulten et al., 2006; Canet et al., 2010). However, when npr1
plants were infected with the biotrophic pathogen H. arabidopsidis, their fitness level
was lower than that of wild-type plants (Heidel & Dong, 2006), demonstrating that,
although costly, the induction of SA-dependent defenses is beneficial for plants when
grown under pathogen pressure.
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The level of fitness costs of induced defenses activated by exogenously
applied hormones, pathogen infection or insect infestation is largely dependent on
environmental factors such as day length, competition with other plants and nutrient
availability (Vos et al., 2013a). In a series of experiments testing the effects of BTH
treatment on plant fitness under different nitrogen regimes, Dietrich et al. (2005)
found that under high nitrogen conditions, plants could compensate for the BTH-
induced reductions in rosette growth and seed production. Furthermore, investigating
different Arabidopsis accessions and a range of H. arabidopsidis isolates, Salvaudon et
al. (2008) found that the effect of infection with H. arabidopsidis could also lead to an
increase in seed production in Arabidopsis accessions that had a low fecundity without
infection. In the context of plant-herbivore interactions it has also been described that
plants can sometimes compensate for the negative fitness effects of induced defenses
(Trumble et al., 1993) and several mechanisms have been suggested to play a role in this
compensatory growth. For example, removal of leaf tissue can increase light levels to
previously shaded leaves, thereby increasing photosynthetic capacity in those leaves.
Furthermore, release of apical dominance and increased resource allocation from the
root to the shoot can increase the growth rate of the shoot (Strauss & Agrawal, 1999).

Inthisstudy, we investigated how growth and seed production of Arabidopsis plants
infected with the biotrophic pathogen H. arabidopsidis, is influenced by environmental
factors and disease pressure. We show that under low nutrient availability and long-day
conditions Arabidopsis plants showed increased fitness upon H. arabidopsidis infection
and these effects seemed most pronounced when disease pressure was low.

RESULTS

Increased fitness of field-grown Arabidopsis plants upon infection with H.
arabidopsidis

Fitness of Arabidopsis plants inoculated with H. arabidopsidis was compared to
that of mock-treated plants when grown under field conditions in a common
garden experiment. Rosette diameter and seed production were determined as
indicators of plant fitness. Inoculation with H. arabidopsidis caused a significant
repression in relative rosette growth during the first week after infection in
comparison to non-inoculated plants (Figure 1). Surprisingly, plants compensated
for this growth reduction by accomplishing a significant increase in relative rosette
growth in the second week after inoculation with H. arabidopsidis. When overall
relative rosette growth was calculated over the 2-week period that was measured
in this experiment, no significant difference between H. arabidopsidis-inoculated
plants and mock-treated plants was found. This indicates that within two weeks H.
arabidopsidis-challenged plants had fully compensated the initial growth retardation.
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Seed production was determined five weeks after inoculation, when most plants
had finished producing new flowers and had started to senesce. Interestingly, H.
arabidopsidis-infected plants produced 70% more seeds than healthy plants (Figure 1).
Together these results show that under field conditions, infection of Arabidopsis with
H. arabidopsidis can lead to enhanced plant fitness.

Low nutrient availability and long-day conditions positively affect plant fitness after
H. arabidopsidis infection

To investigate in further detail which environmental conditions act positively on the H.
arabidopsidis-mediated increase in plant fitness, we investigated rosette growth and
seed production of H. arabidopsidis-infected plants grown under controlled growth
chamber conditions in different soil types and under different nutrient availability
regimes (Figure 2). Under short-day conditions (10-h day, 14-h night) and cultivation
in SZ soil (the standard environment used in our laboratory), rosette growth and seed
production of Arabidopsis were not significantly affected by H. arabidopsidis infection
(Figure 3A). Also in the field soil no effect of H. arabidopsidis infection on plant fitness
was found, except for a small enhancement in relative rosette growth in the third week
and a positive trend toward increased overall rosette growth (Figure 3B). The difference
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Figure 1: Relative rosette growth and seed production as fitness parameters in field-grown Arabidopsis
infected with H. arabidopsidis.

Relative rosette growth and total seed production (mg) of mock-treated plants and plants inoculated with H.
arabidopsidis. Shown are means of the relative increase in rosette diameter (fold-increase in rosette diameter
over the indicated time period) and the overall relative rosette growth from time of inoculation until 2 weeks after
inoculation, calculated for all individual plants. Seed production was measured by weighing the seeds of each
plant. Asterisks indicate statistically significant differences between mock- and H. arabidopsidis-treated plants
(Student’s t-test; ** = P<0.01; * = P<0.05). Error bars represent SE, n=26-38 plants, dpi; days post inoculation.
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with the significantly enhanced plant fitness that was observed in the common garden
experiment (Figure 1) may be related to eradication of the naturally occurring microbial
community, which was due to the required sterilization of the soil for this growth
chamber experiment.

The role of nutrient availability in H. arabidopsidis-increased plant fitness was
determined by cultivating Arabidopsis plants on river sand supplemented with
different concentrations (5, 10 or 50%) of Hoagland nutrient solution. Under short-
day conditions, all plants grown on sand showed a significant growth reduction in the
first one or two weeks after inoculation, which was followed by a significant growth
compensation in the third to fifth week (Figure 3C-E). This effect was irrespective of
the amount of nutrients supplied. Overall, H. arabidopsidis-infected sand-grown
plants showed a trend towards reduced rosette growth and reduced seed production,
indicating that the repressive effect of H. arabidopsidis was greater than its beneficial
effect on plant fitness. Thus, although under short-day growth chamber conditions
some compensatory growth was observed on sand, the beneficial fitness effects of
H. arabidopsidis on the plant were minimal and did not outweigh the costs associated
with the infection.

Since the plants in the common garden experiment had experienced natural long-
day conditions, a similar experiment as described above was performed under long-
day conditions (16-h day, 8-h night). Overall, plants were better able to compensate
their initial growth reduction after H. arabidopsidis infection under long-day conditions
compared to short-day conditions (Figure 4). In SZ soil, there was a small growth
reduction in the first week, followed by a significant growth induction in the second
week after inoculation. Overall, there was no significant growth difference between
mock-treated and infected plants and H. arabidopsidis-infected plants produced

Figure 2: Impression of plants cultivated on the different soil types.
Arabidopsis plants were grown under controlled growth chamber conditions in different soil types. From left to right
the pictures show a plant cultivated on SZ soil (the standard environment in our laboratory), field soil and river sand.
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significantly more seeds (Figure 4A). Plants grown in field soil showed neither negative
nor positive effects of H. arabidopsidis regarding rosette growth, but seed production
was significantly increased in infected plants (Figure 4B). All sand-grown plants,
supplied with different amounts of nutrients, showed a significant growth reduction in
the first week after inoculation and subsequently, a significant growth compensation
in the second and/or third week (Figure 4C-E). Plants grown on sand supplemented
with 5% Hoagland solution showed a significant overall 35% increase in rosette growth
and a significant ~¥30% increase in seed production after infection with H. arabidopsidis
compared to mock-treated plants (Figure 4C). In plants supplied with 10 or 50%
Hoagland solution, H. arabidopsidis infection did not significantly influence overall
rosette growth and seed production (Figure 4D & E). Taken together, long-day conditions
combined with low nutrient availability determined whether plants could compensate
for the fitness costs related to H. arabidopsidis infection (Figure 3 & Figure 4).

Low nutrient availability and long-day conditions increase root:shoot ratio

It has been found that plants with higher root:shoot ratio were better able to
compensate for the fitness costs imposed by herbivory (Strauss & Agrawal, 1999).
Furthermore, low nutrient availability can enhance root:shoot ratio (Olff et al., 1990).
To investigate whether the ability of Arabidopsis to compensate for fitness costs
after H. arabidopsidis infection is correlated with root:shoot ratio, we assayed plants
grown on river sand supplemented with different amounts of nutrients, under short-
and long-day conditions. Application of 5% versus 10% Hoagland solution increased
the root:shoot ratio under short-day conditions and seemingly also under long-day
conditions, although these latter results were obtained from different experiments and
need to be considered with caution (Figure 5A). There was no difference in root:shoot
ratio between short and long-day-grown plants supplemented with 10% Hoagland
solution. Infection with H. arabidopsidis reduced root:shoot ratio when plants received
5% Hoagland solution, under both short- and long-day conditions. However, when
plants were supplemented with 10% Hoagland solution, infection did not alter the
root:shoot ratio (Figure 5A). These data suggest that plants grown under long-day
conditions with low nutrient availability had the highest root:shoot ratio, which is in
line with the conditions under which plants were best able to compensate after H.
arabidopsidis infection.

To gain more insight in the effects of H. arabidopsidis infection on rosette and root
growth, we examined the dry weight of the rosettes and the roots of plants grown on
sand supplemented with 5% Hoagland solution under long-day conditions at 0, 7, 14 and
21 days after inoculation. The fold-increase in root dry weight was significantly lower in
the first week after inoculation in comparison to mock-treated plants, but there were
no differences in root dry weight gain in the subsequent weeks. Overall there was a
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significantly lower fold-increase in dry weight of the roots of H. arabidopsidis-infected
plants (Figure 5B). The fold-increase in dry weight of the rosettes was also significantly
lower in the first week after infection with H. arabidopsidis than in mock-treated plants,
which was followed by a significantly higher fold-increase in rosette dry weight in the
second week. Overall there was no significant difference in fold-increase in dry weight
of the rosettes at the end of the experiment (Figure 5B). Together, this indicates that the
compensatory growth of H. arabidopsidis-infected plants grown under a combination of
long-day conditions and low nutrient availability may be explained by an enhancement
of rosette growth at the expense of root growth.

Low disease pressure positively affects fitness compensation after H. arabidopsidis
infection

Previously, it has been found that the magnitude of fitness costs associated with the
activation of SA-dependent defense responses is dose-dependent (Cipollini, 2002;
Van Hulten et al., 2006). Therefore, we investigated whether the disease pressure,
and thus the level of the associated SA-dependent defense responses induced by H.
arabidopsidis infection, could influence the balance between costs and benefits for
the plant. Different concentrations of H. arabidopsidis spore suspension (5, 50 and 250
spores/ul) were sprayed onto plants that were growing on river sand supplemented
with 5% Hoagland solution under controlled long-day conditions. Figure 6A shows that
the compensatory growth effect in this experiment was not as clear as in previous
experiments. Rosette growth reduction in the first week was established by all H.
arabidopsidis spore concentrations. However, compensation for this growth reduction
in the second week was only found for the lowest spore concentration. Over the total
three-week period, there was no difference in rosette growth between mock-treated
plants and plants treated with 5 spores/pl. Treatment with 50 or 250 spores/ul resulted
in significantly less growth compared to mock-treated plants. There were no significant
differences in seed production between any of the treatments (Figure 6A), indicating
that although plants treated with the lowest spore concentration compensated for

A

Figure 3: Effect of soil type on plant fitness of short-day grown plants infected with H. arabidopsidis.

Relative rosette growth and total seed production (mg) of mock-treated plants and plants inoculated with H.
arabidopsidis. Plants were grown on SZ soil, autoclaved field soil or river sand supplemented with 5, 10 or 50%
Hoagland solution under short-day conditions. Shown are means of the relative increase in rosette diameter
(fold-increase in rosette diameter over the indicated time period) and the overall relative rosette growth from
time of inoculation until 5 weeks after inoculation, calculated for all individual plants. Seed production was
measured by weighing the seeds of each plant. Asterisks indicate statistically significant differences between
mock- and H. arabidopsidis-treated plants (Student’s t-test;*** = P<0.001; ** = P<0.01; * = P<0.05). Error bars
represent SE, n=8-10 plants, dpi; days post inoculation.
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the initial reduction in rosette growth, fitness was not increased in these plants.The
root:shoot ratio was also determined in this experiment. However, none of the spore
concentrations significantly influenced the root:shoot ratio, although there was a
trend towards lower root:shoot ratio in plants treated with 5 spores/ul (Figure 6B),
comparable to the decrease in root:shoot ratio after H. arabidopsidis infection in the
previous experiment (Figure 5A).

We also examined the dry weight of the roots and the rosettes at 0, 7 and 14
days after inoculation. The fold-increase in root dry weight of plants treated with 5
spores/ul was higher than in mock-treated plants in the first week after treatment,
which was followed by a significant lower fold-increase in root dry weight in the second
week. Plants treated with 5 spores/ul showed no significant difference regarding fold-
increase in dry weight of the rosette, although there was a trend towards an increase in
comparison to mock-treated plants (Figure 6C). Together, this gives an explanation for
the trend towards lower root:shoot ratio in those plants. Plants treated with 50 or 250
spores/ul showed no significant effects on either rosette or root biomass, but overall
there was a trend towards an increase by 50 spores/ul, while 250 spores/ul-treated
plants tended to reduce their growth (Figure 6C). Taken together, plants treated with
the highest spore concentration showed a negative effect on growth and were not able
to compensate after H. arabidopsidis infection. Plants treated with the lowest spore
concentration seemed to be best able to compensate for rosette growth inhibition
after H. arabidopsidis infection. Comparable to the previous experiment, this was
associated with a decrease in root:shoot ratio after infection in these plants, which
may be explained by an enhancement of rosette growth at the expense of root growth.

DISCUSSION

Compensation of initial plant growth reduction inflicted by H. arabidopsidis infection
Growth compensation after an initial defense-related growth reduction has been
recorded in plants after feeding by herbivores (Paige & Whitham, 1987; Trumble et al.,

A

Figure 4: Effect of soil type on plant fitness of long-day grown plants infected with H. arabidopsidis.

Relative rosette growth and total seed production (mg) of mock-treated plants and plants inoculated with H.
arabidopsidis. Plants were grown on SZ soil, autoclaved field soil or river sand supplemented with 5, 10 or 50%
Hoagland solution under long-day conditions. Shown are means of the relative increase in rosette diameter
(fold-increase in rosette diameter over the indicated time period) and the overall relative rosette growth from
time of inoculation until 3 weeks after inoculation, calculated for all individual plants. Seed production was
measured by weighing the seeds of each plant. Asterisks indicate statistically significant differences between
mock- and H. arabidopsidis-treated plants (Student’s t-test;*** = P<0.001; ** = P<0.01; * = P<0.05). Error bars
represent SE, n=8-10 plants, dpi; days post inoculation.
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Figure 5: Effect of day length and nutrient availability on H. arabidopsidis-induced changes in root and shoot
growth.

(A) Root:shoot ratio of mock-treated plants and plants inoculated with H. arabidopsidis. Plants were grown on
river sand supplemented with 5 or 10% Hoagland solution under short-day (SD) or long-day (LD) conditions.
Different letters indicate statistically significant differences between mock-treated plants cultivated under
the different growing conditions. Asterisks indicate statistically significant differences between mock- and H.
arabidopsidis-treated plants per growing condition (ANOVA, Tukey post-hoc test; *** = P<0.001). Error bars
represent SE, n=10 plants.

(B) Fold-increase in dry weight of rosettes and roots of mock-treated plants and plants inoculated with H.
arabidopsidis. Plants were grown on river sand supplemented with 5 % Hoagland solution under long-day
conditions. Shown are means of the relative increase in dry weight (fold-increase in dry weight over the indicated
time period) and the overall fold-increase in dry weight from time of inoculation until 3 weeks after inoculation,
calculated for all individual plants. Asterisks indicate statistically significant differences between mock- and H.
arabidopsidis-treated plants (Student’s t-test; *** = P<0.001; * = P<0.05). Error bars represent SE, n=10 plants,
dpi; days post inoculation.
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1993; Strauss & Agrawal, 1999; Agrawal, 2000) and after treatment with BTH (Dietrich
et al., 2005). We found that plants can also compensate in growth and seed production
after infection with H. arabidopsidis (Figure 1). The growth reduction found in the first
week after infection could be caused by allocation costs of the infection, since the plant
is allocating resources to defense instead of to growth (Heil & Baldwin, 2002; Vos et al.,
2013a). The subsequent compensating effect was most pronounced under low nutrient
availability, long-day conditions and low disease pressure (Figure 4 & Figure 6). We
found a decrease in root growth after H. arabidopsidis infection (Figure 5B & Figure
6C), while rosette growth was not reduced or even enhanced (all Figures), suggesting
that increased resource allocation from the root to the shoot might be a mechanism
regulating compensatory growth after H. arabidopsidis infection.

Compensatory growth in plants attacked by herbivores is described as so-called
‘by-product mutualism’ (Agrawal, 2000), since the fitness benefit of the by-products
of being consumed (for example, release of apical dominance) is greater than the
cost of being eaten. As a biotrophic pathogen, H. arabidopsidis relies on a living host
and an increase in plant biomass and seed production would expectedly lead to both
enhanced spore production and greater amounts of host plants in the next generation.
Therefore, the H. arabidopsidis-Arabidopsis interaction might involve a by-product
mutualism, whereby H. arabidopsidis infection increases plant fitness, leading to larger
and more host plants.

Effect of nutrient availability on compensatory growth of Arabidopsis

The compensatory effect on growth after BTH treatment was reported to be most
pronounced when the plants were supplied with high nutrient levels (Dietrich et al.,
2005). On the contrary, we found that the compensatory fitness effects after infection
with H. arabidopsidis were most extreme under low nutrient conditions (Figure 3 &
Figure 4). Likewise, compensation after herbivory was reported to be larger at lower
nutrient availability (Gertz & Bach, 1995). The latter may be related to an increase in
root:shoot ratio that is generally caused by low levels of nutrients (OIff et al., 1990),
which in turn is associated with higher tolerance to herbivores (Strauss & Agrawal,
1999). To investigate if the root:shoot ratio also plays a role in the compensatory fitness
effect related to H. arabidopsidis infection, we measured the root:shoot ratio of plants
grown on river sand supplemented with 5 and 10 % Hoagland solution and cultivated
under short- and long-day conditions. Lower nutrient availability indeed increased the
root:shoot ratio (Figure 5A). Plants grown under a combination of long-day conditions
and low nutrient availability had the highest root:shoot ratio (approximately 0.4 in
two separate experiments; Figure 5A & Figure 6B), which is in line with the ability
of those plants to compensate fitness costs after H. arabidopsidis infection. These
results suggest that a relatively high root:shoot ratio in non-infected plants, could be
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a good indicator of the ability of the plants to compensate growth reduction after H.
arabidopsidis infection. However, more research is needed to support this hypothesis
and investigate the mechanisms underpinning this growth control.

Effect of day length and disease pressure on fitness of H. arabidopsidis-infected
Arabidopsis

Day length has been found to influence different plant traits like flowering, volatile
emission, nutrient uptake and leaf thickness (Dorais et al., 1996; Vanninen et al., 2010).
Furthermore, the resistance to different attacking organism has been reported to be
influenced by day length. For example, resistance of strawberry plants to two-spotted
spider mites, resistance of tomato plants to Manduca sexta caterpillars and resistance
of potato plants to Phytophthora infestans was higher under long-day conditions
compared to short-day conditions (Kennedy et al., 1981; Patterson et al., 1994; Lebecka
& Sobkowiak, 2013). We found that plants were better able to compensate the fitness
costs after H. arabidopsidis infection under long-day conditions compared to short-
day conditions. Whether this enhanced compensation under long-day conditions is
associated with enhanced tolerance or resistance to H. arabidopsidis is not known
and could be investigated by assessing the activation of defense responses and the
resistance level to H. arabidopsidis under the different day length conditions.

If the plant’s ability to compensate growth after H. arabidopsidis infection
is dependent on the disease pressure of the H. arabidopsidis infection, a low
inoculation dose can be expected to result in better compensation. Plants were indeed
demonstrated to be best able to compensate at the lowest disease pressure (Figure
6). In light of the by-product mutualism hypothesis, this makes sense since at higher
disease pressure the costs associated with the infection are more likely to outweigh
the benefits for the plant. However, whether the better compensation under long-
day conditions is correlated with the better compensation under low disease pressure
needs to be investigated.

A

Figure 6: Effect of different spore concentrations on plant fitness after inoculation with H. arabidopsidis.
Relative rosette growth and total seed production (mg) (A), root:shoot ratio (B) and fold-increase in dry
weight of rosettes and roots (C) of mock-treated plants and plants inoculated with 5, 50 or 250 spores/ul of
H. arabidopsidis. Plants were grown on river sand supplemented with 5% Hoagland solution under long-day
conditions. Shown are means of the relative increase in rosette diameter, rosette dry weight or root dry weight
(over the indicated time period) and the overall fold-increase from time of inoculation until 2 or 3 weeks after
inoculation, calculated for all individual plants. Different letters indicate statistically significant differences
between treatments at the indicated time point (ANOVA, Tukey post-hoc test, P<0.05). Error bars represent SE,
n=7-20 plants, dpi; days post inoculation
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Other environmental factors influencing plant fitness upon H. arabidopsidis infection
In dense stands of plants, such as agricultural monocultures, plants compete for light,
water and nutrients. When grown in dense stands, the growth reduction in the first
week could give H. arabidopsidis-infected plants an insurmountable backlog and they
might not be able to compensate the initial growth reduction in the subsequent weeks.
Testing H. arabidopsidis infection in a dense competition setup might give more insight
in the possibility of plants to overcome the growth reduction of the first week in an
agricultural realistic setting.

The plant fitness results obtained from the controlled conditions in the growth
chambers resembled those from the variable conditions in the field experiment, but
the 70% increase in seed production that was found in the field after infection with H.
arabidopsidis was not reached in the growth chambers. This suggests that in the field,
additional environmental factors also play a role in the plant’s ability to compensate for
the fitness costs upon H. arabidopsidis infection. For example, beneficial rhizobacteria
and fungi that are naturally present in the field could have primed the plants for
enhanced SA- and/or JA-dependent defense responses (Tjamos et al., 2005; Van Wees
et al., 2008). Autoclaving the field soil, which was necessary to use it in our growth
chambers, eradicated these soil microbes, which may have caused a reduction of the
compensatory effect (Figure 1, Figure 3 & Figure 4). Additionally, also above-ground
interactors and abiotic factors like temperature fluctuation, precipitation, and wind
may have contributed to the enlarged compensatory fitness effect in the field.

Altogether, the results presented here show that interactions between plants and
pathogens do not necessarily lead to negative fitness effects for the plants. Enhanced
seed set and growth compensation of Arabidopsis infected with H. arabidopsidis was
dependent on a combination of environmental factors like low nutrient availability,
long-day conditions and low disease pressure. This combination of factors was
associated with an increased root:shoot ratio in the control situation, which decreased
upon infection with H. arabidopsidis, likely due to enhanced allocation of resources
from the root to the shoot. Further exploring these beneficial fitness effects may give
insight in the finely tuned intimate interactions between biotrophic microbes and their
plant hosts and might provide useful leads for future crop protection.
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MATERIAL & METHODS

Hyaloperonospora arabidopsidis inoculation

Hyaloperonospora arabidopsidis WACO9 was maintained on susceptible Arabidopsis
eds1 plants by weekly transfer to healthy 14-day-old seedlings as described (Koch &
Slusarenko, 1990). Sporangia were obtained by washing diseased leaves in demineralized
water. Debris was filtered out using Miracloth (Merck) and spores were resuspended in
demineralized water to the final density (5, 50 or 250 spores/ul). Plants were inoculated
by spraying the H. arabidopsidis spore suspension using a fine paint brush, after which
the plants were kept at 100% relative humidity at 17°C for 7 days (growth chamber
experiments) or 2 days (field experiment) to facilitate infection (Van Damme et al.,
2005). Subsequently, plants were transferred to other conditions as described in the
sections below.

Rosette diameter and seed production

Rosette diameters were measured from pictures that had been taken at the indicated
time points. Two opposite longitudinal measurements were taken of each rosette using
Imagel. On-picture rulers were used to convert measured pixels to realistic centimeters.
To determine seed production, plants were watered every other day until they stopped
producing new flowers. Inflorescences were harvested when all plants had finished
flowering and the seeds were weighed on a microbalance with a 0.0001 g resolution.

Dry weight and root:shoot ratio

Roots and rosettes were harvested at the indicated time points and dried in a 60°C
stove. Dry weight of the plants was determined on a microbalance with a 0.0001 g
resolution when plants had fully dried. Root:shoot ratio was calculated using the dry
weight of roots and rosettes.

Field experiment

Seeds of Arabidopsis thaliana accession Col-0 were imbibed in 0.1% agar at 4°C for 3
days. Subsequently, they were sown on non-autoclaved sand-potting soil mixture (5:12
v/v) in trays consisting of 200 cells (Teku Seedling Tray cat. No. JP3050/230), one seed
per cell. Plants were kept in a greenhouse compartment with an 8-h day (24°C) and
16-h night (20°C) cycle at 100% relative humidity till germination. Subsequently, plants
were cultivated in the same compartment at 70% relative humidity. Two-week-old
seedlings were placed in an uncontrolled plastic semi-dome greenhouse to acclimatize
for 5 days after which the seedlings with 4 true leaves were transplanted to a field
site near Utrecht, the Netherlands (N 52° 5'23.88” E 5°10°21.70"). Plants were spaced
3.9 cm apart in 11 plots. To protect the plants from slugs, Escar-Co® pellets (Ecostyle)
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were placed. Shade was provided by maze nettings placed at 1.5 m above the plants.
Plants were watered regularly and not actively protected from insect herbivores and
pathogens. After 10 days in the field plants were sprayed with water or H. arabidopsidis
(50 spores/ul) using an artist paintbrush. To facilitate infection, plants were kept at
100% relative humidity for 48 h by enclosing the plants with see-through lids, after
which the lids were removed. Rosette diameters were measured at 0, 7 and 13 days
after treatment. Inflorescences were harvested when the plants were 2 months old
and left to dry in a paper bag for another 3 months, after which the weight of the seeds
was determined.

Soil types and plant cultivation

Seeds of Arabidopsis thaliana accession Col-0 were sown on river sand. Two weeks
later, seedlings were transplanted into 60-ml pots. Pots were filled with a river sand-
potting soil mixture (5:12 v/v) named SZ soil (Stek Zaai soil), field soil (obtained from
the plots used for the field experiment) or river sand (Figure 2). All soil types had been
autoclaved twice for 20 min with a 24-h interval. Plants were cultivated in a growth
chamber with a 10-h day and 14-h night cycle at 70% relative humidity and 21°C. Plants
were watered every other day and the plants cultivated on river sand grown plants
received 50, 10 or 5% Hoagland solution (Hoagland & Arnon, 1938) containing 10, 2
or 1 uM sequestreen, respectively (CIBA-Geigy, Basel, Switzerland) once a week. Five-
week-old plants were sprayed with water (mock) or H. arabidopsidis (50 spores/ul),
after which they were kept at 100% relative humidity for 7 days. Subsequently, they
were transferred to short-day conditions (10-h day and 14-h night cycle) or long-day
conditions (16-h day and 8-h night cycle) at 70% relative humidity and 21°C.
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Chapter 6

Hormone-induced plant defense responses

In complex natural environments, plants have to deal with a wide diversity of attackers,
like microbial pathogens and herbivorous insects. Plants can ward off the majority
of attackers with constitutive defenses, like rigid cell walls, thick cuticles, trichomes,
thorns and toxic or repellent compounds (Osbourn, 1996). In addition, recognition of an
attacking pathogen or insect results in the activation of specific plant defense signaling
pathways and the expression of inducible defense responses (Pieterse et al., 2012). It
has been suggested that the inducible character of these defenses has evolved because
of the significant fitness costs that are associated with the constitutive expression of
defenses (Simms & Fritz, 1990; Heil & Baldwin, 2002). The production of plant hormones
plays a crucial role in the activation of these induced defense responses (Pieterse et al.,
2009; Robert-Seilaniantz et al., 2011; Pieterse et al., 2012).

The hormonal blend that is produced upon pathogen or insect attack is
dependent on the lifestyle and invasion strategy of the attacker (De Vos et al., 2005).
Salicylic acid (SA) plays an important role in the activation of induced plant defenses
against biotrophic pathogens. On the other hand, jasmonic acid (JA) is an important
regulator in induced plant defense responses against necrotrophic pathogens and
herbivorous insects (Glazebrook, 2005; Robert-Seilaniantz et al., 2011; Pieterse et al.,
2012). Furthermore, abscisic acid (ABA) and ethylene (ET) have been found to play a
modulating role on JA-dependent defense responses (Van Loon et al., 2006b; Ton et
al., 2009). JA in combination with ABA results in activation of the MYC-branch of the
JA-signaling pathway, which induces defense responses against herbivorous insects.
The MYC-branch is regulated by the MYC-transcription factors MYC2, MYC3 and MYC4,
leading to activation of the MYC-branch marker genes VSP1 and VSP2 (Figure 2 of
Chapter 1; Chapter 2 & Chapter 3; Anderson et al., 2004; Lorenzo et al., 2004; Howe
& Jander, 2008; Fernandez-Calvo et al., 2011; Niu et al., 2011; Vos et al., 2013b). On
the other hand, JA together with ET results in activation of the ERF-branch, which is
effective against necrotrophic pathogens. The ERF-branch is regulated by AP2/ERF-
domain containing transcription factors ERF1 and ORA59, leading to activation of
the ERF-branch marker gene PDF1.2 (Figure 2 of Chapter 1; Chapter 2 & Chapter 3;
Penninckx et al., 1998; Glazebrook, 2005; Pré et al., 2008).

Crosstalk between different hormone signaling pathways is hypothesized to allow
the plant to activate effective over ineffective defenses in a cost-efficient manner
(Pieterse et al., 2012; Thaler et al., 2012). Activation of the SA signaling pathway has
been shown to have a strong suppressive effect on JA-dependent gene expression and
defense responses against necrotrophic pathogens and herbivorous insects (Chapter 4;
Van Wees et al., 1999; Spoel et al., 2003; Spoel et al., 2007; Koornneef & Pieterse, 2008;
Van der Does et al., 2013; Caarls et al., 2015). Furthermore, between the MYC- and
the ERF-branch of the JA signaling pathway a mutually antagonistic relationship exists
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(Chapter 2 & Chapter 4; Lorenzo et al., 2004; Verhage et al., 2011; Vos et al., 2013b).
The main goal of this study was to investigate how activation of defense signaling
pathways and the crosstalk between them influences plant defense and plant fitness.
Therefore, we investigated the crosstalk between the MYC- and the ERF-branch of the
JA signaling pathway and the modulating role of ABA and ET herein (Chapter 2). We
also investigated the differential activation of the JA response pathway and the role of
ABA signaling in undamaged systemic leaves of Pieris rapae-infested plants (Chapter 3).
Furthermore, we tried to unravel whether hormonal crosstalk influences plant fitness
under multi-attacker conditions (Chapter 4). Finally, we studied how environmental
factors and disease pressure influence plant fitness after infection with the biotrophic
pathogen Hyaloperonospora arabidopsidis (Chapter 5). In this chapter, the results
presented in this thesis are discussed in the view of current knowledge on plant defense
signaling. Moreover, the most important words of this thesis are summarized in Figure 1.

Molecular regulation of ABA-dependent defense responses during herbivory
ABA has been reported mostly to function in the regulation of developmental processes,
such as seed germination, senescence, dormancy and in tolerance to abiotic stresses
(Wasilewska et al., 2008; Hauser et al., 2011). However, there have also been reports
describing ABA as an important modulator of plant defense responses (Chapter 2 &
Chapter 3; Anderson et al., 2004; Lorenzo et al., 2004; Asselbergh et al., 2008; Feng
et al., 2012; Sanchez-Vallet et al., 2012; Vos et al., 2013b). Limited water supply is an
important trigger for ABA biosynthesis (Raghavendra et al., 2010). Leaf wounding and
herbivory are associated with leaf water loss (Aldea et al., 2005; Consales et al., 2012)
and this abiotic stress may be the cause of the increased ABA levels that we observed
upon herbivory by P. rapae in Arabidopsis (Chapter 2 & Chapter 3). Also in maize plants,
increased ABA biosynthesis has been demonstrated upon belowground herbivory by
the western corn rootworm Diabrotica virgifera virgifera (Erb et al., 2009). Furthermore,
it has previously been shown that caterpillar feeding induced significant changes in the
expression of a set of ABA-responsive genes in Arabidopsis (Bodenhausen & Reymond,
2007; Appel et al., 2014a). Together, these findings suggest that insect herbivory can
lead to enhanced ABA signaling.

In Chapter 2 we show that, like the MYC-impaired myc2 and myc2,3,4 plants, the
ABA biosynthesis mutant aba2-1 was unable to activate the MYC-branch in response
to feeding by P. rapae, indicating that ABA is essential to fully activate an appropriate
defense response upon herbivory. Furthermore, exogenous application of ABA
stimulated the MYC-branch marker genes VSP1 and VSP2 in Col-0 wild-type plants
(Chapter 2 & Chapter 3). This ABA-induced activation of VSP2 was absent in the myc2
and myc2,3,4 plants, indicating that ABA-regulated activation of the MYC-branch was
dependent on the MYC transcription factors (Chapter 2).
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ABA treatment has been found to cause suppression of the ERF-branch genes
ORA59 and PDF1.2 (Chapter 2; Anderson et al., 2004). This suppressive effect of ABA
was still detected in the myc2 and myc2,3,4 plants, indicating that ABA can suppress
the ERF-branch independent of these three MYC-transcription factors (Chapter 2). We
found that the suppression effect of ABA on ORA59 and PDF1.2 works via a similar
mechanism as the suppression of SA on ORA59 and PDF1.2, namely via inhibition of
activation of the GCC-box promoter motif by JA (Chapter 2; Van der Does et al., 2013).
These results indicate that the GCC-box is sufficient for ABA-mediated suppression of
JA-responsive gene expression.

Systemic leaves showed an increase in MYC2 expression upon P. rapae feeding,
but no increase in downstream VSP1 expression (Chapter 3). Exogenous application of
ABA resulted in enhanced expression of VSP1 (Chapter 3), indicating that the systemic
tissue is primed for activation of the MYC-branch. Furthermore, Abe et al. (2003) found
that overexpression of MYC2 in Arabidopsis primes the plants for enhanced sensitivity
to ABA. Moreover, ABA biosynthesis upon P. rapae feeding appears to be dependent on
the MYC transcription factors, as indicated by reduced ABA levels in P. rapae-infested
myc2 and myc2,3,4 plants compared to Col-0 (Chapter 2). Taken together, these findings
indicate that joint activation of ABA- and MYC-dependent signaling is necessary for full
activation of herbivore-induced defense responses and repression of defenses against
necrotrophic pathogens.

The effect of ABA-dependent defense responses on plant resistance

In systemic undamaged leaf tissue, there is likely no water loss (Aldea et al., 2005) and
the ABA levels are not upregulated (Chapter 3). This lack of ABA may have prevented
the direct activation of costly defense responses, while instead the tissue became
primed for activation of the MYC-branch (Chapter 3), which is a cost-efficient way of
the plant to prepare itself for future attack (Van Hulten et al., 2006; Vos et al., 2013a).
In accordance with this, secondary infestation with a P. rapae caterpillar significantly
reduced caterpillar performance compared to caterpillars feeding from previously
uninduced plants (Chapter 3). This effect was absent in the aba2-1 and the coil-1 mutant
plants, indicating that similar to local damaged leaves, joint activation of the JA and
ABA pathways is required for the induction of herbivore-induced defense responses in
undamaged systemic leaves.

In a series of no-choice and two-choice experiments, we found that enhancement
of the ERF-branch upon caterpillar feeding, such as observed in myc2 and aba2-
1 plants, resulted in strong caterpillar preference (Chapter 2), which is in line with
previous results (Verhage et al., 2011). However, the performance of the caterpillars
was only minimally influenced by enhancement of the ERF-branch (Chapter 2). On
the other hand, enhancement of the MYC-branch, such as occurs in ein2-1 plants, did
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not influence caterpillar preference, but had a strong negative effect on caterpillar
performance. Furthermore, in a multi-attacker set-up with both P. rapae infestation
and infection with the necrotrophic pathogen Botrytis cinerea, caterpillar feeding
suppressed ERF-branch-controlled defense responses against B. cinerea (Chapter 2 &
Chapter 4). This suppression of the ERF-branch rendered the plants more susceptible
to B. cinerea (Chapter 4), but had no effect on caterpillar performance (Chapter 2). The
plant’s capacity to rewire its JA-regulated defense responses might be dependent on
the damage intensity inflicted by the attackers (Mouttet et al., 2013) and may contribute
to maximizing the chance of survival.

Plant fitness under multi-species attack

Activation of inducible defense responses entails allocation costs and ecological costs
(Herms & Mattson, 1992; Heil & Baldwin, 2002; Strauss et al., 2002; Walters & Heil, 2007).
Allocation costs occur when valuable resources are allocated to resistance instead of
to growth and reproduction. Ecological costs occur when activation of defenses affects
the interactions of the plant with other biotic and abiotic environmental factors, such as
subsequent attackers or competing plants (Chapter 2 & Chapter 4; Heil, 2002; Cipollini
et al., 2003; Kessler & Halitschke, 2007; Poelman et al., 2008; Traw & Bergelson, 2010;
Vos et al., 2013a). There is ample evidence of altered plant resistance to a subsequent
attacker, when the plantis previously induced by a different attacker. For example, black
bean aphids, Aphis fabae displayed higher growth rate and fecundity on bean leaves
infected with the necrotrophic pathogen Botrytis fabae, compared to uninfected leaves
(zebitz & Kehlenbeck, 1991). In Arabidopsis, infection with Pseudomonas syringae
rendered the infected leaves more susceptible to the necrotrophic fungus Alternaria
brassicicola (Spoel et al., 2007) and feeding by the generalist herbivore Spodoptera
exigua lowered resistance to a virulent strain of P. syringae (Appel et al., 2014b). In
tobacco, Manduca sexta caterpillars consumed up to 2.5-times more leaf tissue from
plants that had been inoculated with tobacco mosaic virus than from mock-treated
plants (Preston et al., 1999). Furthermore, in Chapter 4 we show that Arabidopsis plants
induced with either the SA-pathway inducing H. arabidopsidis or the MYC-branch
inducing P. rapae were more susceptible to the ERF-branch inducing necrotrophic
pathogen B. cinerea.

Whether hormonal crosstalk, by prioritizing one set of defense responses over
others, also contributes to plant fitness when plants are under multi-species attack
has, to our knowledge, never been demonstrated. In Chapter 4, we show that infection
with B. cinerea decreased rosette growth and seed production. However, this negative
fitness effect was not influenced by pre-treatment with either H. arabidopsidis or P.
rapae, despite the increased susceptibility to B. cinerea of these pre-treated plants.
Furthermore, plants grown in competition did not show altered fitness when treated
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simultaneously with SA and MeJA compared to plants treated with only one of the
hormones. Together, this gives a first suggestion that crosstalk indeed could contribute
to plant fitness under multi-species attack. Crosstalk mutants that are not affected in
resistance need to be tested to come to a definite conclusion (Thaler et al., 2012; Vos
et al., 2013). Furthermore, environmental conditions such as nutrient availability have
been shown to impact the amount of fitness costs associated with the activation of
defense responses (Cipollini et al., 2003; Dietrich et al., 2005), showing the importance
of testing under realistic environmental conditions, since otherwise relevant costs
might be missed.

Environmental factors influence plant fitness during infection with H. arabidopsidis
Growth compensation after activation of defense responses has previously been
reported upon feeding by herbivores (Paige & Whitham, 1987; Strauss & Agrawal,
1999; Agrawal, 2000) and after treatment with benzothiadiazole (BTH), a chemical
analogue of SA (Dietrich et al., 2005). We found that plants can also compensate in
growth and seed production after infection with H. arabidopsidis (Chapter 5). The
growth reduction found in the first week after infection can be caused by allocation
costs of the infection, since the plant is allocating resources to defense instead of to
growth (Heil & Baldwin, 2002; Vos et al., 2013a). The subsequent compensating effect
was most pronounced under low nutrient availability and long-day conditions. Plants
grown under these conditions had the highest root:shoot ratio in the control situation,
which decreased upon infection with H. arabidopsidis. Rosette growth was not reduced
or even enhanced after H. arabidopsidis infection, suggesting that increased resource
allocation from the root to the shoot might be a mechanism regulating compensatory
growth after H. arabidopsidis infection. Plants were demonstrated to be best able to
compensate at low disease pressure, likely because at higher disease pressure the costs
associated with the infection are more likely to outweigh the benefits for the plant.

Altogether, we show that interactions between plants and pathogens do not
necessarily lead to negative fitness effects for the plants. As a biotrophic pathogen, H.
arabidopsidis benefits from keeping its host alive and an increase in plant biomass and
seed production would expectedly lead to both enhanced spore production and greater
amounts of host plants in the next generation. Hence, it is tempting to speculate that
the observed conditional plant fitness-promoting effect of H. arabidopsidis infection is
a reflection of the plant-beneficial side of this pathogen, associated with its biotrophic
lifestyle. Further exploration of these beneficial fitness effects may give insight in the
finely tuned intimate interactions between biotrophic microbes and their plant hosts
and might provide useful leads for future crop protection.
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Tools for crop protection

In agriculture, crop losses due to pathogen infection or insect infestation, represents
a total value of over €450 billion worldwide. However, allocation costs and ecological
costs of induced plant defenses are a major problem for the implementation of
enhanced resistance as a tool to improve crops (Walters & Heil, 2007). Plants often have
to deal with simultaneous or subsequent attack by very different attackers. Hormonal
crosstalk can make plants more susceptible to combinations of attackers. For example
leaves infected with H. arabidopsidis or damaged by P. rapae feeding became more
susceptible to B. cinerea infection (Chapter 4). As a result, hormonal crosstalk presents
a challenge for translating fundamental knowledge into crop disease resistance traits. It
has been suggested that crosstalk is a cost-saving strategy, and our results indicate that
this might indeed be the case (Chapter 4). Therefore, if crosstalk could be (artificially)
prevented, the simultaneous elevation of multiple defenses might protect crops to a
multitude of attackers, but at the same time might have detrimental effects on yield.

Undamaged systemic leaves of P. rapae-infested plants did not show full activation
of plant defenses, butinstead became primed for subsequent attack by P. rapae (Chapter
3). Worrall et al. (2012) found that tomato plants grown from either B-aminobutyric
acid (BABA-) or JA-treated seeds were increased resistant against biotrophic pathogens
and insects or necrotrophic pathogens, respectively. Furthermore, the response was
long-lasting, there was no crosstalk between the different forms of defense and
there was also no growth reduction. The Arabidopsis accession Bur-0 is constitutively
primed for enhanced defenses against both pathogens and insects (Ahmad et al.,
2011). Furthermore, induction of both SA- and JA/ET-dependent priming did not lead
to crosstalk between these defense responses (Van Wees et al., 2000). Together, this
suggests that it might be a possibility to prime plants simultaneously for resistance
against several types of attackers, while minimizing plant fitness costs (Van Hulten et
al., 2006). Therefore, it would be interesting to test if it is possible to treat plants with
low amounts of chemicals to prime defenses against multiple attackers and determine
whether plant fitness is unaltered.

However, priming has been studied mostly under tightly controlled growth
chamber conditions with stabile temperature, light intensity, humidity, nutrient
availability and without pathogen or insect pressure. In the field, plants interact with
numerous naturally-occurring pathogens and insects, making it plausible that plants
in the field are already primed (Pieterse & Dicke, 2007; Walters et al., 2013). However,
several researchers have investigated the priming phenomenon under field conditions
and found evidence that multiple plants species can still show a priming response in a
natural environment (Kessler et al., 2006; Heil & Bueno, 2007; Choi et al., 2014). Overall,
understanding whether and how the functioning of the defense signaling pathways and
the crosstalk between them influences plant defense and plant fitness is necessary for
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successful application of defense traits in crops. Furthermore, it is important to test
the molecular mechanisms and fitness effects revealed in this thesis in agricultural and
natural environments to be able to apply this knowledge to improve crop protection.
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Figure 1: Wordle of the thesis ‘Unwiring jasmonic acid defense signaling — molecular regulation and ecological
costs’ by Irene Vos

Wordle (www.wordle.net) of all the text in this thesis, excluding in-text references, figure legends, material and
methods sections, reference list, and frequently used words such as ‘furthermore’ and ‘however’.
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SAMENVATTING

Infectie met pathogenen of vraatschade door insecten zorgt jaarlijks wereldwijd voor
een verlies van meer dan €450 miljard aan landbouwgewassen. Planten hebben te
maken met een enorme variéteit aan pathogenen en insecten die de plant kunnen
aanvallen. Om zich hier tegen te weren kunnen planten een afweerrespons activeren die
werkzaam is tegen deze aanvallers. Dit doen planten door hormonen te produceren. De
samenstelling en hoeveelheid van de geproduceerde plantenhormonen zijn afhankelijk
van het type aanvaller. Salicylzuur, jasmonzuur, abscisinezuur en ethyleen zijn de
belangrijkste hormonen voor het activeren van de afweer van planten. Als een plant
zijn afweersysteem activeert wordt kostbare energie van de plant gebruikt voor afweer
enis deze niet meer beschikbaar voor groei en zaadproductie. Doordat de verschillende
hormoon-signaleringsroutes elkaar positief of negatief kunnen beinvlioeden, kan de
plant de afweerrespons zo goed mogelijk afstemmen op de aanvaller van dat moment
en de afweerreactie op een zo efficiént mogelijke wijze aanzetten. De interacties tussen
de verschillende hormoon-signaleringsroutes wordt crosstalk genoemd.

Salicylzuur speelt een belangrijke rol in het activeren van afweer tegen biotrofe
pathogenen (een biotroof pathogeen kan alleen leven op levend plantenmateriaal).
Activatie van de salicylzuur signaleringsroute leidt uiteindelijk tot expressie van
het gen PR1, een markergen voor activatie van de salicylzuur route. De jasmonzuur
signaleringsroute bestaat uit twee verschillende takken. De MYC-tak reguleert de
afweer tegen herbivore insecten. Deze tak wordt gereguleerd samen met abscisinezuur.
Als de MYC-tak wordt geactiveerd zorgen de transcriptiefactoren MYC2, MYC3 en MYC4
voor expressie van de genen VSP1 en VSP2, belangrijke markergenen voor activatie
van de MYC-tak. De ERF-tak reguleert de afweer tegen necrotrofe pathogenen (een
necrotroof pathogeen leeft van dood plantenmateriaal). Deze tak wordt gereguleerd
samen met ethyleen. Activatie van de ERF-tak zorgt via de transcriptiefactoren ORA59
en ERF1, voor expressie van het gen PDF1.2 , een belangrijk markergen voor activatie
van de ERF-tak.

Het belangrijkste doel van het onderzoek dat in dit proefschrift wordt
beschreven is om te onderzoeken hoe activatie van de afweer gerelateerde hormoon-
signaleringsroutes en de crosstalk tussen de routes de afweer, groei en zaadproductie
van planten beinvioedt.

In hoofdstuk 2 laten we zien dat na vraat door rupsen van het kleine koolwitje
(Pieris rapae) jasmonzuur en abscisinezuur worden aangemaakt in Arabidopsis planten.
We hebben de regulatie van de activatie van de afweer na vraat van P. rapae verder
onderzocht door gebruik te maken van verschillende mutanten, zoals een mutant
die niet meer in staat is abscisinezuur te produceren en een mutant waarin de MYC
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transcriptiefactoren niet meer werkzaam zijn. Hiermee laten we zien dat abscisinezuur
onmisbaar is voor activatie van de MYC-tak, maar ook dat abscisinezuur de ERF-tak
heel sterk kan onderdrukken. Ethyleen wordt niet geproduceerd door de plant na
vraat door P. rapae, maar wel na infectie met de necrotrofe schimmel Botrytis cinerea.
Als we planten eerst infecteren met B. cinerea, wordt de ERF-tak aangeschakeld.
Als de planten daarna worden aangevreten door P. rapae kunnen de planten de
afweerrespons omschakelen en alsnog de MYC-tak activeren. Alles bij elkaar laat dit
zien dat abscisinezuur en ethyleen een belangrijke rol spelen in de regulatie van de
activatie van de MYC- en de ERF-tak om zo de precieze afweerrespons van de plant te
bepalen en de overlevingskans van de plant te vergroten.

Uit het onderzoek in hoofdstuk 3 blijkt hoe de onbeschadigde bladeren van
een door P. rapae aangevreten Arabidopsis plant reageren. Vergelijkbaar met
in de aangevreten bladeren, is er productie van jasmonzuur en activatie van de
transcriptiefactor MYC2 in de onbeschadigde bladeren. Er is echter geen productie van
abscisinezuur en geen activatie van het markergen VSP1 in de onbeschadigde bladeren.
Als we de onbeschadigde bladeren vervolgens behandelen met abscisinezuur of als
de onbeschadigde bladeren worden aangevreten door een tweede P. rapae rups,
zorgt dit voor een sterk verhoogde activatie van MYC2 en VSP1. De rupsen groeien
ook minder goed op planten die al een keer zijn aangevreten dan op planten die dat
niet zijn. Deze resultaten laten zien dat in de onbeschadigde bladeren van een door
rupsen aangevallen plant de afweerrespons nog niet volledig geactiveerd is, maar dat
deze extra snel en extra sterk geactiveerd kan worden op het moment dat dit nodig
is. Dit fenomeen waarbij de afweerrespons nog niet volledig is geactiveerd, maar als
het ware in de startblokken staat, noemen we priming. Omdat de afweerrespons nog
niet volledig wordt geactiveerd bij priming, is dit een afweermechanisme waar relatief
weinig kostbare energie van de plant voor nodig is. In een omgeving waar de kans op
een aanval door een herbivoor of een pathogeen hoog is, wegen de voordelen van
priming (snellere en hogere activatie van het afweersysteem) vaak op tegen de kosten
(het in de startblokken zetten van de afweerrespons).

De crosstalk tussen de verschillende hormoon-signaleringsroutes wordt vaak
geinterpreteerd als een kosten besparende strategie, omdat er geen energie verloren
gaat aan het activeren van onnodige afweerresponsen. Dit geavanceerde regulerende
systeem kan er echter wel voor zorgen dat er ecologische kosten ontstaan, omdat
activatievan de afweerresponstegen één bepaald pathogeen de afweertegen eenander
pathogeen kan onderdrukken. Sommige pathogenen kunnen de plantenhormonen zelfs
namaken. Zo kunnen ze de benodigde afweerrespons onderdrukken en de crosstalk
in hun eigen voordeel gebruiken. In Hoofdstuk 4 hebben we onderzocht of crosstalk
inderdaad een kosten besparende strategie is. We hebben planten geinfecteerd met
meerdere aanvallers en gekeken naar afweer, groei en zaadproductie van Arabidopsis
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planten. Als planten eerst hun afweerrespons tegen P. rapae rupsen of tegen de
biotrofe oomyceet Hyaloperonospera arabidopsidis activeren, zijn ze daarna vatbaarder
voor de necrotrofe schimmel B. cinerea. Ondanks deze verhoogde vatbaarheid voor B.
cinerea, zijn er geen extra negatieve effecten op groei en zaadproductie in vergelijking
met planten die maar door één aanvaller zijn belaagd. Dit is een eerste indicatie dat
crosstalk inderdaad een kosten besparende strategie is.

De kosten van het activeren van afweer kunnen worden beinvioed door
omgevingsfactoren, zoals aantal lichturen in een dag, competitie met andere planten en
aanwezigheid van voedingsstoffen. In Hoofdstuk 5 hebben we onderzocht welke en op
welke wijze omgevingsfactoren bepalen wat de kosten zijn van infectie van Arabidopsis
met de biotrofe o6myceet H. arabidopsidis. In alle geinfecteerde planten was de groei
in de eerste week na infectie verminderd ten opzichte van niet geinfecteerde planten.
Indien de planten waren opgegroeid met weinig voedingsstoffen en onder lange dag
omstandigheden (14 uur licht per dag), konden de planten in de tweede week na infectie
deze groei achterstand weer inhalen. Over de hele groeiperiode genomen, groeiden de
planten zelfs meer en produceerden ze meer zaad na infectie met H. arabidopsidis
dan planten die niet waren geinfecteerd. Dit effect was het duidelijkst als de planten
waren geinfecteerd met een lage dosis H. arabidopsidis. Deze resultaten laten zien
dat onder bepaalde omstandigheden er helemaal geen kosten zijn van infectie met
H. arabidopsidis en dat infectie zelf een positief effect kan hebben op de groei en
zaadproductie van de plant. Omdat H. arabidopsidis een biotroof pathogeen is, is
het voor dit pathogeen voordelig als de plant in leven blijft. Het is daarom verleidelijk
om te speculeren dat het positieve effect op de groei en zaadproductie van de plant
geassocieerd is met de biotrofe levensstijl van H. arabidopsidis. Het onderzoeken van
deze positieve interacties tussen planten en pathogenen kan bruikbare informatie
opleveren voor de bescherming en verbetering van landbouwgewassen.

Kosten van afweer zijn een groot probleem voor het verhogen van de afweer van
planten in de landbouw, omdat implementatie van afweer in landbouwgewassen kan
resulteren in negatieve effecten op de groei en zaadproductie van de gewassen. De
balans tussen afweer en groei en zaadproductie is daarom van cruciaal belang voor
boeren en veredelaars. Met de resultaten die in dit proefschrift worden beschreven
hebben we geprobeerd om moleculaire kennis te combineren met de ecologische
relevantie van afweermechanismen om zo inzicht te krijgen in hoe en waarom planten
verschillende afweersignalen integreren om op een zo kosten-efficiént mogelijke manier
om te gaan met de verschillende organismen waar ze mee te maken krijgen in een
natuurlijke omgeving. Deze kennis is onmisbaar om uiteindelijk afweermechanismen te
kunnen toepassen om landbouwgewassen te verbeteren.
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Pap en mam jullie zijn er altijd, altijd een fijne plek om thuis te komen voor gezelligheid,
lekker eten en drinken of een spelletje. Jullie heben altijd het volste vertrouwen in mij.
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