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ABBREVIATIONS

aa amino acid
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NO nitric oxide
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SUMMARY

Plants are capable of recognizing phytopathogens through the perception of pathogen-derived
molecules or plant cell-wall degradation products due to the activities of pathogen-secreted
enzymes. Such elicitor recognition events trigger an array of inducible defense responses
involving signal transduction networks and massive transcriptional re-programming. The
outcome of a pathogen infection relies on the balance between different signaling pathways,
which are integrated by regulatory proteins. This thesis characterized two key regulatory
components: a damage control enzyme, chlorophyllase 1 (AtCHL1), and a transcription factor,
WRKY70. Their roles in defense signaling were then investigated.

The Erwinia-derived elicitors rapidly activated the expression of AtCLH1 and WRKY70
through different signaling pathways. The expression of the AtCHL1 gene was up-regulated by
jasmonic acid (JA) but down-regulated by salicylic acid (SA), whereas WRKY70 was activated by
SA and repressed by JA. In order to elucidate the functions of AtCLH1 and WRKY70 in plant
defense, stable transgenic lines were produced where these genes were overexpressed or silenced.
Additionally, independent knockout lines were also characterized. Bacterial and fungal pathogens
were then used to assess the contribution of these genes to the Arabidopsis disease resistance. The
transcriptional modulation of AtCLH1 by either the constitutive over-expression or RNAi
silencing caused alterations in the chlorophyll-to-chlorophyllide ratio, supporting the claim that
chlorophyllase 1 has a role in the chlorophyll degradation pathway. Silencing of this gene led to
light-dependent over-accumulation of the reactive oxygen species (ROS) in response to infection
by Erwinia carotovora subsp. carotovora SCC1. This was followed by an enhanced induction of
SA-dependent defense genes and an increased resistance to this pathogen. Interestingly, little
effect on the pathogen-induced SA accumulation at the early infection was observed, suggesting
that action of ROS might potentiate SA signaling. In contrast, the pathogen-induced JA
production was significantly reduced in the RNAi silenced plants. Moreover, JA signaling and
resistance to Alternaria brassicicola were impaired. These observations provide support for the
argument that the ROS generated in chloroplasts might have a negative impact on JA signaling.

The over-expression of WRKY70 resulted  in  an  enhanced  resistance  to E. carotovora
subsp. carotovora SCC1, Pseudomonas syringae pv. tomato DC3000 and Erysiphe
cichoracearum UCSC1, whilst an antisense suppression or an insertional inactivation of WRKY70
led  to  a  compromised  resistance  to E. carotovora subsp. carotovora SCC1  and  to E.
cichoracearum UCSC1  but  not  to P. syringae pv. tomato DC3000. Gene expression analysis
revealed that WRKY70 activated many known defense-related genes associated with the SAR
response but suppressed a subset of the JA-responsive genes. In particular, I was able to show that
both the basal and the induced expression of AtCLH1 was enhanced by the antisense silencing or
the insertional inactivation of WRKY70, whereas a reduction in AtCLH1 expression was observed
in the WRKY70 over-expressors following an MeJA application or an A. brassicicola infection.
Moreover, the SA-induced suppression of AtCLH1 was relieved in wrky70 mutants. These results
indicate that WRKY70 down-regulates AtCLH1. An epistasis analysis suggested that WRKY70
functions downstream of the NPR1 in an SA-dependent signaling pathway. When challenged
with A. brassicicola, WRKY70 over-expressing plants exhibited a compromised disease resistance
while wrky70 mutants had the opposite effect. These results confirmed the WRKY70-mediated
inhibitory effects on JA signaling. Furthermore, the WRKY70-controlled suppression of A.
brassicicola resistance was mainly through an NPR1-dependent mechanism. Taking all the data
together, I suggest that the pathogen-responsive transcription factor WRKY70 is a common
component in both SA- and JA-dependent pathways and plays a crucial role in the SA-mediated
suppression of JA signaling.
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1.  INTRODUCTION

The sessile nature requires plants to adjust their metabolic processes to the biotic stresses caused
by intruding organisms including viruses, bacteria, fungi, nematodes, and herbivorous insects.
The various defense mechanisms containing constitutive physical barriers as well as a battery of
inducible defense responses must all be adapted to combat different types of intruders (Agrios
2005). Necrotrophic pathogens secrete plant cell wall-degrading enzymes (PCWDEs) and/or
toxic metabolites to destroy the infected cells directly upon invasion or to produce elicitors to
trigger host cell death that facilitates pathogen colonization (Glazebrook 2005; Abramovitch et al.
2006). In contrast, hemibiotrophic or biotrophic pathogens keep the cells in the infected tissue
alive for a significant fraction of the pathogen’s life cycle (Glazebrook 2005). The utter diversity
of pathogen infection or attacking mechanisms and the complexity of defense systems involving
the synergism or antagonism of multiple hormone-signaling pathways against different pathogens
are the consequence of the constant coevolution between plants and intruders (Nomura et al.
2005; Nürnberger and Lipka 2005; Abramovitch et al. 2006).

Plants are extremely important sources of food or energy for human beings. For this
reason, reducing the pre- and post-harvest crop loss due to numerous diseases constitutes one of
the most serious challenges for catching up with the nutritional needs of the continuously growing
world population (Agrios 2005). Ever since Harold Flor, a geneticist who worked with flax plants
and flax rust (a foliar disease), first outlined the gene-for-gene concept in the 1940s and 1950s,
immense efforts have been made to develop low cost, environmentally-friendly approaches
through engineering durable disease resistance in economically important crops instead of
applying environmentally-harmful pesticides (Gao et al. 2000; Stuiver and Custers 2001;
Verpoorte and Memelink 2002; Gurr and Rushton 2005; Ritzenthaler 2005). Unfortunately, many
of these attempts have failed. Until now, the control of plant disease has indeed been mainly
dependent on pesticide application. Nevertheless, the development of sustainable agriculture
requires better strategies for controlling plant diseases. The most promising way to generate a
disease-resistant crop is most likely the manipulation of the target genes implicated in the induced
resistance to pathogens or the signal transduction pathways controlling the expression of the
defense-related genes. Realization of such molecular breeding will, however, need a considerable
investment in basic reseach on the molecular mechanisms of the plant-pathogen interactions.

During the last decade, significant breakthroughs in gene technology (e.g. high-
throughout mutation screening, microarray profiling, and RNA interference) and a combination
of molecular genetics, physiology, biochemistry and cell biology, have led to identifying a large
number of regulatory as well as defense-related genes. These genes participate in plant defense
reponses to pathogenic invaders directly or indirectly (Smith et al. 2000; Wesley et al. 2001;
Durrant and Dong 2004; Gfeller and Farmer 2004; Linbo and Dougherty 2005; Nürnberger and
Lipka 2005). A remarkable opportunity to explore the regulatory networks of plant defense
signaling pathways is provided by the full Arabidopsis genome sequence and the availability of
large populations of T-DNA and transposon insertion lines. All higher plants are very similar at
the genetic level since they have evolved only about 150 million years ago. The genes present in
Arabidopsis represent a reasonable model for the plant kingdom, and thus Arabidopsis turns out
to  be  an  ideal  reference  for  crop  plants  (Eckardt  2001).  The  main  aim  of  this  study  was  to
characterize the novel regulatory proteins of interest induced by the soft-rotting bacterium
Erwinia carotovora subsp. carotovora (synonym: Pectobacterium carotovorum subsp.
carotovorum) in Arabidopsis and to describe their molecular mechanisms that modulate the
expression or induction of the plant defense genes using the Arabidopsis as  a  model  plant.
Hopefully, the findings in the present study provide new insights into engineering disease
resistance in crop plants.
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1.1  Plant perception systems for pathogen recognition

Plants have evolved multiple defense strategies including both the preformed and inducible
defense systems for combating potential pathogens. To successfully infect plants, microbes must
first access the plant interior either by directly penetrating the tissue surface, by entering through
wounds, or through natural openings such as stomata. Once a pathogen overcomes or bypasses
the preformed defense system, it has to face a two-branched innate immunity system, where the
central component is non-self recognition (Nürnberger and Lipka 2005; Chisholm et al. 2006;
Jones and Dangl 2006). The first branch is cultivar-specific, as in the gene-for-gene type of
interactions, while the second nonspecifically recognizes the presence of a pathogen by those
molecules common to many classes of microbes.

1.1.1  Gene-for-gene recognition

The most effective and efficient way to reduce disease losses in crops is to use resistant plants or
cultivators (Agrios 2005). Often, the plant disease resistance described is cultivar- or accession-
specific and is referred to as the gene-for-gene type of plant-pathogen interactions (Flor 1971;
Keen 1990; Staskawicz et al.1995). Variation in host resistance is frequently controlled by the
segregation of single resistance (R) genes, the products of which directly or indirectly interact
with specific elicitors encoded by the pathogen avirulence (Avr) genes (Flor 1971; Hammond-
Kosack and Jones 1997; Nimchuk 2003). A typical, visible feature of R-Avr interactions is the
hypersensitive reaction (HR; rapid, localized cell death at the site of an attempted infection),
which is accompanied by an oxidative burst and an increased expression of defense-related genes
[e.g. pathogenesis-related (PR) genes] and is thought to restrain pathogen growth and spreading
in planta (Goodman and Novacky 1994; Staskawicz et al. 1995; Dangl et al. 1996; Hammond-
Kosack and Jones 1997; Lamb and Dixon 1997).

Since isolation of the Pto resistance gene of the tomato with a positional cloning strategy,
which confers resistance against the P. syringae pv. tomato bacteria expressing the Avr gene
AvrPto (Martin et al. 1993), many Avr gene-specific R genes have been isolated and characterized
from various species (Dangl and Jones 2001; Meyers et al. 2003; McDowell 2004; Meyers et al.
2005). The majority of the R proteins contain a nucleotide binding site (NBS) and leucine-rich
repeats (LRR). Such NBS-LRR R proteins have been classified into different groups according to
the distinct N-terminal domains of either a coiled-coil (CC) or a TIR domain sharing similarity
with the cytoplasmic domain of the Drosophila Toll and mammalian interleukin-1 receptor
protein (Nimchuk et al. 2003). Of the other LRR-containing R-protein structural classes, some R
genes encode proteins containing kinase or the WRKY domains such as Xa21 and RRS1-R (Song
et al. 1995; Deslandes et al. 2003). Interestingly, the Pto gene encodes a serine-threonine kinase
without the extracellular LRR domain (Loh and Martin 1995), which is the most common feature
of all the R protein classes and thought to mediate protein-protein interactions (Kobe and Kajava
2001). However, genetic analysis has uncovered that Pto-mediated resistance depends on the
NBS-LRR Prf protein (Salmeron et al. 1996; Rathjen et al. 1999). The other atypical R protein is
RPW8, which contains a putative N-terminal transmembrane domain and a CC domain only
(Xiao et al. 2001). The RPW8 functionality requires EDS1, an R-gene signaling component
(Aarts et al. 1998; Xiao et al. 2001).

In contrast to the striking degree of similarity in the structural components of the R
proteins, most of pathogen-derived Avr proteins show little or no homology to one another and
have no functions that are deduced or experimentally defined (Schornack et al. 2006). A direct
interaction between the avr products and R proteins has been demonstrated in only a  few cases
(Tang et al. 1996; Jia et al. 2000; Deslandes et al. 2003). As a matter of fact, many Avr proteins
have been shown to act as virulence factors that contribute to disease development on the
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susceptible hosts lacking the corresponding R gene (Kjemtrup et al. 2000; Anderson et al. 2006;
de Torres et al. 2006). Clearly the simplified ligand-receptor theory for gene-for-gene interaction
(Flor 1971; Gabriel and Rolfe 1990) does not provide a clear explanation for all types of the R-
controlled disease resistance in plants. To solve this dilemma, Dangl and Jones (2001) have
proposed the guard hypothesis that R proteins have evolved to recognize the activities of what is
referred to as the multiple Type III effector proteins (Avrs) instead of directly physically
matching the pathogen-derived cognate Avr proteins. As a consequence, the R proteins might
“guard” a set of key cellular targets of the pathogen effector proteins by detecting physiological
changes in the host cells (van der Biezen and Jones 1998; Dangl and Jones 2001; Schneider 2002;
Belkhadir et al. 2004). Recent biochemical evidence to support the guard hypothesis centers on
the Arabidopsis RIN4 protein functioning as a general component of the host defense (Mackey et
al. 2002; Axtell and Staskawicz 2003; Mackey et al. 2003; Nimchuk et al. 2003; Gómez-Gómez
2004; Chisholm et al. 2006). Two NBS-LRR R proteins, RPM1 and RPS2, have been shown to
interact with RIN4 in normal living cells, respectively. The Type III effector proteins AvrRpt2,
AvrRpm1 and AvrB are able to target RIN4 upon pathogen infection. The proteolytic activity of
AvrPto2 causes RIN4 degradation. Furthermore, loss of RIN4 function confers the constitutive
activation of the RPS2-mediated defense responses. These results together indicate that both
RPM1 and RPS2 guard the same cellular target RIN4 and monitor the Avr-mediated
modifications of RIN4 upon pathogen infection.

1.1.2  Pathogen-associated molecular pattern recognition

In addition to recognizing the pathogen-derived Avr-products, recent work has revealed that
plants express another defense mechanism against potential pathogens through the receptor-
mediated recognition of highly conserved microbial structures called pathogen-associated
molecular patterns (PAMPs) that often trigger a plant response in a noncultivar-specific manner
(Nürnberger and Brunner 2002; Parker, 2003; Zipfel and Felix 2005; Robatzek et al. 2006). Such
conserved microbial structures including lipopolysaccharides, chitins, cellulose binding elicitor
lectins, the necrosis-inducing protein NPP1, flagellin, harpin (hrpZ), the elongation factor Tu,
cold-shock proteins, and many others are also classified as general elicitors of plant defense (Lee
et al. 2001, Asai et al. 2002, Nürnberger and Brunner 2002; Fellbrich et al. 2002; Parker 2003;
Navarro et al. 2004; Zeidler et al. 2004; Ramonell et al. 2005; Gaulin et al. 2006; Zipfel et al.
2006). Some of these PAMPs are only perceived by a narrow range of plant species, whereas
others trigger defense responses in many species. In addition, some plant-derived molecules can
also act as general elicitors, such as oligosaccharides and glycopeptides released by the action of
PCWDEs from attacking phytopathogenic microorganisms (Montesano et al. 2003; Nürnberger
2004).

Like mammals, plants have evolved plasma-membrane-localized pattern recognition
receptors (PRRs) and these function to recognize certain PAMPs (Montesano et al. 2003;
Nürnberger and Lipka 2005; Abramovitch et al. 2006). For example, the Arabidopsis genome
contains more than 400 receptor-like kinases (RLKs), 235 of which carry a LRR domain and are
designated LRR-RLKs. A significant number of these putative transmembrane receptor kinases
with an extracellular domain are assumed to be involved in PAMP perception (Montesano et al.
2003; Johnson and Ingram 2005; Nürnberger and Lipka 2005). The PRR activation triggers
signaling events including the rapid alteration of cytoplasmic Ca2+ levels, the generation of ROS
and NO, and the activation of post-transcriptionally regulated mitogen-activated protein kinase
(MAPK). These signaling events lead to the upregulation of numerous genes encoding
transcription factors, hormone-related proteins, RLKs, phosphatases, proteins involved in protein
degradation, and defense-related proteins associated with cell-wall reorganization (Asai et al.
2002; Navarro et al. 2004; Nürnberger and Lipka 2005; Thilmony et al. 2006; Truman et al. 2006;
Zipfel et al. 2006). The PAMP-mediated non-self recognition and signal transduction is assumed
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to activate the first line of inducible defense responses. This defense may eventually stop the
attempted invasion of pathogens (Nürnberger and Lipka 2005; Abramovitch et al. 2006).

To advance our understanding of the PAMP-triggered defense responses, the most
studied example is the perception of flagellin flg22, which is a conserved 22 amino acid (aa)
peptide of the protein subunit of bacterial flagella, which are required for bacterial motility
(Gómez-Gómez and Boller 2002; Gómez-Gómez 2004; Zipfel et al. 2004; Zipfel and Felix 2005).
The Arabidopsis FLAGELLIN SENSITIVE2 (FLS2) is a typical LRR-RLK protein consisting of
an extracellular LRR domain and an intracellular serine/threonine kinase domain (Gómez-Gómez
and Boller 2002). The Arabidopsis fls2 mutant is more susceptible than wild-type plants to an
infection by the virulent pathogen P. syringae pv. tomato DC3000, and the treatment of the wild-
type but not the fls2 plants with flg22 enhances the wild-type resistance to the same pathogen
(Zipfel et al. 2004). In Arabidopsis plants, the peptide flg22 activates the MAP kinase cascades
and several WRKY transcription factors that function downstream of the flagellin receptor FLS2
(Asai et al. 2002). Evidence to support the hypothesis that the extracellular LRR domain is the
binding site that physically interacts with flagellin, a point mutation in one of the LRR of the
FLS2 caused a complete absence of specific binding (Bauer et al. 2001). In a very recent report,
Chinchilla et al. (2006) showed by chemical cross-linking and immunoprecipitation that the flg22
peptide directly bound the FLS2 protein. Moreover, the heterologous expression of Arabidopsis
FLS2 in  tomato  cells  conferred  the  specific  features  characteristic  of  the  flg22  perception  in
Arabidopsis (Chinchilla et al. 2006). Consistent with its role in early pathogen detection, FLS2
was present in leaf epidermal cells and stomatal guard cells, which are the entry sites for
phytopathogens (Robatzek et al. 2006). Notably, recent studies suggest that Type III effectors
might suppress the PRR-mediated defense responses. For instance, AvrPto and AvrPtoB, which
activate gene-for-gene responses in tomato and tobacco, have been demonstrated to block the
early defense signaling activated by different PAMPs such as flg22, HrpZ, and NPP1 (He et al.
2006). This highlights the fact that plant pathogens have acquired the ability to deliver effector
proteins to host cells to suppress the PAMP-triggered immunity during the coevolution of plant-
microbe interactions.

1.2  Plant disease resistance

Although plants do not have the benefit of a circulating antibody system, the existence of the
preformed physical or chemical obstacles and the evolution of the plant immune response have
culminated in a highly effective defense system that is able to resist potential attack by potential
invaders (Mysore and Ryu 2004; Chisholm et al. 2006; Jones and Dangl 2006). The former
mechanisms are in place irrespective of whether or not the plant tissue is challenged by microbes,
whereas the latter  are  activated in response to a  pathogen attack. Following pathogen or elicitor
recognition, systemic signals emanating from the local sites of infection are responsible for the
systemic responses.

1.2.1  Nonhost resistance

Nonhost resistance defines the nonspecific resistance against all members of a given pathogen
species throughout an entire plant species (Thordal-Christensen 2003; Mysore and Ryu 2004).
This type of resistance is the most common and durable form of plant resistance to disease-
causing organisms (Heath 2000; Thordal-Christensen 2003; Jones and Takemoto 2004) and
classified into Type I without visible symptoms and Type II related to the HR often resulting
from PAMP-induced defense responses (Mysore and Ryu 2004). A pathogen that cannot cause
disease on a nonhost plant is referred to as a nonhost or heterologous pathogen. Nonhost
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resistance, which is also referred to as heterologous plant-microbe interactions or basic
imcompatibility, comprises a variety of distinct mechanisms, of which some are preformed and
others are inducible (Dangl and Jones 2001; Thordal-Christensen 2003; Jones and Takemoto
2004; Mysore and Ryu 2004; Chisholm et al. 2006).

The preformed defense mechanisms encompass both the constitutive barriers provided by
the epidermis, wax, cuticle, cell wall and the cytoskeleton and the preformed antimicrobial
compounds (Heath 2000; Dangl and Jones 2001; Dixon 2001; Mysore and Ryu 2004; Agrios
2005; Nürnberger and Lipka 2005; Halkier and Gershenzon 2006). A plant epidermis often
contains trichomes loaded with defensive metabolites, spines acting as the earliest barriers against
pathogens, as well as herbivores (Nürnberger et al. 2004; Nürnberger and Lipka 2005). The
epicuticular wax, a thin layer of hydrophobic constituents, contains highly acidic substances that
interfere with an insect herbivore attack (Griffiths et al. 2000). Another efficient barrier is the cell
wall composed of cellulose fiber, polysaccharides and proteins (Agrios 2005). Furthermore, plant
actin microfilaments have also been implicated in preventing the ingress of certain fungal
pathogens (Mysore and Ryu 2004). Preformed antimicrobial compounds include a vast array of
low-molecular-mass secondary metabolites such as saponins, phenolics, cyclic hydroxamic acids,
cyanogenic glycosides, isoflavonoids, sesquiterpenes, and sulfur-containing indole derivatives,
and these confer selective reinforcement against a microbial attack (Dixon 2001; Mysore and Ryu
2004; Nürnberger 2004). These metabolites and derivatives may be constitutively present in
healthy plants (Papadopoulou et al. 1999) or alternatively undergo enzyme-catalyzed
transformations in response to a pathogen attack (Halkier and Gershenson 2006).

In many cases, the preformed structural or chemical barriers effectively halt pathogen
colonization or the establishment of infection structures following an attempted attack by nonhost
pathogens. However, when nonhost pathogens or their elicitors enter the apoplast of plant cells by
bypassing or circumventing constitutive obstacles, the plants immediately initiate a PAMP-
induced defense referred to as basal resistance (Mysore and Ryu 2004; Nürnberger et al. 2004;
Nürnberger and Lipka 2005; Zipfel and Felix 2005; Melotto et al. 2006). The basal defense
responses activated during basic incompatible interactions are often sufficient to restrict the
invasion or growth of nonhost pathogens (Chisholm et al. 2006; da Cunha et al. 2006). The
systemic protection against subsequent infection with virulent pathogens can be obtained through
infiltration of PAMPs such as HrpZ and flg22 into plants (Nürnberger et al. 2004; Nürnberger and
Lipka 2005), indicating that the PAMP-based recognition events might not only trigger local
defense responses, but also potentiate systemic defense responses in the natural environment.

In contrast to the considerable progress made in understanding host resistance (see
below), it is genetically ill-defined as to why a particular plant species is typically resistant to
potential pathogens that successfully infect other plant species (Heath 2000; Thordal-Christensen
2003). Yet, a recent series of mutational analysis revealed that several genes such as PAD3, EDS1
and NHO1 are required for a nonhost resistance against nonhost pathogens. The nonhost
resistance of Arabidopsis to the necrotrophic pathogen Alternaria brassicicola is compromised in
the phytoalexin-deficient mutant pad3-1 (Thomma et al. 1999b). PAD3 encodes a putative
cytochrome P450 monooxygenase required for the biosynthesis of camalexin (Zhou et al. 1999),
demonstrating an important role for the inducible production of the antimicrobial compounds in
plant species resistance to one specific necrotrophic fungus. A combination of the loss of actin
cytoskeleton function and EDS1 activity resulted in a severe loss of nonhost resistance in
Arabidopsis against the heterologous fungal pathogen wheat powdery mildew Blumeria graminis
f. sp. Tritici (Yun et al. 2003). The Arabidopsis NHO1, which encodes a glycerol kinase, is
required for resistance against the nonhost pathogens Botrytis cinerea and P. syringae isolates
(Kang et al. 2003; Li et al. 2005). Like eds1, nho1 mutation also compromises gene-for-gene
resistance mediated by various R genes (Lu et al. 2001). These observations suggest that nonhost
resistance and host resistance might share a common pathway. In addition, nonhost resistance
against fungal pathogens is associated with the penetration process (Thordal-Christensen 2003).
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The isolation and functional characterization of several PEN mutants (Thordal-Christensen 2003;
Nürnberger and Lipka 2005; Ellis 2006) provides a mechanistic link between the nonhost and
basal penetration resistance at the plant cell wall.

Certain pathogen species or individual strains of a given pathogen species have
developed diverse strategies to evade, suppress or surbvert early plant defenses conferred by the
nonhost defense mechanisms (Nomura et al. 2005; Abramovitch et al. 2006). For instance, a
single aa polymorphism of the flg22 peptide was observed in the strains of the black rot pathogen
Xanthomonas campestris pv. campestris (Sun et al. 2006). The eliciting activity of those
differential flg22 peptides appears highly correlated with the colonization capability of the
individual strains in susceptible Arabidopsis plants, indicating that the pathogen tolerance to the
partial loss of specific PAMPs may be an important driving force in the coevolution between the
plants and pathogens to avoid PRR-mediated detection (Sun et al. 2006). Numerous gram-
negative bacterial pathogens deliver virulence factors (also referred to as effector proteins)
directly into the plant cells via the Type III secretion system (TTSS). The number of identified
effector proteins, which suppress the plant basal defense responses, has dramatically expanded
over the past two years (Kim et al. 2005; Li et al. 2005; Nomura et al. 2005; Abramovitch et al.
2006; da Cunha et al. 2006; He et al. 2006). For instance, AvrRpt2 and AvrRpm1 suppress the
flagellin-mediated accumulation of callose (Kim et al. 2005). Moreover, a recent screen for the
effector proteins that suppress the flg22-induced basal defenses revealed that AvrPto and
AvrPtoB strongly inhibit the expression of FRK1, which is induced by a flg22 treatment, and the
activation of AtMPK3 and AtMPK6 downstream of several distinct PRRs (He et al. 2006; Zipfel
et al. 2006). Interestingly, mutations in the key residues essential for AvrPtoB E3 ubiquitin ligase
activity do not nullify the capability of AvrPtoB to suppress the basal defenses in Arabidopsis
(He et al. 2006). This suggests an E3-independent mechanism for basal defense suppression
(Wulf et al. 2004; Abramovitch et al. 2006). In addition, some pathogen species may secrete the
exoenzymes involved in degrading plant cell walls via the Type II secretion system or produce
toxins (Toth and Birch 2005). Such pathogens render plants susceptibile to disease and are
considered homologous pathogens. Furthermore, these plants turn out to be hosts sharing a basic
compatibility with a homologous pathogen (Nürnberger and Lipka 2005). The basal resistance
triggered by PAMP in susceptible hosts is insufficient to stop a pathogen infection. It is believed
that a strong, selective pressure on host plants posed by virulent pathogens has ultimately resulted
in the coevolution of plant R genes. Correspondingly, R proteins directly or indirectly recognize
strain- or race-specific effectors and allow for the establishment of a plant cultivar specific
disease resistance (Nimchuk et al. 2003; Nürnberger and Lipka 2005).

1.2.2  Host resistance

Cultivar resistance is restricted to a particular pathogen species and is often referred to as a host
resistance, which is tightly associated with the gene-for-gene recognition and accompanied by the
HR (Dangl and Jones 2001; Martin et al. 2003; Nimchuk et al. 2003; Alfano and Collmer 2004;
Mysore and Ryu 2004). When a plant is resistant, the interaction is then called incompatible, and
when a plant is susceptible, the interaction is called compatible. Since R genes can be
manipulated by plant breeders to raise the resistance in normally susceptible cultivars, the host
resistance has been extensively studied for decades. This host resistance consists of the local
resistance at the site of infection and the systemic acquired resistance (SAR) in the distal, non-
inoculated parts of plants following an activation of a local resistance (Ryals et al. 1996). Local
resistance has been associated with a number of biochemical and physiological features. These
include the rapid induction of the ion fluxes of H+, K+, Cl-, and Ca2+ across the plasma membrane,
protein phosphorylation or dephosphorylation, oxidative burst, deposition of callose and lignin,
biosynthesis of proteins involved in the production of signal molecules such as ET, JA and SA as
well as the accumulation of PR proteins and protective secondary metabolites (Dixon et al. 1994;
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Glazebrook and Ausubel 1994; Dangl et al. 1996; Hammond-Kosack and Jones 1997; Jab et al.
1997; Ligterink et al. 1997; Heo et al. 1999; Asai et al. 2002; Cheng et al. 2002). The local HR,
the most recognizable form at the site of infection, is often associated with the onset of SAR.

SAR has been recognized as a typical response to plant pathogen infection for almost 100
years. Currently, SAR refers to a distinct, integrated set of signal transduction pathways, which is
triggered by a local pathogen challenge. This is also associated with the activation of many plant
genes that ultimately makes the plant not only locally, but also systemically, more refractory to
subsequent infections by a wide variety of unrelated pathogens (Ryals et al. 1996; Durrant and
Dong et al. 2004). When the SAR is activated, a normally compatible plant-pathogen interaction
can be converted into an incompatible one (Uknes et al. 1992; Mauch-Mani and Slusarenko
1996). Conversely, when the SAR is incapacitated, a normally incompatible interaction becomes
compatible (Delaney et al. 1994; Mauch-Mani and Slusarenko 1996). SAR can be distinguished
from other disease-resistance responses by the spectrum of pathogen protection (Ryals et al.
1996). The induction of what is referred to as the SAR-marker genes is tightly correlated with the
onset of the SAR in an uninfected tissue (Métraux et al. 1989; Ward et al. 1991; Uknes et al.
1992). Over the past decade, considerable effort has led to the identificantion of the several
components (Figure 1) with distinct properties involved in the establishment of SAR (Glazebrook
2001; Durrant and Dong 2004; Dong 2004).

The requirement for SA in SAR was shown using transgenic plants expressing the NahG
gene (Delaney et al. 1994). This gene encodes a salicylate hydroxylase degrading the SA to
catechol, the SA-insensitive npr1 mutants (Cao et al. 1994; Delaney et al. 1995; Shah et al. 1997),
and the SA induction-deficient mutants sid1 and sid2 (Nawrath and Métraux 1999; Dewdney et
al. 2000; Nawrath et al 2002). SA was originally thought to be the mobile transducer of SAR
(Ryals et al. 1996). However, results obtained from the detachment experiments on P. syringae-
infected cucumber leaves and the grafting experiments on tobacco plants indicate that SA does
not appear to function as the systemically transported signal (Rasmussen et al. 1991; Vernooij et
al. 1994). Recently, the genetic characterization of Arabidopsis defective in induced resistance1-1
(dir1-1) suggests that an essential mobile signal during SAR is a lipid-based molecule rather than
SA (Maldonado et al. 2002). The dir1-1 mutant exhibits wild-type local resistance and a normal
accumulation of SA in either inoculated (local) or uninoculated (systemic) leaves following
pathogen infection but fails to develop SAR and to express the PR genes in systemic leaves.
Importantly, dir1-1 is deficient in the mobile signal for the SAR and the DIR1 gene product is a
putative apoplastic lipid transfer protein. These observations suggest that DIR1 may interact with
a lipid-based signal molecule and promote long-distance signaling during SAR (Maldonado et al.
2002).

Several other lines of evidence also support the hypothesis that a lipid-derived small
molecule may be a mobile signal for SAR (Grant and Lamb 2006). For example, the Arabidopsis
EDS1 and PAD4 genes encode lipase-like proteins (Falk et al. 1999; Jirage et al 1999), suggesting
that they may initiate the release of the lipid metabolites involved in regulating the biosynthesis
or accumulation of the SA in local and systemic tissues. Intriguingly, EDS1 is required to
generate the mobile signal in the local leaves and its perception in the systemic leaves (C. Lamb,
unpublished). The analysis of another Arabidopsis mutant, sfd1,  also indicates a role for a lipid-
derived signal in the establishment of SAR. The SFD1 encodes a glycerol-3-phosphate
dehydrogenase involved in glycerolipid biosynthesis and the mutation in this gene decreases the
SA accumulation, partially blocks the PR-1 expression, and compromises the SAR (Nandi et al.
2004). Additional evidence for a role of lipid signaling in the SAR comes from studies on tobacco
plants (Kumar and Klessig 2003; Buhot et al. 2004). For instance, the tobacco SA-binding protein
SABP2  is  a  lipase  and  its  lipase  activity  is  significantly  increased  by  the  addition  of  SA.
Conversely, silencing the SABP2 gene diminishes the SA-inducibility of the PR-1 gene, local
resistance, and the development of SAR.
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Besides SA, other signal molecules including ET, JA, NO and H2O2, which are originated
from the local site of the attempted infection, may also be responsible for host resistance (Chen et
al. 193; Penninck et al. 1996; Shirasu et al. 1997; Alvarez et al. 1998; Dong 1998; Glazebrook
2001; Glazebrook 2005). Indeed, a growing body of evidence suggests that host resistance results
from a sophisticated signaling network involving crosstalk among the different signal
transduction pathways (Kunkel and Brooks 2002; Rojo et al. 2003; Bostock 2005). In addition,
the defense pathways involved in the basal resistance and the R gene-mediated resistance are
probably linked to each other (Kim et al. 2005; Chisholm et al. 2006; He et al. 2006). A recent
breakthrough in understanding the molecular mechanisms behind plant innate immunity is the
discovery that the RPM1-interacting protein RIN4 is not only a convergence point for different R
gene-mediated signaling pathways, but also a regulator of the PRR-mediated signaling (Mackey
et al. 2002; Axtel and Staskawicz 2003; Mackey et al. 2003; Kim et al. 2005; Chisholm et al.
2006).

Figure 1. The major components involved in the salicylic acid (SA)-mediated defense pathways (©
Durrant and Dong 2004, published with permission). Abbreviations: R, resistance; LTP, lipid transfer-like
protein; ROS, reactive oxgen species; SABP2, salicylic acid-binding protein 2; TGA, TGA-element
binding proteins; WRKY, transcription factors containing a highly conserved WRKY domain(s); WHY1,
whirly transcription factor1; DIR1, SFD1, EDS1, PAD4, ICS1, EDS5, NPR1, SNI, and DTH9 defined by
Arabidospsis mutants defective induced resistance 1, suppressor of fatty-acid-desaturase deficiency 1,
enhanced disease susceptibility 1, phytoalexin deficient 4, isochorismate synthase 1, enhanced disease
susceptibility 5, nonexpresser of PR genes, suppressor of npr1-1 inducible 1, and detachment 9,
respectively; PR, pathogenesis-related genes.
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1.2.3  Induced systemic resistance

In addition to the well-documented SAR, there is a second type of systemic resistance which is
referred to as induced systemic resistance (ISR). This ISR is potentiated by some growth-
promoting rhizobacteria. The best characterized of these rhizobacteria are the strains within
several species of fluorescent Pseudomonas spp. that do not cause any visible disease symptoms
to the plant's root system (van Loon et al. 1998). Although it does not involve the accumulation of
the known PR proteins that are characteristic of the SAR in Arabidopsis, ISR is effective against a
broad range of diseases caused by viruses, bacteria, and fungi (Pieterse et al. 1996; van Loon et al.
1998; Vallad and Goodman 2004; Leon-Kloosterziel et al. 2005). In contrast to SAR across a
wide array of the plant species, the elicitation of the ISR by specific rhizobacterial strains is
restricted to certain plant species or genotypes (van Loon et al. 1998; Yan et al. 2002). The onset
of ISR does not depend on SA but on ET and JA (Pietterse et al. 1998). Interestingly, NPR1, the
central regulatory protein of SAR, is required for developing ISR (Pietterse et al. 1998).
Furthermore, ISR and SAR can be activated simultaneously, resulting in an additive level of
protection against plant pathogens (van Wees et al. 2000). However, these molecular
characterizations are based on a limited number of ISR systems. Other examples of the ISR linked
to the production of SA or siderophores, therefore have more in common with the SAR (Vallad
and Goodman 2004; Madhaiyan et al. 2006).

1.2.4  Wound- and herbivore-elicited resistance

In contrast to a microbial attack, a herbivore attack is often associated with wounding. Because
herbivores produce a large number of compounds from oral secretions or oviposition fluids, the
perception of herbivore-specific elicitors must be a key event prior to the establishment of the
plant wound responses. Although the process of herbivore recognition remains elusive, the
wound-induced expression of the defensive compounds is a pronounced feature in both the local
damaged  tissues  and  in  the  undamaged  tissues  located  at  distances  from  the  initial  site  of  the
attack (Kessler and Baldwin 2002; Schilmiller and Howe 2005). These compounds either directly
exert toxic or anti-feedant effects on herbivores due to their being specifically harmful for their
organ systems (nervous, digestive, endocrine, etc.), or the compounds act indirectly by attracting
parasitoids and predators of invading herbivores (Kessler and Baldwin 2002).

Several of the following small molecules have been associated with the induction of local
or systemic wound responses: oligogalacturonides, fungal-derived chitosan, systemin, ROS,
ABA, ET, and JA as well (O'Donnell, 1996; Kessler and Baldwin 2002; Schilmiller and Howe
2005). Since Green and Ryan (1972) first demonstrated that wounds lead to the systemic
accumulation of the defensive proteinase inhibitors (PIs) in the tomato and potato leaves. Since
then, disrupting the activity of digestive enzymes in the herbivore midgut, wound-inducible PIs in
different plant species have been widely used to elucidate how mobile signals work during the
establishment of the systemic responses (Schilmiller and Howe 2005). Early studies on tomatoes
indicate that an 18-aa peptide produced by a proteolytic cleavage of the prosystemin at the wound
site called systemin, is implicated in the systemic responses (Farmer and Ryan 1992). Emerging
evidence suggests that systemin acts locally to trigger the formation of JA or its derivatives
instead of being translocated to the distal tissues (Schilmiller and Howe 2005). Most likely, JA or
related members of the jasmonate family of oxylipins, function as long-ditance wound signals to
subsequently activate the systemic expression of the PIs (Schilmiller and Howe 2005). Consistent
with this hypothesis, grafting experiments conducted using various mutants defective of JA
signaling or JA biosyntheis demonstrated that wound systemic signaling requires both JA
biosynthesis at the wound site and JA perception in the remote tissue (Li et al. 2002; Schilmiller
and Howe 2005). Given that the long-distance trafficking of lipid-based signals has been
implicated in both the SAR and wound responses (Durrant and Dong 2004; Schilmiller and Howe
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2005), it is not surprising that analyses of gene expression profiling revealed a substantial
overlapping between the wounds and pathogen responses (Durrant et al. 2000; Reymond et al.
2004).

1.3  Defense signaling pathways

In general, from the initial stage of recognition by the plant to the successful confinement or
death of the pathogen, the distinct signaling pathways mediated by the small, signaling molecules,
such as SA, JA, ethylene (ET), hydrogen peroxide (H2O2),  nitric  oxide (NO),  and abscisic  acid
(ABA), constitute the complex signal transduction network controlling plant defense and thereby
endowing the plant with a more sophisticated capacity for the highly complex, multifaceted
defense response (Apel and Hirt 2004; Gfeller and Farmer 2004; Durrant and Dong 2004; Mittler
et al. 2004; Dolledonne 2005; Lorenzo and Solano 2005; Torres and Dangl 2005; van Loon et al.
2006). The relative contribution of such signaling molecules to an inducible defense depends on
the particular intruder (Reymond and Farmer 1998; Glazebrook 2005). Furthermore, a growing
body of evidence regarding cellular signaling transduction and the regulation of expression of
defense-related genes suggests that the defense signaling pathways do not function in a linear,
independent fashion. Instead, each pathway can influence other pathways through positive or
negative regulatory interactions (Kunkel and Brooks 2002; Rojo et al. 2003; Bostock 2005).

1.3.1  Salicylic acid (SA)

1.3.1.1  SA biosynthesis

A phenolic compound that participates in different physiological processes of plant cells
including defense responses to pathogens is SA (Durrant and Dong 2004). During plant-pathogen
interactions, SA may be generated from alternative pathways. It was previously assumed that SA
is synthesized through the phenylalanine ammonium lyase (PAL) pathway (Mauch-Mani and
Slusarenko 1996). However, it has recently been shown that like bacteria, plants can also
synthesize SA from chorismate through isochorismate. The expression of the bacterial genes,
isochorismate synthase1 (ICS1) and isochorismate pyruvate lyase1 in tobacco and Arabidopsis,
results  in  the  increased  levels  of  SA and  the  enhanced  resistance  to  pathogens  (Verberne  et  al.
2000; Mauch et al. 2001). The sid2 (eds16) mutants with mutations in the ICS1 gene displayed an
SA induction-deficient phenotype after a pathogen infection and a compromised resistance in
both the local and systemic tissues. These results demonstrate that SA synthesized by the
shikimate-chorismate pathway is required for the Arabidopsis local and systemic defense
response against pathogens (Wildermuth et al. 2001). Since SA biosynthesis is not completely
abolished in the sid2 plants, some SA must be produced, either through the activity of another
ICS-like protein such as ICS2, or through the shikimate-phenylpropanoid pathway.

The pathogen-induced expression of ICS1 is not affected by the depletion of SA in the
NahG plants, suggesting that the ICS1 gene is positively regulated by the pathogen-activated
signals but not by SA itself (Wildermuth et al. 2001). Activating the R-gene-mediated defense
signaling induces both SA biosynthesis and downstream defense responses (Durrant and Dong
2004). The eds1 and pad4 mutant alleles compromise the SA synthesis in the plant-pathogen
interactions and in the constitutive SA-signaling mutants (Zhou et al. 1998; Jirage et al. 1999;
Feys et al. 2001; Durrant and Dong 2004). EDS1 and PAD4 are required for resistance conferred
by the TIR-NB-LRR-type R genes, and they physically interact in planta (Feys et al. 2001). It has
been proposed that EDS1 contributes to the initial SA accumulation and the development of the
HR downstream of the TIR-NB-LRR-type R genes, and consequently recruits PAD4 to drive the
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amplification of the defense response by further increasing the SA levels (Feys et al. 2001). The
eds1 and pad4 also block the pathogen-activated expression of the EDS5 (SID1), encoding a
member of the MATE transporter family, suggesting that the EDS1 and PAD4 function upstream
of the EDS5 in regulating the SA biosynthesis (Nawrath et al. 2002). A role for a positive
feedback loop in SA signaling is also supported by the SA-mediated EDS1, PAD4, and EDS5
expression (Falk et al. 1999; Jirage et al 1999; Nawrath et al. 2002).

The negative feedback of the pathogen-induced SA biosynthesis has also been
documented. For example, levels of both ICS1 mRNA and SA are elevated in the npr1 after  a
pathogen infection compared to the wild-type Arabidopsis (Delaney et al. 1995; Shah et al. 1997;
Wildermuth et al. 2001), indicating that NPR1 plays a role in repressing an excessive
accumulation of SA to mitigate its cytotoxic effects (Cao et al. 1997; Kinkema et al. 2000).
Several components upstream of the ICS1 have been implicated in the negative regulation of SA
biosynthesis through the characterization of mutants with increased levels of SA. For example,
the expression of ICS1 is constitutively elevated in some lesion mimic mutants such as cpr1,
cpr5, and cpr6 (Wildermuth et al. 2001). However, it is unclear whether these mutants directly
affect SA biosynthesis, or whether the SA levels are elevated as an indirect effect of cell death or
the disruption of cellular homeostasis. SA biosynthesis can be also negatively regulated by R
genes in contrast to the R-gene-mediated activation. The mutations in SSI4 (Shirano et al. 2002)
and SNC1 (Zhang et al. 2003b) resulted in elevated SA levels and in the constitutive activation of
a  local  defense  response  and  therefore  presumably  affected  a  step  upstream  of  the  SA
biosynthesis in Arabidopsis mutants. In addition, studies with the JA-insensitive mutant coi1
demonstrated that pathogen-induced SA biosynthesis was repressed by the COI1 gene (Kloek et
al. 2001).

1.3.1.2  NPR1-dependent SA signaling in plant defense

The Arabidopsis genetic screens based on PR gene expression or disease resistance in response to
SA led to identifying the multiple alleles of a single gene, NPR1 (Cao et al. 1994; Delaney et al.
1995; Glazebrook et al. 1996; Cao et al. 1997; Ryals et al. 1997; Shah et al. 1997), suggesting
that this gene is an essential, positive regulator of the SAR response. The over-expression of
NPR1 enhances disease resistance to various pathogens but does not constitutively activate the
expression of the SAR markers (Cao et al. 1998; Friedrich et al. 2001), indicating that the
activation of the NPR1 protein is a prerequisite for the establishment of SAR.

The NPR1 homologs have also been identified in many other plant species such as rice
and tobacco (Chern et al. 2001; Liu et al. 2002), suggesting that NPR1 function is conserved
across the plant kingdom. The NPR1 protein has two protein-protein interaction domains, an
ankyrin-repeat and a BTB/POZ domain, as well as a putative nuclear localization signal and
phosphorylation sites (Cao et al. 1997; Ryals et al. 1997). Application of SA or its analogs
stimulates the translocation of the NPR1 into the nucleus, which is required for the activation of
downstream signaling (Kinkema et al. 2000). Changes in the cellular redox status after a pathogen
infection or SA treatment play a key role in this regulation (Mou et al. 2003). The NPR1 is
present as a cytosolic oligomer in the uninduced state. Upon SAR induction, the reduced
monomeric NPR1 protein accumulates in the nucleus and physically interacts with members of
the transcription factor TGA family to activate the expression of the PR genes and the protein
secretory pathway genes essential for the SAR (Zhang et al. 1999; Després et al. 2000; Kim et al.
2002; Fan and Dong 2002; Després et al. 2003; Mou et al. 2003; Wang et al. 2005).

In addition to the NPR1-mediated enhancement of transcriptional activator(s) described
above, the NPR1 may also exert its function by removing a negative regulator(s) or inhibiting
transcriptional repressor(s) during SAR. The screens for suppressors of the npr1 led  to  the
identification of the Arabidopsis recessive sni1 (suppressor of npr1 inducible) mutant, which
restores the inducible PR gene expression and pathogen resistance in the npr1-1 background (Li
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et al. 1999). The lack of SAR induction in the SNI1/npr1 plants and the restoration of SAR in the
sni1/npr1 double mutant suggest that the wild-type SNI1 protein is a negative regulator of the PR
gene expression and SAR and that the role of the NPR1 in SAR is probably to remove the SNI1
repression (Li et al. 1999). SNI contains no DNA-binding domain and presumably interacts with
the WRKY factor(s) to repress the transcription of the PR genes (Durrant and Dong 2004).

1.3.1.3  NPR1-independent SA signaling in plant defense

The existence of an SA-mediated NPR1-independent defense mechanism is supported by studies
of the various Arabidopsis constitutive-defense-signaling mutants, such as cpr5, cpr6, ssi1, and
hrl1 (Clarke et al. 1998, Shah et al. 1999; Clarke et al. 2000b; Devadas et al. 2002). There is no
available information about the gene products defined by CPR6, SSI1, and HRL1. In contrast,
CPR5 encodes a putative protein with a potential nuclear localization signal in the N-terminus
and five potential transmembrane domains in the C-terminus (Yoshida et al. 2002). The broad-
spectrum disease resistance observed in those Arabidopsis mutants is compromised by either an
eds5 or a NahG but is retained in the npr1 mutant background. Both the ET and JA signaling are
required for the disease resistance conferred by cpr5 and cpr6 (Clarke et al. 2000b). It has been
proposed that the SA-mediated NPR1-independent mechanism activated in cpr5 and cpr6 mimics
the  local  resistance  response  initiated  by  a  HR (Clarke  et  al.  2000b).  The  ET  signaling  is  also
required for the hrl1-conferred disease resistance because the double mutant hrl1/etr1 lacked  a
systemic PR-1 expression, and exhibited compromised resistance to virulent pathogens (Devadas
et al. 2002). In contrast, the resistance activated by ssi1 is  not  suppressed  by  the  ET  and  JA
signaling mutants ein2 and jar1 (Nandi et al. 2003). Recently, one Arabidopsis transcription
factor, AtWhy1, has been implicated in the regulation of the SA-mediated NPR1-independent
defense mechanism (Desveaux et al. 2004). The DNA binding activity of the AtWhy1 is induced
by  the  SA treaments  in  both  the  wild-type  and npr1 plants. The AtWhy1 mutants with reduced
DNA binding activity of the AtWhy1 displays reduced SA-inducible PR-1 expression levels and
an enhanced susceptibility to pathogens. Other potential regulatory components involved in the
SA-inducible NPR1-independent defense signaling include DTH9 and several SSN genes
(Durrant and Dong 2004).

1.3.2  Jasmonic acid  (JA)

1.3.2.1  JA biosynthesis

JA and its cyclopentane derivatives as well as cyclopentenones are synthesized from the
octadecanoid lipid pathway and widely distributed throughout the plant kingdom (Gfeller and
Farmer 2004). They are structurally related to prostaglandins and are recognized signaling
molecules with important roles in a variety of biological processes such as plant development and
environmental stresses (Turner et al. 2002; Schilmiller and Howe 2005). JA is the most-studied
compound among about 20 naturally occurring jasmonates. However, the Arabidopsis fad3/7/8
triple mutant lacks linolenic acid and is devoid of JA. The isolation and characterization of
several other JA deficient Arabidopsis mutants resulted in a nearly complete definition of the JA
biosynthesis pathway (Turner et al. 2002) summarized in Figure 2. The JA biosynthesis involves
a series of biosynthetic enzymes such as lipoxygenase, allene oxide synthase and allene oxide
cyclase. The differences between the wound/pathogen-induced JA formation and the
developmentally regulated JA biosynthesis are indicated in Figure 2.
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Figure 2. Biosynthesis of jamonates (© Turner et al. 2002, published with permission). Abbreviation: PLD,
phospholipase D ; DAD1, phospholipase A1 defined by the male-sterile Arabidopsis mutant defective
anther dehiscence1; LOX, lipoxygenase; AOS, allene oxide synthase; AOC, allenoxide cyclase; OPR, 12-
oxo-phytodienoic acid 10,11 reductase; JMT, jasmonic acid carboxyl methyltransferase.

1.3.2.2  JA-dependent signaling in plant defense

Plants that are unable to synthesize or perceive the JA are highly susceptible to a wide range of
microorganisms, particularly necrotrophic pathogens and to herbivores (Kunkel and Brooks 2002;
Kessler et al. 2004; Reymond et al. 2004). It is well-known that JA regulates the expression of
many of the defense-related genes that encode the antimicrobial proteins, such as the defensins
and the antiherbivore proteins such as lectins (Gfeller and Farmer 2004). The expression of the
PDF1.2 gene in Arabidopsis is the hallmark of the activation of JA signaling (Penninckx et al.
1996). In spite of its importance during plant defense responses, the molecular components of the
JA signaling pathway remain largely undefined. For this reason, the isolation and characterization
of the JA insensitive mutant coronatine-insensitive1 (coi1)  as  well  as  others  with  an  impaired
response to JA have provided new insights into the JA signaling.

The mutations in the COI1 gene, which encodes a 66-kD protein containing an N-
terminal F-box motif and a LRR domain, cause plant disability on the jasmonate perception and
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the high impact on the male fertility and root development (Xie et al. 1998). The F-box proteins
occur throughout the eukaryote kingdom and recruit the regulatory proteins as substrates for the
ubiquitin-mediated destruction. The COI1 protein associates physically with AtCUL1, AtRBX1,
and the Skp1-like proteins ASK1 or ASK2 to assemble the ubiquitin-ligase complex SCFCOI1 in
planta (Xu et al. 2002). The mutations in AXR1 (AUXIN-RESISTANT1) reduce the modification
of the AtCUL1 subunit of SCFCOI1 and lead to a reduction in the JA response, indicating a
common link shared between JA and auxin signaling (Xu et al. 2002). COI1 is thought to target
transcriptional repressors by analogy to the substrates for the F-box TrCP proteins in animals
(Turner et al. 2002; Xu et al. 2002). Although direct targets have not been identified yet, at least
four classes of transcription factors including the ET-response-factor1 (ERF1; one of AP-2
domain transcription factors unique to plants), BOTRYTIS SUSCEPTIBLE1 (BOS1; a member
of the R2R3MYB family), basic helix-loop-helix proteins AtMYC2, JAMYC2 and JAMYC10,
and OVEREXPRESSOR OF CATIONIC PEROXIDASE3 (OCP3;  a  member  of  the  homeo-
domain family) orchestrate in the JA signaling pathway (Lorenzo et al. 2003; Mengiste et al.
2003; Boter et al. 2004; Lorenzo et al. 2004; Ceogo et al. 2005). The conjugation or the covalent
modification of JA appears to be important for JA-perception because the JAR1 gene product has
adenylation activity and particularly catalyzes the conjugation of isoleucine toward JA (Staswick
et al. 2004). The downstream of the JA signaling might also involve histone modification. Devoto
et al. (2002) found that one COI1-interacting protein is a histone deacetylase. Interestingly, the
HDA19 encoding a histone deacetylase has been recently shown to be involved in the JA and ET
signaling of the pathogen responses (Zhou et al. 2005).

1.3.3  Ethylene (ET)

1.3.3.1  ET biosynthesis

ET is a gaseous phytohormone that regulates the myriad of physiological and developmental
processes in plants such as seedling emergence, leaf senescene, fruit ripening, and organ
abscission. ET also mediates plant responses to environmental stresses such as flooding, drought,
wounding, and pathogen attack (O'Donnell et al. 1996; Dong 1998; Wang et al. 2002; van Loon
et al. 2006). The establishment of S-adenosylmethionine (S-AdoMet) and 1-aminocyclopropane-
1-carboxylic acid (ACC) as the precursors of ET have led to the definition of the ET biosynthesis
pathway using biochemical approaches (Wang et al. 2002). The rate-limiting reaction of the ET
biosynthesis is the conversion of S-AdoMet into ACC by an ACC synthase (ACS). ACC is then
oxidized to ET by the action of the ACC oxidase. The expression of the ACS gene  family  is
highly regulated by a complex network of developmental and environmental signals that respond
to a variety of stimuli such as pathogen infection and wounding (Wang et al. 2002; Ecker 2004).
Recent evidence indicates that ACS phosphorylation is a critical step in the ET biosynthetic
process (Ecker 2004). In particular, AtMPK6 has been demonstrated to regulate the stability of
the ACS6 in favor of the rapid stress-induced ET production (Liu and Zhang 2004).

1.3.3.2  ET-dependent signaling in plant defense

In general, plant-derived ET is considered to be involved in the perception of a pathogen attack
and in the induction of the defense-related genes (Dong 1998; Wang et al. 2002). However, the
ET production during a pathogen infection promotes disease development at least in some plant-
pathogen interactions (van Loon et al. 2006). Moreover, certain pathogens are capable of
producing ET as a virulent factor, which improves their ability to colonize plant tissues (Chagué
et al. 2006). It also seems that the role of ET can be dramatically different depending on the type
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of  pathogens  and  plant  species.  So  a  recent  emerging  theme  in  ET-research  is  its  role  as  a
regulator of pathogen-driven cell death (Lorrain et al. 2003; van Loon et al. 2006).

A well-known effect of ET on plant growth is what is referred to as the triple response of
the etiolated dicotyledonous seedlings. Genetic screens based on this phenotype have lead to
isolation and to the characterization of many unique Arabidopsis mutants. A combination of
genetic and molecular analyses of these mutants has largely defined the ET signal transduction
pathway (Wang et al. 2002; Ecker 2004; Guo and Ecker 2004). Furthermore, ET is perceived by a
family of membrane-associated receptors, including ETR1, ETR2, ERS1, ERS2, and EIN4 in
Arabidopsis. Of these receptors, ETR1 and ERS1 contain a highly conserved histidine kinase
domain, whereas the others have a degenerated histidine kinase domain. The ET binds to the N-
terminal transmembrane domain of the receptors via a copper co-factor, which is hypothesized to
be delivered by the copper transporter RAN1. The ET binding then results in the inactivation of
the receptor function. In the absence of ET, the receptors constitutively activate the CTR1. It has
been proposed that CTR1 may negatively control the downstream of the ET signaling pathway
through unidentified MAPKKs and MAPK. EIN2, EIN5, EIN6, and EIN3 are positive regulators
of ET responses acting downstream of CTR1. Recent studies have highlighted the role of the F-
box proteins in regulating the stabilzation of EIN3 (Guo and Ecker 2003; Potuschak et al. 2003).
In the absence of ET, the EIN3 is rapidly targeted for degradation by an SCF complex containing
EBF1 or EBF2. In the presence of ET, the integral membrane protein EIN2 signals downstream
to the transcription factor EIN3 that accumulates in nucleus and activates the expression of its
direct target genes, such as the transcription factor ERF1. Consequently, ERF1 binds to the GCC
box element present in the promoters of many ET-inducible genes such as PDF1.2 (Hao et al.
1998; Lorenzo et al. 2003). Thus, a transcriptional cascade mediated by EIN3 and ERF1
eventually leads to a defense response that is ET-induced.

1.3.4  Reactive oxygen species (ROS)

1.3.4.1  Roles of ROS in plant defense

The ROS consist of hydrogen peroxide (H2O2), superoxide (O2
·¯), hydroxyl radical (OH·),

perhydroxyl radical (O2H·) and singlet oxygen (1O2), which are generated endogenously during
certain developmental transitions such as seed maturation and as a result of photosynthetic and
respiratory metabolism (Apel and Hirt 2004). Under unstressed conditions, the ROS are rapidly
removed by both enzymatic and nonenzymatic scavenging systems confined to various cell
compartments and thus plant cells maintain a normal redox homeostasis (Apel and Hirt 2004).
Any circumstance in which the cellular redox homeostasis is disrupted can lead to the accelerated
generation of ROS or oxidative stress (Lamb and Dixon 1997; Apel and Hirt 2004). However,
charged O2

·¯ is impermeable through phospholipid membranes and relatively nontoxic against
biological macromolecules. At physiological pH, the O2

·¯ dispropotionates to H2O2, a relatively
stable form of ROS, and O2, either spontaneously or by the action of superoxide dismutases. The
H2O2 has the ability to pass through membranes and hence to reach cellular components distant
from the initial sites of its generation (Lamb and Dixon 1997).

Since Doke (1983) first reported the generation of O2
·¯ during incompatible interactions

between the potato and the late blight pathogen Phytophthora infestans, an accumulation of ROS
(mainly O2

·¯ and H2O2) has been associated with both a local and a systemic defense response in
the host-pathogen interactions (Chen et al. 1993; Shirasu et al. 1997; Alvarez et al. 1998; Orozco-
Cardenas et al. 2001). The bi-phasic production of apoplastic ROS, which is the oxidative burst
during the incompatible interactions, is a central feature in successfully recognizing plant
pathogens (Lamb and Dixon 1997). Apoplastic H2O2 generation can be mediated by cell-wall
peroxidases, germin-like oxalate oxidases or by amino oxidases under abiotic and biotic stresses
(Apel and Hirt 2004; Mittler et al. 2004). However, genetic studies indicate that the membrane-
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bound NADPH oxidases are the main source of the pathogen-driven production of ROS in the
defense responses (Torres et al. 2002; Yoshioka et al. 2003; Torres and Dangl 2005). Several
plant defense roles have been proposed for ROS. For instance, H2O2 may be directly toxic to
pathogens in its ability to give rise to the extremely reactive OH· in the presence of iron.
Alternatively, H2O2 may contribute to the structural reinforcement of the plant cell walls either by
cross-linking the various cell wall proteins or by increasing the rate of lignin polymer formation,
leading to preventing the microbes from penetrating or containing the microbial spreading (Lamb
and Dixon 1997). In addition, the ROS have been proposed to act as signaling molecules for the
induction of defense-related genes (Shirasu et al. 1997; Alvarez et al. 1998; Orozco-Cardenas et
al. 2001; Neill et al. 2002; Laloi et al. 2004).

1.3.4.2  ROS-mediated signaling in plant defense

How the ROS are integrated into the signaling network of the plant defense responses is largely
unknown, but some details of several key players implicated in the ROS signal transduction
pathways have been elucidated. For example, the Ca2+ fluxes appear to function not only in the
induction of the oxidative burst after pathogen infection but also in the downstream of the ROS
production by the activation of the plant NADPH oxidase (Torres and Dangl 2005). The Ca2+

binding motifs presented in all plant Rboh (Respiratory burst oxidase homolog) gene products
could account for the direct regulation of the NADPH oxidase by Ca2+. Recently, a central role of
the  MAPKs  in  the onset of the plant pathogen defense has been firmly established (Asai et al.
2002; Menke et al. 2004; Nakagami et al. 2005). In Arabidopsis, the H2O2 can activate AtMPK3
and AtMPK6 via the activity of a MAPKKK protein, ANP1 (Kovtun et al. 2000). OXI1
(OXIDATIVE SIGNAL-INDUCIBLE1) kinase is also required for the ROS- and pathogen-
induced activation of AtMPK3/AtMPK6 (Rentel et al. 2004). The null mutant oxi1 is
hypersensitive to infection by a virulent fungal pathogen Peronospora parasitica.  The  H2O2-
induction of the AtMPK3/AtMPK6 is substantially reduced in oxi1, whereas the over-expression
of an OXI1 fusion protein in protoplasts increases the H2O2-induced AtMPK3 activity (Rentel et
al. 2004). These results together suggest that the specific MAPK cascade plays important roles in
the ROS-mediated signal transduction pathways.

The ROS modulate the expression of the numerous genes including those encoding the
antioxidant enzymes and regulatory proteins involved in the H2O2 production (Desikan et al.
2001; Torres et al. 2006). However, specific ROS-regulatory DNA sequences and their cognate
transcription factors have not yet been isolated and characterized. In general, three modes of
action have been proposed as to how the ROS signaling could affect gene expression (Mittler et
al. 2004). The ROS sensors, which are supposed to be unidentified receptor proteins, could
trigger specific signaling cascades. Alternatively, ROS might directly inhibit the activity of
phosphatases and result in the activation of particular kinases, thus triggering the downstream
signaling events. Finally, ROS might change gene expression via targeting and modifying the
activity of the redox-sensitive transcription factors or regulatory proteins.

1.3.5  Nitric oxide (NO)

1.3.5.1  NO burst during plant-pathogen interactions

NO is a highly toxic gas with a broad chemistry that involves an array of interrelated redox forms
with different chemical reactivities. The NO modulates both the R gene-mediated resistance and
the basal resistance (Delledonne et al. 1998; Durner et al. 1998; Romero-Puertas et al. 2004; Zeier
et al. 2004; Delledonne 2005). The accumulation of NO is often concomitant with the R gene-
dependent oxidative burst that occurs immediately before the onset of HR cell death (Delledonne
et al. 1998). Studies on the Arabiodpsis-avirulent p. syringae system have indicated that NO
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might play a crucial role as an intracellular signal that functions in the cell-cell spread of the HR
(Zhang  et  al.  2003a).  The  balance  between  NO  and  H2O2 appears  to  be  important  for  the
induction of the HR cell death (Delledonne et al. 2001). This is validated by the observation that
the reduced production of H2O2 in the transgenic plants overexpressing a thylakoidal ascobate
peroxidase results  in  protection from a NO-induced cell  death (Murgia et  al.  2004).  Recently,  a
second type of NO burst has been reported. LPS, the general PAMP elicitors of plant defense, can
trigger a strong and rapid NO burst in Arabidopsis, which is mainly dependent on the activity of
AtNOS1 encoding a nitric oxide synthase (Guo et al. 2003; Zeidler et al. 2004). In addition,
significant amounts of NO are produced after wounding or an exogenous application of JA in the
different plant species (Delledonne 2005), indicating its role in the defensive response to
herbivorous insects.

1.3.5.2  NO-mediated signaling in plant defense

Although there is no clear picture of the NO-mediated signal transduction pathways, mounting
evidence indicates that the NO-regulated processes in plants and animals have common features.
For example, RNA processing and protein synthesis is required for the NO-induced HR cell death
in plant and apoptosis in animals (Delledonne et al. 2005). Similar to animal systems, NO is also
involved in the mobilization of intracellular Ca2+ (Lamotte  et  al.  2004).  Furthermore,  the
activation of at least some NO-dependent defense genes is thought to be mediated by cGMP,
which is a second messenger of NO for animal PCD (Durner et al. 1998; Clarke et al. 2000a). The
post-transcriptional modification of the proteins via S-nitrosylation, the covalent attachment of a
nitrogen monoxide group to the thiol side chain of cysteine, has emerged as an important
mechanism for the NO-mediated cellular signal transduction in animal cells (Hess et al. 2005).
The proteomic characterization of the S-nitrosylated proteins in Arabidopsis revealed that many
of these proteins are also the potential targets of the S-nitrosylation in animals (Lindermayr et al.
2005), suggesting the existence of the common components of NO-mediated signaling pathways
between plants and animals.

1.4  Crosstalk between defense signaling pathways

1.4.1  Definitions for crosstalk

The Merriam Webster Collegiate Dictionary defines  crosstalk  as  the  “unwanted  signals  in  a
communication channel …caused by transference of energy from another circuit…”. By this
definition, one logically expects that plants have evolved mechanisms to minimize the crosstalk
possibility among the different biological signaling pathways when the components from a
specific signaling pathway interfere with another signaling pathway (Mundy et al. 2006). The
extensive studies on bacterial two-component systems and eukaryotic MAPK cacades, which are
the models for how living cells integrate multiple signaling pathways into particular responses,
suggest that “crosstalk is rare under normal, non-pathogenical conditions, if it occurs at all in a
way that is significant biologically” (Bijlsma and Groisman 2003; Mundy et al. 2006).

Although direct crosstalk based on the classical definition is rarely observed, specific
interactions between the components from different signaling pathways and the indirect
influences between those pathways defined by the combination of biochemical and genetic
approaches are often referred to as crosstalk (Genoud and Métraux 1999; Kunkel and Brooks
2002; Rojo et al. 2003; Bostock 2005). In this context, crosstalk describes the connections
between the pathways influencing each other through positive or negative regulatory interactions.
Plant defenses are tightly regulated by these multiple defense signaling pathways involving
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different signal molecules such as SA, JA, ET, and ROS. The biological output corresponding to
the specific invading pathogens or herbivorous insects is largely generated by the combinatorial
integration of the versatile functions of regulatory components and pathway crosstalk via higher-
order complexes. Both the synergistic and antagonistic interactions among the hormone signaling
pathways have been observed (Figure 3). The crosstalk mechanisms, which are supposed to allow
organisms to adjust the defense to a level that is protective while minimizing associated costs, are
currently the subject of extensive investigation to determine the significance for plant disease
resistance against specific pathogens.

Figure 3. A sketch of the crosstalk between the defense signaling pathways. Antagonistic interactions are
indicated by blocked lines, otherwise the line indicates cooperative or synergistic interactions.

1.4.2  Crosstalk between SA and JA signaling pathways

In general, SA signaling provides broad-spectrum resistance to biotrophic pathogens, whereas JA
signaling protects the plant from insect infestation and necrotrophic pathogens. Early data from
pharmacological studies suggest that SA has an inhibitory effect on either the JA biosynthesis or
the JA signaling in flax, tomato, and tobacco (Doherty et al. 1988; Peña-Cortés et al. 1993;
Doares et al. 1995; Harms et al. 1998; Niki et al. 1998). Furthermore, the over-expression of a
PAL gene in tobacco enhances SAR to the tobacco mosaic virus (TMV) but reduces the
herbivory-induced systemic resistance to the insect Heliothis virescens. By contrast, the silencing
of PAL has the opposite effects. These results from the study of transgenic tobacco plants suggest
an inverse relationship between the SA-dependent resistance to virulent microorganisms and the
JA-dependent resistance to insect herbivores (Felton et al. 1999). Subsequently, genetic studies of
Arabidopsis plants provided direct evidence for the negative effects of SA on JA biosynthesis
and/or signaling (Kunkel and Brook 2002; Rojo et al. 2003; Bostock 2005). Thus, blocking or
reducing the SA signaling in wild-type plants or mutants with the constitutive activation of the
SAR response leads to the enhancement of the JA signal. For example, Arabidopsis plants
carrying the transgene NahG showed increased transcriptional levels of the JA-responsive gene
PDF1.2 when challenged with A. brassicicola (Penninckx et al. 1996). The eds4 and pad4
mutants impaired in the pathogen-induced accumulation of the SA exhibited hypersensitive
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responses to the inducers of the JA-responsive gene expression (Gupta et al. 2000). The cpr6
mutant has higher levels of SA and constitutively expresses both the SA- and JA-dependent
defenses. The reduced SA accumulation and perception in the cpr6 mutant resulted in the
increased accumulation of PDF1.2 transcripts in the double mutants cpr6eds5 and cpr6npr1
(Clarke et al. 2000b). NPR1, which is a central, positive regulator of the SA signaling pathway,
has  also  emerged  as  a  critical  modulator  of  the  crosstalk  between  the  SA  and  JA  signaling
pathways. It has been shown that the npr1 mutants relieve the SA-mediated suppression of the
pathogen-induced JA production and the expression of the JA-responsive genes such as LOX2,
AtVSP, and PDF1.2 (Spoel et al. 2003). Interestingly, the nulear localization of NPR1 is not
required for the negative effect of NPR1 on the JA-responsive gene expression, indicating that a
cytosolic form of the regulatory NPR1 protein is responsible for the SA-mediated suppression
of JA signaling through an unknown mechanism (Spoel et al. 2003). These studies suggest an
inhibitory effect of SA on both JA biosynthesis and on the subsequent action of JA.

Conversely, there are different lines of evidence indicating that JA inhibits SA signaling.
In tobacco, JA inhibited the expression of the SA-induced genes encoding the acidic PR proteins
(Niki et al. 1998). The Erwinia-derived elicitors have been shown to predominantly trigger JA-
signaling and the reduced expression of the SA-inducible genes was observed when tobacco
seedlings were treated with a series of solutions containing a constant concentration of SA as well
as with an increasing amounts of the elicitors (Vidal et al. 1997; Norman-Setterblad et al. 2000),
also supporting a role of the JA-mediated suppression on SA signaling. Moreover, the
identification of the JA signaling mutants such as coi1, mpk4, and ssi2 has  revealed  that  JA
negatively regulates the activation of the SA-mediated defenses (Petersen et al. 2000; Kachroo et
al. 2001; Kloek et al. 2001). Although the coi1 plants do not exhibit a constitutive expression of
the SA-mediated defense-related genes, the SA-signaling pathway is hypersensitized in response
to the invading pathogens as evidenced by the enhanced expression of the SA-mediated PR genes
and by the increased resistance to P. syringae (Kachroo et  al.  2001).  MPK4 is  required for  the
induction of some JA-regulated defense genes, such as PDF1.2 and THI2.1.  In  addition  to  the
impaired JA signaling, the Arabidopsis mpk4 plants constitutively express the SA-regulated PR
genes, probably as a result of the elevated SA levels (Petersen et al. 2000). Interestingly, the
expression of the JA-responsive genes is also impaired in the mpk4NahG plants that do not
accumulate high levels of SA (Petersen et al. 2000), indicating that the impairment of the JA
signaling in mpk4 is not the direct consequence of the elevated levels of SA. Rather, the
constitutive SA signaling in mpk4 is  likely  due  to  the  loss  of  an  antagonistic  effect  of  the  JA
signaling on the SA pathway. Thus, MPK4 may act as a regulator of the negative crosstalk
between SA and JA in the activation of defenses by simultaneously repressing the SA
biosynthesis and promoting the perception of or response to JA in Arabidopsis. Other MAPKs
may  be  also  involved  in  similar  crosstalk  between  the  SA and  JA in  tobacco.  The  silencing  of
tobacco WIPK inhibited JA production in response to the wounding and blocked wounding-
induction of the JA-repsonsive genes (Seo et al. 1999). On the other hand, the SA production and
wounding-induction of the SA-dependent genes was observed in the WIPK-silenced lines but not
in the wild-type plants (Seo et al. 1999). Although both MPK4 and WIPK appear to repress SA
biosynthesis, their position in the defense signaling network may be quite different in Arabidopsis
and in tobacco. The MPK4 is involved in the signaling downstream of the JA biosynthesis
(Petersen et al. 2000), whereas WIPK activity is possibly required for de novo JA biosynthesis
(Seo et al. 1999). Unlike MPK4 and WIPK, the SSI2 gene encodes a stearoyl-acyl carrier protein,
which catalyzes the desaturation of stearic acid to oleic acid (Kachroo et al. 2001). The recessive
ssi2 mutation compromises a set of JA-mediated responses. The ssi2 plants have the constitutive
activation of both the NPR1-dependent and the NPR1-independent defense responses (Kachroo et
al. 2001). The altered SA/JA signaling in ssi2 indicates that a fatty acid-derived signal is involved
in the negative crosstalk between the SA and JA signaling pathways, possibly by modulating the
MAPK activity of MPK4 (Kachroo et al. 2001; Kachroo et al. 2003). Apart from the above-
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mentioned studies with Arabidopsis single mutants, a comprehensive analysis of global gene
expression in a collection of Arabidopsis lines including the wild-type and many of the signaling-
defective mutants in the SA and JA pathways provided additional evidence for the mutual
inhibition between these pathways (Glazebrook et al. 2003).

In contrast to the antagonistic interactions between the SA and JA pathways, the
synergistical interactions between SA and JA have also been well-documented. For example,
results from early experiments with tobacco showed that exogenous JA in combination with SA
hyperinduced the accumulation of the PR-1b mRNA (Xu et al. 1994). Moreover, the positive
regulatory interactions between the SA and JA signaling pathways have been examined by means
of the global expression analysis. Schenk et al. (2000) reported that more than 50 defense-related
genes were co-induced in Arabidopsis plants by exogenous SA and JA, suggesting that the two
signals coordinately regulate many genes. Besides the expression of defense-related genes
through SA action in cooperation with JA signaling, the simultaneous activation of SA and JA
signaling has been shown to enhance the rhizobacteria-induced systemic resistance of
Arabidopsis to P. syringae (van Wee et al. 2000). Furthermore, genetic data from Arabidopsis
mutant hrl1, which exhibit the constitutive upregulation of the PR genes and develop HR-like
lesions, indicate that both the defense-related gene expression and the resistance against
pathogens are coordinatively regulated by the SA- and JA-dependent defense pathways (Devadas
et al. 2002).

1.4.3  Crosstalk between JA and ET signaling pathways

Xu et al. (1994) found that JA and ET function synergistically to induce the defense-related gene
PR-5 in  tobacco  and  likewise, PDF1.2 functions in Arabidopsis (Penninckx et al. 1996; 1998;
Norman-Setterblad et al. 2000). JA and ET also appear to cooperatively induce several other
genes such as CHIB and HEL under the exogenously combinatorial application in Arabidopsis
(Norman-Setterblad et al. 2000). Evidence for JA and ET coordinately regulating defense-related
genes was also obtained in microarray experiments (Schenk et al. 2000; Glazebrook et al. 2003).
For example, nearly half of the ET-inducible genes in Arabidopsis were  also  induced  by  a  JA
treatment (Schenk et al. 2000). Recent studies suggest that the transcription factor ERF1
integrates both the JA-and ET-driven signals to activate the expression of the co-regulated genes
(Lorenzo et al. 2003). Both JA and ET signaling are required for the expression of ERF1. JA and
ET treatments effect the expression of ERF1 synergistically. The over-expression of ERF1 in
Arabidopsis leads to an increased resistance against the B. cinerea and Plectosphaerella
cucumerina, and a constitutive expression of a set of defense-related genes induced
simultaneously by JA and ET but not the genes regulated differentially by these hormones.
Furthermore, the elevated cellular levels of ERF1 via overexpressing the transgene ERF1 or EIN3
promote the expression of PDF1.2 and CHIB, bypassing the requirement for both COI1 and
EIN2, indicating that ERF1 acts downstream of the JA and ET perception (Solano et al. 1998;
Lorenzo et al. 2003).

In contrast to the cooperation of ET and JA in the regulation of the defense-related genes
such as PDF1.2 and CHIB through ERF1, the expression analysis of the double mutant cev1etr1
revealed that a subset of JA-specific responsive genes such as THI2.1 and AtVSP was negatively
regulated by ET signaling (Turner et al. 2002). The additional line of evidence for the
antagonistic role of ET in the JA-signaling comes from the studies focused on tobacco nicotine
biosynthesis that is a direct defense against insect herbivory. Shoji et al. (2000) demonstrated that
the JA-induction of a set of nicotine biosynthesis genes was effectively suppressed by the
simultaneous treatment with ET. Moreover, the release of insect-induced ET is correlated to the
decrease in JA-induction of the putrescine N-methyltransferase genes, which are thought to
represent the rate limiting step in nicotine biosynthesis (Winz and Baldwin 2001). Importantly,
the ET-mediated suppression on the JA-responsive gene expression influences plant resistance to
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herbivores. For example, the JA-mediated resistance of Arabidopsis to Spodoptera littoralis is
compromised of the application of ethephon and enhanced in the ET-insensitive mutants (Stotz et
al. 2002; Rojo et al. 2003). The suppressive effects of the ET on the JA signaling are not only at
the transcriptional level but also at the cellular level. It has been shown that ET negatively
regulated the JA-induced expression of the glucosinolate biosynthetic genes and the accumulation
of certain glucosinolates, which are secondary metabolites characteristic of the Brassicaceae
family that function in the defense against microbes and herbivores (Mikkelsen et al. 2003;
Halkier and Gershenson 2006). Interestingly, ET also inhibited the JA-dependent formation of the
ER bodies in Arabidopsis,  which  is  referred  to  as  a  specific,  proteinase-sorting  system  under
various stress conditions (Matsushima et al. 2002).

JA may also inhibit the ET signaling as indicated by the observation that JA induced the
expression of a gene encoding dioxygenase-like protein in Arabidopsis, which is homologous to
the tomato E8 protein known as a negative regulator of the ET biosynthesis in the ripening of
tomato fruits (Sasaki et al. 2001). More recently, molecular identification of the JA insensitive
mutant jin1/Atmyc2 has shed new light on how the crosstalk regulation of the JA and JA/ET
pathways can be executed to fine-tune gene expression through the differential activation of the
two regulatory components, ERF1 and AtMYC2, in response to different types of stimuli (Boter
et al. 2004; Lorenzo et al. 2004). The loss of function of AtMYC2 conferred an increased
activation of the JA/ET-responsives genes PDF1.2 and CHIB following MeJA treatment. Like
ERF1 overexpressing plants, the MeJA-induction of the JA-responsive genes AtVSP and JR1 is
blocked in the Atmyc2 mutants. These observations suggest that AtMYC2 is responsible for
repressing the ERF1-controlled activation of the JA/ET responsive genes, whereas ERF1 appears
to repress the expression of the AtMYC2-modulated JA-responsive genes through unknown
mechanisms (Boter et al. 2004; Lorenzo et al. 2004). Taken together, these examples suggest that
plants have both positive and negative regulatory interactions between the JA and ET signaling
pathways.

1.4.4  Crosstalk between SA and ET signaling pathways

The  results  on  the  interplay  between  SA  and  ET  signaling  are  available  but  somewhat
contradictory. The SA-mediated expression of the SAR markers did not require an intact ET-
signaling pathway in Arabidopsis (Ryals et al. 1996). A pathogen-induced SAR against the
Hyaloperonospora parasitica and P. syringae was maintained in all the Arabidopsis ET-
insensitive mutants tested (Knoester et al. 2001; Lawton et al. 1995). These results further support
the concept that the SAR signal transduction is independent of ET. Intriguingly, the exposure to
ET potentiated the SA-induction of the PR-1 gene (Lawton et al. 1994). Consistent with this
observation, the systemic expression of the PR-1 in the tissue mimicking SAR was diminished
when the etr1 mutation was introduced to the lesion mimic mutant hrl1 (Devadas et al. 2002).
These data suggest that ET may play a role in the SAR by enhancing tissue sensitivity to the SA
in the wild-type Arabidopsis. Another important point is that the cooperative interactions between
these pathways were also documented in Arabidopsis. For example, the genome-wide expression
analysis mentioned previously indicates that the SA and ET may coordinately induce a small set
of defense-related genes (Schenk et al. 2000). However, the elevated basal levels of PR-1 mRNA
in the ein2 mutants indicate that ET signaling may negatively affect the SA-mediated responses
(Lawton et al. 1995). The Arabidopsis cpr5 was used to dissect the defense signaling network in
detail (Clarke et al. 2000). Crossing ein2 into cpr5 resulted in even higher levels of SA in the
double mutant ein2cpr5 in comparison to cpr5, suggesting that ET inhibits SA biosynthesis in
cpr5 and exerts negative effects on the SA-mediated responses therein. Conversely, SA appears
to suppress ET-mediated responses at least in some plant-pathogen interactions (Penninckx et al.
1998; Diaz et al. 2002; Gu et al. 2002). In the tomato, an SA treatment inhibited the ET-induced
expression of the defense-related genes encoding glucanse B and osmotin, and the putative
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transcription  factor  Pti4  was  thought  to  most  likely  integrate  signals  from  the  ET  and  SA
pathways (Gu et al. 2002). Furthermore, the simultaneous treatment of tomato plants with ET and
SA diminished their ET-induced resistance to B. cinerea (Diaz et al. 2002).

Even though SA is sufficient to induce a SAR in Arabidopsis, both SA and ET appear to
be implicated in the SAR development in Arabidopsis against the yellow strain of cucumber
mosaic virus and in tobacco against the TMV (van Loon et al. 2006). Tobacco plants transformed
with the etr1-1 allele from Arabidopsis are insensitive to ET (Knoester et al. 1998). Following a
TMV infection, SA accumulation, PR gene expression and the SAR in systemic leaves are
compromised in these plants (Knoester et al. 2001; Verberne et al. 2003). Data from grafting
experiments suggest that ET perception is essential for the generation of the systemic signal
molecules in tobacco (Verberne et al. 2003). An interesting observation is that the development of
the disease symptoms in Arabidopsis and tomato following an infection by P. syringae,
Xanthomonas campestris, or Fusarium oxysporum (Lund et al. 1998; O'Donnell et al. 2001;
O'Donnell et al. 2003) appears to require the cooperative action of SA and ET. In contrast to the
SA action upstream of ET in the Arabidopsis susceptible response following a X. campestris pv.
campestris infection (O'Donnell et al. 2003), X. campestris pv. vesicatoria induced an ET-
dependent accumulation of SA in tomatoes (O'Donnell et al. 2001). Surprisingly, the reduced
tolerance to X. campestris pv. campestris of the Arabidopsis etr1-1 mutant observed in this recent
study (O'Donnell et al. 2003) is seemly in sharp contrast to the data previously obtained with the
same virulent pathogen and ein2-1 (Bent et al. 1992).

1.4.5  Crosstalk between SA and ROS signaling pathways

The coordination of SA and ROS signaling pathways has been documented in a variety of
experimental systems. The enhancement of the SA signal can occur through a signal
amplification loop involving ROS, where SA binds H2O2 scavenging enzymes such as catalases
and ascorbate peroxidases and thereby inhibits their activities (Chen et al. 1993). This suggests
that elevated levels of H2O2 may function upstream of  SA to trigger  defense responses.  On the
other hand, SA has aslo been shown to potentiate the production of H2O2 and HR cell death. The
addition of low concentrations of SA in soybean cells that have been inoculated with pathogens
dramatically enhances the oxidative burst and cell death, indicating that the accumulation of low
levels of SA together with the development of oxidative microbursts could amplify responses to
secondary infections and contribute to SAR (Shirasu et al. 1997). Although H2O2 is a poor
inducer for the PR gene expression, combined applications of H2O2 and SA boost the PR-1a
expression and provide a greater protection of tobacco against subsequent infection by the
wildfire pathogen, P. syringae pv. tabaci, than treaments with SA alone would provide (Blee et
al. 2004). These examples support the synergism between H2O2- and SA-mediated defense
pathways. In lsd1, it is the superoxide but not the H2O2 that triggers the initiation and propagation
of HR (Jabs et al. 1996). SA accumulation and the functional NPR1 protein are required for lsd1-
mediated runaway cell death following a pathogen infection, indicating that an SA-dependent
signal might act downstream of the superoxide-mediated signaling leading to cell death (Aviv et
al. 2002).

It has been proposed that EDS1-dependent SA accumulation stimulates the light-
dependent production of H2O2 and thereby promotes the propagation of HR cell death (Mateo et
al. 2004). Nevertheless, recent studies on the conditional fluorescent (flu) mutant of Arabidopsis
indicate a distinct link between the SA- and 1O2-mediated signaling pathways through EDS1
(Ochsenbein et al. 2006). EDS1 is rapidly up-regulated in the flu mutant following the 1O2 release
and appears to be required for the subsequent 1O2-dependent accumulation of SA and for the
activation of the PR genes. Interestingly, the increased levels of free SA in the flu are not
accompanied by an enhanced production of H2O2, suggesting that singlet oxygen plays a signaling
role (Ochsenbein et al. 2006).
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1.4.6  Crosstalk between ROS and JA/ET signaling pathways

Limited data suggest positive regulatory interactions between the ROS and JA/ET signaling
pathways. For instance, a genome-wide analysis of catalase-deficient tobacco plants revealed that
H2O2 induces some genes involved in the biosynthesis of JA and ET (Vandenabeele et al. 2003).
In the Arabidopsis mutant Esa1 with a compromised resistance to several necrotrophic fungal
pathogens, the induction of the JA-responsive genes by H2O2-generating compounds is
completely abolished (Tierens et al. 2002), suggesting a cooperation or synergism between the
H2O2 and JA signaling in the wild type. This is further supported by the observations from the
mutant ocp3 (Coego et al. 2005). The increased accumulation of H2O2 in ocp3 is accompanied by
the constitutive expression of PDF1.2 and the enhanced resistance to B. cinerea and P.
cucumerina.  It  is  importantly  to  note  that,  COI1  is  essential  for  the  resistance  signaling  to  the
necrotrophic infection in ocp3. Recent molecular evidence substantiates that stomata closure is a
key part of plant innate immunity (Melotto et al. 2006). Intriguingly, the functional analysis of
etr1 mutants uncovered that ETR1 regulates the H2O2 responses in guard cells (Desikan et al.
2005). Moreover, Desikan et al. (2006) have demonstrated that AtrbohF-mediated H2O2
production is essential for ET-induced stomatal closure. These findings underscore cooperative or
synergistic interactions between H2O2 and ET signaling.

1.5  Transcriptional regulatory network

A paramount feature of the inducible defense responses upon pathogenic infection is the
transcriptional regulation of a large number of plant defense-related genes (Eulgem 2005). The
detection of a pathogen triggers several signaling cascades that are integrated in the nucleus by a
diverse set of transcription factors, leading to massive transcriptional reprogramming. These
transcription factors are the indispensable components of individual signaling cascades. In
addition, transcription factors have been implicated in modulating the balance or crosstalk
between different defense signaling pathways (Anderson et al. 2004; Boter et al. 2004; Lorenzo et
al. 2004). This comprehensive transcriptional reprogramming is thought to function under a
transcriptional regulatory network and to eventually result in the accumulation of antimicrobial
compounds and in the reinforcement of cell wall composition to prevent the multiplication and
spread of pathogens in intercellular spaces or to ward off potential pathogens (Eulgem 2005).

Transcription factors regulate the temporal or spatial expression patterns of genes
(Wyrick and Young 2002). The activation or repression of these transcription factors is one
critical step within the cellular regulatory circuits controlling the various biological processes
(Brivanlou and Darnell 2002). All plant transcription factors, with several exceptions, share
common structural features including a DNA-binding region, an oligomerization site, a
transcription-regulation domain, and a nuclear localization signal (Liu et al. 1999). Generally,
transcription factors are classified into distinct families according to their DNA-binding domains.
In Arabidopsis, more than 1,500 transcription factors were identified and clustered into 34
families (Reichmann et al. 2000). A large number of these transcription factors from different
families have been implicated in the Arabidopsis defense responses because their expression is
either induced or repressed following pathogen infection (Chen et al. 2002; McGrath et al. 2005).
Individual  members  from  transcription  factor  families  such  as  TGA-bZIP,  ERF,  Whirly,  and
WRKY, have been shown to bind directly to their specific cis-regulatory DNA sequences in vitro
or in vivo and to be linked to specific gene regulation during plant defense responses (Yang and
Klessig 1996; Zhou et al. 1997; Rushton and Somssich 1998; Eulgem et al. 2000; Robatzek and
Somssich 2001; Chen and Chen 2002; Jakoby et al. 2002; Chakravarthy et al. 2003; Desveaux et
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al. 2004; Turck et al. 2004; Kim et al. 2006; Xu et al. 2006). Moreover, some of them have been
shown to integrate or discriminate the different defense signaling pathways and thereby fine-
tuning the defense-related gene expression (Lorenzo et al. 2003; Boter et al. 2004; Lorenzo et al.
2004).

Of particular interest is an important role of the WRKY family in defense responses,
which is defined by a DNA-binding motif containing the strictly conserved amino acid sequence
WRKYGQK (Eulgem et al. 2000). The first cDNA encoding a putative WRKY protein, the
Sweet Potato Factor1 (SPF1), was cloned from sweet potato (Ishiguro and Nakamura 1994).
Subsequently, a large number of WRKY genes were cloned and identified from the various plant
species including Arabidopsis, barley, bittersweet nightshade, chamomile, legume, orchardgrass,
parsley, potato, rice, sugarcane, tobacco, wheat, and wild oats (Eulgem et al. 2000; Ülker and
Somssich 2004; Zhang and Wang 2005). The recent identification of three WRKY genes, one each
from a primitive protozoan Giardia lamblia, a slime mold Dictyostelium discoideum,  and  a
unicellular green alga Chlamydomonas reinhardtii, led the authors to conclude that the ancestral
WRKY genes present in early eukaryotes have frequently duplicated during the evolution of
plants, resulting in an expanded WRKY superfamily in flowering plants (Zhang and Wang 2005).

This superfamily contains over 75 members in the Arabidopsis genome (Eulgem et al.
2000), which can be classified into three different groups according to their primary structure.
This classification is based on the number of WRKY domains and certain features of the zinc-
binding motif. Group I includes WRKY proteins with two WRKY domains, whereas the majority
of members harbor one WRKY domain and belong to either group II or III. The WRKY domains
of Group I and Group II share the same type of finger motif whose pattern of potential zinc ligand
is C-X4-5-C-X22-23-H-X1-H. The pattern of Group III is C-X7-C-X23-H-X1-C. Yamasaki et al.
(2005) have recently reported the NMR solution structure of the C-terminal DNA binding domain
of AtWRKY4, a member of Group I. Their results revealed that the novel domain consists of a
four-stranded -sheet. The zinc-binding pocket formed by the conserved Cys/His residues is
located at one end of this -sheet. The WRKYGQK residues correspond to the most N-terminal
-strand, which may in turn contribute to the structural stability of the -sheet. This particular -

strand most likely enters the DNA groove and forms contact with the DNA bases (Yamasaki et al.
2005). Consistent with the proposed model, the involvement of the sequence in the DNA binding
was previously demonstrated by mutational experiments (Maeo et al. 2001).

The majority of Arabidopsis WRKY genes exhibit increased transcript levels after
pathogen infections or after treatments with pathogen-derived elicitors and SA (Chen et al. 2002;
Dong et al. 2003; Kalde et al. 2003). The over-expression of individual WRKY factors  such  as
Arabidopsis WRKY18 and WRKY29 reduced the susceptibity to both bacterial and fungal
pathogens (Asai et al. 2002; Chen and Chen 2002), whereas enhanced resistance to virulent P.
syringae was also observed in wrky7 plants (Kim et al. 2006). These transgenic studies suggest
that strictly regulated WRKY transcript levels are important for efficient pathogen defense. Some
of  the  WRKY  factors  have  been  implicated  in  the  establishment  of  SAR  [e.g.  controlling
expression of NPR1 (Yu et al. 2001) and PR-1 regulon (Maleck et al. 2000)]. Recently, it has
been substantiated that parsley WRKY1 binds to the cognate W-box elements in vivo and
activates the defense-related genes such as PcPR1-1 (Turck  et  al.  2004).  What  is  interesting  is
that the W-box elements of both PcWRKY1 and PcPR1-1 are constitutively occupied by certain
WRKY proteins but replaced by other WRKY proteins in a stimulus-dependent manner in vivo
(Turck et al. 2004). On the other hand, specific members of this superfamily have also been
shown to be involved in the PAMP-mediated innate immunity activated by bacterial flagellin or
chitin (Asai et al. 2002; Wan et al. 2004). WRKY proteins might act as transcriptional repressors
to suppress the expression of a set of target genes (Eulgem 2005). Furthermore, AtWRKY6 has
been shown to repress its own expression (Robatzek and Somssich 2002). Different AtWRKY
proteins might interact physically and functionally with one another in favor of the plant selection
of  the  correct  set  of  defense-related  genes  in  response  to  different  types  of  intruders  (Xu  et  al.
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2006). In tobacco, N-mediated resistance to the TMV was compromised by the silencing of  the
WRKY genes (Liu et al. 2004a). NtWRKY1 is phosphorylated by the SA-induced protein, kinase
(SIPK). The coexpression of SIPK and NtWRKY1 in N. benthamiana resulted in a more rapid cell
death than the expression of SIPK alone (Menke et al. 2005), suggesting that specific WRKY
proteins might be involved in the development of the HR.

1.6  Open questions

E. carotovora is a causative agent of the soft-rot disease affecting a wide range of plants,
including commercial crops, ornamental plants, as well as the model plant Arabidopsis
(Pérombelon and Kelman 1980; Vidal et al. 1997; Norman-Setterblad et al. 2000). The extensive
knowledge accumulated on the pathology, biochemistry, and molecular genetics of this pathogen
(Saarilahti et al. 1992; Pirhonen et al. 1993; Mäe et al. 1995; Marits et al. 1999; Lehtimäki et al.
2003; Montesano et al. 2003; Toth and Birch 2005), and on the non-specific nature of the E.
carotovora-plant interaction allows a detailed study of the basal defense responses in plants
without the added complication of race-cultivar-specific interactions. The general elicitors
derived from this bacterial pathogen or released from the plant cell walls by the action of
PCWDEs appear to trigger both the local and systemic induction of the SA- and JA/ET-
dependent defense-related genes in Arabidopsis and tobacco (Palva et al. 1993; Vidal et al. 1997;
Norman-Setterblad et al. 2000). The induced resistance to E. carotovora can be obtained either by
the SA- or JA/ET-mediated defenses (Palva et al. 1994; Norman-Setterblad et al. 2000; Kariola et
al. 2003). It is interesting to note that the SA- and JA/ET-dependent defense-signaling pathways
appear to be mutually antagonistic during an E. carotovora infection (Vidal et al. 1997; Norman-
Setterblad et al. 2000). Even so, how the crosstalk between these pathways is executed as well as
the regulatory components are involved in the integrated defense signaling networks remain to be
elucidated.
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2.  AIMS OF THE STUDY

The main objective of the present study was to identify and characterize novel components of the
plant defense-signaling network and elucidate their functions with specific emphasis on the
Arabidopsis defense responses to different pathogens. Genetic and molecular approaches were
utilized to address the position of the regulatory genes in specific hormone signaling pathways
and to determine their role in integrating the different hormone-mediated signal-transduction
events. Moreover, large-scale transcript profiling analyses were utilized to define their roles in
controlling the expression of the defense or defense-related genes. The specific goals were
formulated as follows:

1: Isolation and identification of regulatory genes of interest induced by the elicitor
preparations derived from E. carotovora subsp. carotovora.

2:  Functional analysis of candidate genes:
(i)  To generate or characterize the stable Arabidopsis transgenic lines or the T-
DNA insertional mutants;
(ii)  To investigate disease-resistance responses;
(iii)  To identify potential target genes or regulons;
(iv) To dissect the involvement in the different signal transduction pathways
using known hormone signaling mutants or transgenic plants.
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3.  MATERIALS AND METHOLDS

The biological materials and methods used for the present work are listed in Table I and Table II,
respectively. The construction of plasmids, generation of Arabidopsis transgenic lines, the
characterization of SALK and GABI lines, and the growth conditions of bacteria, fungi, and
plants are precisely described in each original publication or manuscript.

Table I. Biological materials used in studies I III.

Biological materials Sources or relevant characteristics
*All plants in the background of Arabidospsis thaliana
ecotype Columbia (Col-0)

Paper

Plants
A18 This study II
AtCLH1Oex This study I
AtCLH1RNAi line 46 This study I
AtCLH1RNAi line 51 This study I
coi1-1
coi1-16

J. Turner
J. Turner

II, III
III

ein2-1 Arabidopsis Biological Center II
NahG J. Ryals II, III
npr1-1 Arabidopsis Biological Center II, III
pCP60
S27

This study
This study

III
I, II, III

S48 This study III
S55 This study I, II
S55/NahG This study II, III
S55/npr1-1 This study II, III
Wild-type Ecotype Col-0 I, II, III
wrky70-1 Accession No.: SALK_025198

Arabidopsis Stock Center
III

wrky70-2 Accession No.: GABI_324D11
Max Planck Institute for Plant breeding Research

III

Pathogens
Alternaria brassicicola Strain CBSnr 567.77 from Centraalbureau voor

Schimmelcultures, Utrecht, The Netherlands
I, III

Erwinia carotovora
subsp. carotovora SCC1
Erwinia carotovora
subsp. carotovora 3193

ECC SCC1

ECC 3193

I, II, III

II, III

Erysiphe cichoracearum
Pseudomonas syringae
pv. tomato DC3000

Strain UCSC1 from H. Thordal-Christensen

M. Romantschuk

III

II, III

Elicitors
CFSCC1
CF3193

Derived from ECC SCC1
Derived from ECC 3193

I, II, III
I, II, III
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 Table II. Methods used in studies I III.

Technique Paper

Agrobacterium-mediated Transformation I, II
Anthothocyanin Quantification III
cDNA Library Construction I, II
CFU (colony forming units) accounting
CF Treatment

I, II, III
I, II, III

Chemical Application I, II, III
Chlorophyll Extraction and Chlorophyllide Quantification I
Cloning I, II, III
Diaminobenzidine (DAB) Staining I
Disease rating III
DNA-probe DIG-labeling I, II, III
DNA Extraction I, II, III
DNA Sequencing and Computer Analysis I, II, III
Epistasis Analysis II, III
Expression Profiling I, III
Hormone Quantification I, II, III
Light Treatment I
Macroarray Analysis III
Northern Blot Analysis I, II, III
Pathogen Infection I, II, III
PCR I, II, III
Phytoalexin Quantification
Plasmid Construction

III
I, II

Preparation of E.c.carotovora culture filtrates (CF) I, II, III
Quantative PCR (qPCR) I, III
RACE Library Construction
RNA-probe DIG-labeling

II
I, II, III

RNA Extraction I, II, III
RT-PCR II, III
Southern Blot Analysis III
Transformant Selection I, II
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4.  RESULTS AND DISCUSSION

4.1 Defense-related genes induced by Erwinia elicitors in Arabidopsis

The non-specific gram-negative enterobacterium E. carotovora is  considered  to  be  one  of  the
opportunistic plant pathogens that are able to survive in the soil as saprophytes (Pérombelon and
Kelman 1980; Toth and Birch 2005). When conditions are favorable to this pathogen, it can cause
soft-rot disease in a wide variety of plant species such as the potato, tobacco, and Arabidopsis,
with  serious  damage  to  crops  in  the  field  as  well  as  during  storage  (Pérombelon  and  Kelman
1980; Vidal et al. 1997; Norman-Setterblad et al. 2000; Mäe et al. 2001). The pathogenicity of E.
carotovora is mainly dependent on its ability to produce multiple cellulases and pectinases
secreted through the Type II pathway (Toth and Birch 2005). The E. carotovora mutants that are
unable to produce one of these extracellular enzymes exhibit reduced virulence (Saarilahti et al.
1992; Mäe et al. 1995), while the mutants affected in the expression of the multiple extracellular
enzymes are avirulent (Pirhonen et al. 1993). In addition, the protease secretion through the Type
I pathway has been shown to contribute to the full virulence of this phytopathogen (Marits et al.
1999). Moreover, the hrp pathogenicity cluster encoding the TTSS components have been
recently discovered in E. carotovora (Lehtimäki et al. 2003). Induced resistance to this pathogen
can be obtained either by defenses that are SA-mediated or JA/ET-mediated (Palva et al. 1993,
994; Norman-Setterblad et al. 2000). The cell-free culture filtrates (CF), which contain numerous
components secreted by E. carotovora, not only reproduce the soft-rot maceration symptoms
caused by the pathogen but also appear to be capable of triggering both the SA- and JA- or
JA/ET-mediated defense responses in Arabidopsis (Norman-Setterblad et al. 2000; Kariola et al.
2003). In addition, previous studies indicate that the mutual antagonism between the SA- and JA-
dependent defense pathways involves a common regulatory element acting downstream of the SA
in the SA-mediated response (Vidal et al. 1997; Norman-Setterblad et al. 2000). For this reason,
E. carotovora provides a good model for probing the comprehensive network of the interacting
signal transduction pathways.

Our laboratory previously established an Arabidopsis cDNA library induced from the
elicitor-treated plants [cell-free culture filtrates (CF) from the E. carotovora subsp. carotovora
strain 3193] using suppressive subtractive hybridization (Brader et al. 2001). More than 200 CF-
induced genes of the subtracted cDNA library were potentially involved in the pathogen
recognition, the defense signal transduction, and in the production of the antimicrobial
compounds or defense-related proteins. Since SA, JA, and ET are major hormones responsible for
the plant-induced defense responses against E. carotovora (Vidal et al. 1997; Norman-Setterblad
et al. 2000; Brader et al. 2001; Kariola et al. 2003), I first characterized the induction of all genes
from the library in the wild-type Arabidopsis corresponding to the treatments with CF and the
exogenous signal molecules, such as 1-aminocyclopropane-1-carboxylic acid ([ACC], a natural
precursor of ET), MeJA, and SA. The RNA-gel blot analysis revealed that many CF-inducible
genes from the subtracted cDNA library were also differentially expressed by the application of
SA, MeJA, or both. What is interesting is that the basal expression of several SA-inducible genes
was down-regulated by MeJA. On the other hand, the basal expression levels of some JA-
inducible genes were substantially decreased following the application of SA. The expression
patterns and putative functions of the representative genes are presented in Figure 1 (I), Figure 4,
and  Table  III,  respectively.  In  this  thesis,  I  addressed  the  roles  of  two  of  the  genes  identified,
AtCLH1 and WRKY70, in plant disease resistance and provided evidence that they differentially
modulate defense signaling pathways.
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Figure 4. Representative genes of the subtracted cDNA library derived from the Arabidopsis leaves
differentially induced by the CF and exogenous signal molecules. Leaf samples for the RNA extraction
were harvested at the designated time points. Lane 1: 0 hours post-treatment (hpt); lanes 2, 6, 10, 14, 18,
and 22: 2 hpt; lanes 3, 7, 11, 15, 19, and 23: 5 hpt; lanes 4, 8, 12, 16, 20, and 24: 8 hpt; and lanes 5, 9, 13,
17, 21, and 25: 24 hpt. Individual treatments were indicated as follows: lane 1 (non-treated control); lanes
2—5 (CF control, boiled for 20 minutes); lanes 6—9 (100 µM MeJA); lanes 10—13 (CF); lanes 14—17 (5
mM SA); lanes 18—21 (100 µM ACC); and lanes 22—25 (H2O).

Table III. Functions of the representative genes induced by CF in Arabidopsis.

Clone Gene Code Function Reference

1E1 At3g26830 PHYTOALEXIN DEFICIENT3 (CYP71B15);
camalexin biosynthesis

Zhou et al. 1999

2B6 At2g41430 Early responsive to dehydration15 (ERD15);
a negative regulator of ABA response

Kariola et al. 2006

3A6

3H6

At1g66580

At1g19670

60S ribosomal protein L10 (RPL10C);
structural constituent of ribosome
Chlorophyllase 1

http://www.arabidopsis.org/

Takamiya et al. 2000
4B2 At3g15356 Lectin-like http://www.arabidopsis.org/
7B8 At1g78830 Curculin-like (mannose-binding); lectin family

protein
Bayer et al. 2005

7C8

9B1

At4g34150

At3g56400

C2 domain-containing protein, similar to the
calcium-dependent protein kinase
A DNA binding protein of the WRKY family

Kawamura & Uemura 2003

Euglem et al. 2000
11E8 At3g16530 Lectin-like; induced upon treatment with chitin

oligomers
Ramonell et al. 2005

13C8 At2g23810 Member of the TETRASPANIN family http://www.arabidopsis.org/
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4.2 AtCLH1 modulates defense signaling and affects disease resistance (I)

4.2.1  RNAi silencing of AtCLH1 enhances ROS and SA signaling

JA signaling appears to play a central role in regulating defense gene induction and in the
resistance against the E. carotovora subsp. carotovora in Arabidopsis (Norman-Setterblad et al.
2000). AtCLH1 (ATHCOR1) was initially characterized as being a coronatine-inducible/COI1-
dependent gene but no putative protein function could be predicted at that time (Benedetti et al.
1998). The presence of a potential ATP/GTP-binding site in the predicted polypeptide and the
rapid induction in response to coronatine, MeJA, wounding, and pathogens suggest that AtCLH1
might be an important regulatory component of the JA defense signaling pathway. In order to
study the role of chlorophyllase 1 in the plant response to E. carotovora, I first generated over-
expressed and RNAi-silenced Arabidopsis lines (I: Figure 1B). There were no significant
morphological differences between the AtCLH1 over-expressors and the vector control plants,
whereas the RNAi plants were slightly smaller in size (I: Figure 1C). Since chlorophyllase is the
committed enzyme in the pathway of chlorophyll degradation and catalyzes the hydrolysis of the
ester bond to yield chlorophyllides and phytols, the contents of the chlorophyllides were
determined in the transgenic plants (Takamiya et al. 2000). As expected, the AtCLH1 over-
expressing plants showed an enhanced accumulation of both chlorophyllide a and chlorophyllide
b when compared with the vector control or the wild type under normal growth conditions.
Conversely, RNAi silencing resulted in a significant decrease in chlorophyllide production (I:
Figure 1D). Likewise, the MeJA-induced accumulation of chlorophyllides was also enhanced in
the over-expressors, whereas the opposite effect was observed in the RNAi plants (I: Figure 1D).
These data indicate that the transcriptional modulation of AtCLH1 is highly correlated with the
enzymatic activity of chlorophyllase 1. Another pertinent point is that the AtCLH1 over-
expressors developed similar disease symptoms with the bacterial growth and tissue maceration
to those in control plants after an E. carotovora infection  (I:  Figure  2A,  2B).  Surprisingly,  the
RNAi silencing of AtCLH1 led to an enhanced resistance to this pathogen (I: Figure 2A, 2B),
suggesting that the involvement of this gene in plant defense and that impairment in the
chlorophyll degradation pathway and the phototoxic effects of the chlorophyll molecules might
provoke defense signaling.

To test the hypothesis, disease development in transgenic plants was monitored under
low light conditions. The vector control plants exhibited similar maceration and bacterial growth,
as observed in high light intensity. However, the reduced light intensity led to a compromised
resistance in RNAi plants following E. carotovora inoculation (I: Figure 2C). In contrast to the
continuous maceration in the control and the AtCLH1 over-expressors, the leaf maceration
initiated in darkness was stopped when the AtCLH1 silenced plants were transferred to high light
conditions (I: Table 1). These results indicate that the development of disease symptoms in the
RNAi plants is light-dependent. Whereas plants have evolved a highly efficient photosynthetic
machinery to avoid photooxidative damage (Apel and Hirt 2004), under normal growth
conditions, most of chlorophylls are bound to light-harvesting protein complexes. In this state,
these complexes may use various quenching mechanisms to dissipate the absorbed light energy
(Apel and Hirt 2004). Disruption of the chlorophyll catabolism can result in a massive
accumulation of ROS in plant cells (Mach et al. 2001; Pružinská et al. 2003). To explore a
possible link between the phototoxicity of chlorophylls and disease resistance to E. carotovora,
H2O2 generation in response to E. carotovora infection was examined under normal light
conditions. As a result, the H2O2 accumulated to much higher levels in the RNAi plants in
comparison to the wild type, the vector control as well as the AtCLH1 over-expressors (I: Figure
3A), suggesting that high levels of H2O2 due to the reduced activity of chlophyllase 1 might
partially contribute to the resistance of the AtCLH1 RNAi plants to E. carotovora. The activities
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of extracellular enzymes secreted by E. carotovora may lead to a release of free chlorophylls,
which are able to transfer the excitation energy directly to oxygen, to the formation of highly
reactive singlet oxygen, and thus consequently accumulate additional ROS in the chloroplasts
when illuminated. Usually ROS correlate with successful disease resistance responses and occur
predominantly in the apoplast (Terres and Dangl 2004). In this scenario, high concentrations of
H2O2 in the intercellular spaces might result from its diffusion from chloroplasts and be able to
directly kill E. carotovora.  The other  possibility  is  that  ROS may also act  as  defense signals  to
activate defense gene expression (Lamb and Dixon 1997; Neill et al. 2002; Laloi et al. 2004;
Ochsenbein et al. 2006). Indeed, the RNAi plants displayed an enhanced pathogen-induction of
GST1 (I: Figure 3B). However, I could not exclude the possibility that 1O2 rather  than  H2O2
signaling leads to the up-regulation of the marker gene for oxidative stress. A causal link between
1O2 and H2O2 remain to be proved in the AtCLH1 RNAi plants.

Elevated  levels  of  ROS  or  H2O2 may trigger defense signaling sufficiently against E.
carotovora. Previous studies (Palva et al. 1994; Kariola et al. 2003) and novel findings presented
in this thesis (I) indicate that resistance to E. carotovora was obtained by the enhancement of SA
signaling. To further address whether SA signaling is implicated in the enhanced resistance of the
AtCLH1 silenced plants, the expression of the SAR markers was characterized and the contents of
the free SA was determined. RNA-gel blotting showed that the E. carotovora induction of PR-1
and PR-2 was elevated in the RNAi silenced plants under normal light conditions (I: Figure 6A).
By contrast, the mRNA levels of the SAR markers were drastically decreased when the plants
were transferred to low-light conditions (I: Figure 6 B), indicating that light-dependent ROS
signaling is essential. Interestingly, the pathogen-induced SA accumulation in the RNAi silenced
plants was similar to that in the control plants during the early infection stage albeit a substantial
increase was detected during the late infection stage (I: Figure 5A). Since previous studies
indicate that ROS can potentiate SA signaling (Durrant and Dong 2004), I speculated that the
rapid activation of the SAR markers and the enhanced resistance might result from the
cooperation between the SA- and ROS-dependent defense pathways rather than from SA
signaling alone in the AtCLH1 silenced plants. The bacterium E. carotovora seems to benefit
from the action of AtCLH1. Why is the up-regulation of this gene followed by pathogen
recognition? Considering that the light-dependent over-accumulation of ROS is not only harmful
to pathogens but also to host cells, such activation might reflect an adaptation mechanism for
preventing ROS-caused oxidative damage to the plant cells upon pathogen infection.

4.2.2 The RNAi silencling of AtCLH1 suppresses pathogen-induced JA production
and JA signaling

That the E. carotovora-derived elicitors rapidly triggered JA formation and activated AtCLH1
expression (I: Figure 1A; II: Figure 1A, 1B) prompted me to determine the effects of the silenced
AtCLH1 gene on the JA formation and JA signaling. The data showed that the JA levels were
rapidly elevated and this enhancement was sustained in the wild type or vector control plants after
the E. carotovora inoculation under normal light conditions (I: Figure 5B). By contrast, only a
weak induction was observed and much lower JA levels were detected at both the early and late
infection stages in the AtCLH1 RNAi plants (I: Figure 5B), indicating that a loss of AtCLH1
function results in the suppression of JA formation triggered by the pathogen. The plant-derived
oligogalacturonides released by the action of the PCWDEs have been implicated in inducing the
JA biosynthesis genes such as AOS (Norman et al. 1999). Furthermore, high concentrations of
H2O2 in the apoplast, as mentioned above, may reduce the bacterial density or inhibit the
activities of the PCWDEs secreted by E. carotovora, consequently leading to accumulating low
levels of JA in the RNAi plants. On the other hand, phospholipase D , lipoxygenase, allene oxide
synthase, allenoxide cyclase, and 12-oxo-phytodienoic acid reductase, which control wounding-
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or the pathogen-induction of the JA biosynthesis, are located in the chloroplasts (Turner et al.
2002). The light-dependent over-accumulation of the ROS in the chloroplasts due to an
interference with the chlorophyll degradation pathway may disrupt the chloroplast membrane
system and reduce the activities of chloroplast-localized JA biosynthetic enzymes. This may also
account for the observation that the AtCLH1 RNAi  silenced  plants  accumulated  much  less  JA
after the E. carotovora inoculation under normal light conditions. The analysis of the JA-
responsive gene expression also suggests that AtCLH1 might act as a positive regulator of the JA-
mediated defense pathway. The data showed that the MeJA-induced expression of PDF1.2 was
significantly delayed (I: Figure 6D) in the AtCLH1 RNAi  plants.  The  role  of AtCLH1 in  JA
signaling was further verified by the observation that the majority of the leaves from RNAi
silenced plants were successfully infected when challenged with A. brassicicola. The
compromised resistance was accompanied by a more serious necrosis and a clearly increased
amount of fungal DNA when compared with the control plants (I: Figure 7). Taken together, the
over-accumulation of ROS by loss of AtCLH1 function appears to suppress pathogen-induced JA
accumulation followed by a corresponding reduction in the JA-mediated defense signaling.
Further studies are needed to clarify whether the ROS itself or the ROS-mediated signaling
inhibits JA biosynthesis.

4.3 WRKY70 controls the defense gene expression and modulates disease
resistance (II and III)

4.3.1  WRKY70 positively regulates the SA-dependent defense responses

4.3.1.1  WRKY70 is an SA-responsive transcription factor

Although several WRKY factors were implicated in regulating pathogen-induced defense when
my study started (Eulgem et al. 2000; Dellagi et al. 2000), nothing was known about how they
function in the network of the defense signaling pathways at that moment. To gain knowledge of
the molecular  basis  of  disease resistance,  a  need arose to gain a  deeper  insight  into the specific
pathogen-responsive WRKY proteins. A 332 bp fragment, corresponding to a CF-induced clone
from the subtractive cDNA library, showed a complete match with the putative coding region
(437 to 768 bp downstream of ATG) from ATT5P19_50 (accession number AL163972). Using
PCR, a 956-bp full-length fragment for this gene defined as WRKY70 (accession number
AF421157) was acquired from a cDNA library of CF-treated Arabidopsis plants. The WRKY70
protein, a member of Group III of the WRKY superfamily, contains a DNA-binding domain with
a CX7CX23HX1H zinc-binding motif. The deduced amino acid sequence of WRKY70 shares the
closest similarity to that of WRKY54 (53% identity), another member of the same group in
Arabidopsis.

This sequence of WRKY70 has been implicated in the SA-mediated defense response. For
example, NtWRKY3 and NtWRKY4, two WRKY70 homologs in Nicotiana tabacum, are strongly
induced by an SA and pathogen infection (Chen and Chen 2000). In addition, WRKY70 is clearly
up-regulated in the SA-dependent lesion mutant acd11 (Brodersen et al. 2002). The present
results showed that WRKY70 was rapidly, strongly induced in the wild-type Arabidopsis by the
Erwinia-derived elicitor CF and the exogenous application of SA (II: Figure 1A). The SA and
pathogen inducibility of this gene is consistent with a previous report (Kalde et al. 2003). The
complete block in the WRKY70 expression in the NahG transgenic plants but only a substantial
reduction in the mutant npr1-1 under non-induced conditions (II: Figure 1C) indicates that the
basal or constitutive expression of the WRKY70 requires endogenous SA but not functional
NPR1. However, the SA- and pathogen-induced expression of WRKY70 appears to involve both
the SA-mediated NPR1-independent and SA-mediated NPR1-dependent defense pathways. This
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is supported by the following observations: (i) the lack of the WRKY70 expression in the NahG
transgenic plants in the presence of CF and exogenous SA; (ii) the CF-induction of this gene was
under the detectable level in the npr1-1 mutant; (iii) WRKY70 was still up-regulated at the early
time point following SA treatments; and (iv) the SA-induction at the late time point was
abolished in npr1-1 (II: Figure 1D). The observed SA-induction pattern containing an NPR1-
independent rapid response and an NPR1-dependent late response is consistent with that of two
other WRKY genes, WRKY18 and WRKY53 (Yu et al. 2001), and suggests that NPR1 is involved
in an amplification loop of the SA-induced expression of WRKY70. The NPR1-independent SA-
induced expression of WRKY70 may coincide with the SA-mediated NPR1-independent pathway
leading to the PR gene expression and the resistance involving an additional signal such as ROS,
cell wall fragments, or nitric oxide in the cpr6 mutant (Clarke et al. 1998; 2000b).

MPK4 has been proposed to negatively regulate the SA-dependent defense responses via its
basal kinase activity (Petersen et al. 2000). MKS1, which is a MPK4 substrate, interacts with
WRKY25 and WRKY33, establishing a biochemical link between specific WRKY transcription
factors and a MPK4-regulated activation of SAR (Andreasson et al. 2005). Interestingly, I could
show that the mpk4 mutant with constitutively high, free SA levels, accumulates the elevated
levels of the WRKY70 transcripts (data not shown). It is thus of importance and interest to test a
potential interaction between WRKY70 and MPK4 in the future.

4.3.1.2   Generation of WRKY70 transgenic lines and knockout mutants

To elucidate the putative function of WRKY70 in plant defense, multiple transgenic lines with
WRKY70 over-expression or antisense suppression were generated. The over-expression and
antisense suppression lines were selected by analyzing the basal levels of the WRKY70 transcripts
or the CF-induction of the WRKY70 gene, respectively (II: Figure 2A). Five independent over-
expression lines with similarly elevated levels of WRKY70 mRNA exhibited the following
consistent, stable morphological traits: smaller in size, lancet shaped and twisted leaves (II:
Figure 2B), delayed flowering, and reduced seed yield as well in comparison to the vector control
(data not shown). Three over-expression lines S27, S48, and S55 were used in the subsequent
experiments. As a result, eight independent antisense lines were obtained. However, the basal and
CF-induction of WRKY70 in most of the antisense lines were noticed to be partially or even
completely restored after two or three generations. The homozygous progeny from the only stable
line  designated  as  A18  were  slightly  larger  in  size  than  the  vector  control  (II:  Figure  2B)  and
showed an early flowering phenotype (data not shown).

Characterized were two T-DNA mutant lines (accession numbers SALK_025198 and
GABI_324D11), which were designated as wrky70-1 and wrky70-2, respectively. Both the SALK
and GABI lines carried a  single T-DNA insert  located either  in  the first  intron or  in  the second
exon of the WRKY70 gene (III: Figure 1a). Their homozygous progeny were then selected by
PCR approaches (III: Figure 1b). The basal and SA-induced expression of WRKY70 was totally
abolished in these two insertion mutants (III: Figure 1c). However, the wrky70-1 and wrky70-2
mutants were morphologically similar to the wild-type plants and did not exhibit the phenotypic
features observed in the WRKY70 antisense plants under normal growth chamber conditions. It
was then postulated that the antisence silencing of WRKY70 might also cause the suppression of
an unknown gene affecting the plant size and flowering process or that the transgene insertion in
the antisense plants might experience a distinct genomic position effect.

4.3.1.3  WRKY70 differentially activates expression of SAR-associated defense genes

The classical markers of the SAR response are PR-1, PR-2, and PR-5 (Uknes et al. 1992; Cao et
al. 1994; Delaney et al. 1995; Shah et al. 1997; Clarke et al. 1998). Application of the SA or SAR
inducers, such as INA or BTH, induces the expression of PR-1, PR-2, and PR-5 coordinately.



44

Mutations in the npr1 block expression of PR-1, PR-2, and PR-5,  whereas the cpr mutants have
the constitutive expression of all the three PR genes. Importantly, WRKY70 was found to be an
SA-responsive gene and its SA-induction is partially NPR1-dependent (II: Figure 1A, D). For this
reason, it was necessary to determine whether WRKY70 is involved in controlling the expression
of these markers. Our results showed that overexpressing WRKY70 caused a constitutive
expression of PR-2 and PR-5, but not a constitutive accumulation of PR-1 mRNA (II: Figure 4A).
Unexpectedly, I observed that an aberrant transcript hybridizing to a PR-1 specific  DNA probe
was constitutively present in the over-expression line S55 (II: Figure 4B). In agreement with this
observation, the RT-PCR analysis showed that the PR-1 abundance under noninduced conditions
is much stronger in the over-expressors than that in the control plants (II: Figure 4C).
Furthermore, the larger-size transcript disappeared rapidly after the SA treatment and was
replaced by the normal PR-1 transcripts. These results suggest that the aberrant band probably
represents the PR-1 mRNA. The absence of a coordinate regulation between PR-1 and PR-2/PR-5
was previously observed in the SA induction-deficient mutants sid1 and sid2 (Rogers and
Ausubel 1997; Nawrath and Métraux 1999). The present findings provide the direct genetic
evidence for the separate regulation of the SAR marker genes and support the notion that SA
might activate several proteins that act in synergy to induce the expression of the PR-1 gene.  In
contrast to the enhanced sensitivity of the PR-1 gene to the action of SA in line S55, the antisense
suppression of WRKY70 resulted in a delayed and reduced accumulation of PR-1 mRNA (II:
Figure 4B). Taken together, these results indicate that WRKY70 is one of the coactivators of the
SAR-associated PR genes (PR-1, PR-2, and PR-5)  and  a  limiting  factor  for  the  full-scale  SA-
induced expression of PR-1.

Some Arabidopsis mutants such as cpr1 (Bowling et al. 1994) and mpk4 (Petersen et al.
2000) exhibit the constitutive expression of SAR markers accompanied by elevated SA levels. To
determine whether the endogenous levels of SA are associated with the constitutive expression of
the SAR markers in WRKY70 transgenic plants, the content of free and conjugated SA were
measured. Although the content of the conjugated salicylic glucoside was significantly decreased
in the WRKY70 over-expressing plants, the basal levels of free SA were not significantly different
between the transgenic plants and vector control (II: Figure 3A), suggesting that the constitutive
expression of defense-related genes is not a consequence of the elevated, free SA levels.
However, the reduced levels of total SA in the WRKY70 over-expressors indicate that WRKY70
might be a negative factor in an amplification loop or signaling cascade that modulates SA
biosynthesis. Recently, Dong’s group has proposed that the functional WRKY70 protein is
required for the NPR1 protein to prevent the excessive accumulation of SA (Wang et al. 2006).

To characterize the potential targets regulated by WRKY70 at the global level, I compared
the gene expression in the transgenic WRKY70 lines  and  the  vector  control  by  using  the
Affymetrix AtGenome1 GeneChip containing approximately 8,300 probe sets. Forty-two defense-
related genes had a more than 2.5-fold differential expression and could be clustered into four
distinct groups (II: Table 1). The constitutive up-regulation in the over-producers (Group I; 24
unique genes) or the down-regulation in the antisense plants (Group II; 5 unique genes) indicates
that these genes are positively regulated by the WRKY70 gene  and  that  WRKY70  plays  an
important role in the establishment of the SAR response. Several lines of evidence suggest that
the SA-responsive WRKY proteins might activate the expression of target genes by binding to the
cognate W or W-like box elements (Maleck et al. 2000; Yu et al. 2001; Turck et al. 2004). The
presence of W or W-like boxes in the promoters of these genes positively regulated by WRKY70
suggests that they might be under the direct control of this transcription factor. Nevertheless, we
cannot exclude the possibility that WRKY70 indirectly regulates these genes through the primary
targets of WRKY70 or through the yet uncharacterized regulatory factors. For example, the
WRKY60 gene, which harbors 3 W boxes and 6 W-like boxes within its promoter sequence (1.5
kb), is constitutively up-regulated in the WRKY70 over-producers and might act as a direct
regulator for a subset of the WRKY70-controlled defense genes.
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4.3.1.4  WRKY70 acts downstream of NPR1 in an SA-mediated defense signaling pathway

The NPR1 is a central positive regulator of the SAR response and functions downstream of SA in
the SA-dependent signaling pathway to activate the expression of the PR-1, PR-2, and PR-5
genes in response to the SA or pathogen treatments (Cao et al. 1994). Yu et al. (2001) have
demonstrated that SA-induced WRKY proteins recognize the the W-boxes in the promoter region
of the NPR1 gene and that W-box mutations can completely abolish the specific recognition of
the WRKY DNA binding factors, block the PR gene expression and compromise the ability of the
NPR1 to complement the npr1 mutants for disease resistance to the bacterial pathogen P.
syringae DC3000. These observations indicate that some members of the WRKY family must act
upstream of the NPR1 and positively regulate the NPR1 expression during the activation of plant
defense responses. The present data showed that the endogenous alterations at the WRKY70
transcriptional level via the over-expression or the antisense silencing of this gene did not lead to
any change in the NPR1 transcript accumulation (II: Figure 4A), suggesting that WRKY70 is not
a positive regulator of the NPR1 expression. Both the SA applications and CF treatments caused a
reduced expression of WRKY70 in  the npr1-1 mutant (II: Figure 1D), indicating that the NPR1
functions upstream of WRKY70. Moreover, epistasis tests were performed to investigate the
relative position of the WRKY70 and NPR1 in the signal transduction pathway leading to the PR
gene expression. I generated WRKY70 transgenic lines in both the NahG and npr1-1 backgrounds.
The expression of the WRKY70 transgene was not affected due to the introduction of thte NahG
or npr1-1 in the S55 background (II: Figure 5A). The RNA-gel blots revealed that the constitutive
expression of PR-2 or the putative PR-1 precursor was still accompanied by the presence of the
WRKY70 transgene in the S55/NahG or S55/npr1-1 plants (II: Figure 5A), indicating that
WRKY70 acts downstream of the NPR1 in an SA-dependent signal pathway. The precise
mechanism for the reduced accumulation of the PR-2 transcript and the putative PR-1 precursor
in the NahG and npr1-1 backgrounds remains to be determined. One simple interpretation is that
WRKY70 and an SA-controlled NPR1-dependent uncharacterized factor activate the expression
of PR genes synergistically.

4.3.1.5  WRKY70 enhances SA-mediated disease resistance

Previous studies have shown that induced resistance to the bacterial necrotroph E. carotovora can
be obtained by the SA-mediated mechanisms in Arabidopsis and tobacco plants (Palva et al.
1994; Kariola et al. 2003). To determine whether the WRKY70-controlled defense mechanisms
contribute to Arabidopsis resistance to this pathogen, I examined the disease symptom
development in both the over-expression and antisense plants after infection by E. carotovora
SCC1. The WRKY70 over-expressing plants did not exhibit spreading maceration to their
systemic leaves after SCC1 and displayed a significantly enhanced survival of the SCC1 infection
(II: Figure 2C). Conversely, the antisence silencing of WRKY70 caused more rapid spreading of
disease, maceration of the nascent and young leaves, dehydration of mature leaves, and
drastically reduced survival of the SCC1 infection (II: Figure 2C). Similarly, the T-DNA insertion
mutant wrky70-1 was more susceptible to a SCC1 infection in comparison to the vector control
(III: Table 1). These results suggest a direct link between the cellular levels of the transcription
factor WRKY70 and the Arabidopsis resistance to E. carotovora. The involvement of SA
signaling in the plant defenses against the biotrophic fungal pathogen E. cichoracearum, which
causes the powdery mildew disease on a variety of crops and on Arabidopsis as well (Adam and
Somerville 1996), has also been documented. For example, thte SA induction-deficient mutant
sid2 is more susceptible than the wild-type Arabidopsis (Dewdney et al. 2000). Moreover, the
SA-dependent defenses are required for the resistance of Arabidopsis to the E. cichoracearum
UCSC1 conferred by the R gene RPW8 (Xiao et al. 2001). Our results showed that gain in the
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WRKY70 function by an over-expression resulted in a highly enhanced resistance to
E. cichoracearum UCSD1 (III: Figure 3), whereas in comparison to the vector control, the
wrky70-1 mutant developed substantially stronger disease symptoms with abundant
conidiophores, extensive necrosis and tissue collapse. Taken together, these observations indicate
that WRKY70 is required for Arabidopsis resistance to E. cichoracearum and consistent with the
requirement for the SA-dependent defenses in this resisance.

I further examined the WRKY70-mediated disease resistance to the bacterial hemibiotroph
P. syringae DC3000. The enhancement of SA signaling leads to an increased disease resistance to
this virulent pathogen (Shah et al. 1999; Petersen et al. 2000). On the other hand, blocking or
reducing the SA signaling promotes the susceptibility of Arabidopsis (Nawrath and Métraux
1999; Yu et al. 2001). In my experiments, the bacterial growth was significantly inhibited in the
WRKY70 over-producers (II: Figure 2C), suggesting that the constitutive activation of WRKY70
directly contributes to the enhanced disease resistance. By contrast, both the antisense
suppression of WRKY70 and the loss of WRKY70 function did not lead to a substantially altered
resistance to the bacterial speck-inducing pathogen (II:  Figure  2C;  III:  Table  1).  This
observation argues for the presence of functional redundancy between WRKY70 and the other
WRKY members might require a specific pathogen-derived factor. Further experiments will be
carried out to clarify the WRKY70-mediated response to this pathogen.

4.3.2  WRKY70 is a negative regulator of JA signaling

4.3.2.1  Expression of WRKY70 is repressed by JA

In wild-type Arabidopsis, the basal expression of WRKY70 was repressed at  the late  time point
following the MeJA treatment (II: Figure 1A). Furthermore, the JA-insensitive mutant coi1-1
displayed the increased constitutive levels of the WRKY70 transcripts in comparison to the wild
type  (II:  Figure  1C).  Consistent  with  this  observation,  AbuQamar  et  al.  (2006)  have  recently
reported that the WRKY70 gene in coi1-1 is hypersensitive to a Botrytis infection. These results
suggest that the JA signaling negatively regulates the expression of WRKY70. Previous studies
indicate that both SA and JA signaling are involved in the resistance responses to the pathogen E.
carotovora (Palva et al. 1993, 1994; Norman-Setterblad et al. 2000; Kariola et al. 2003). To
correlate the changes in the CF-induction of WRKY70 with the possible alterations in hormonal
levels, the accumulation of the SA and JA in the CF-treated leaves were characterized (II: Figure
1B).  The  data  showed  a  rapid  but  transient  accumulation  of  JA,  but  a  significant  and  stable
increase in the free SA levels following an initial lag period, indicating that the CF-induced
expression of WRKY70 is initially repressed by the transient increase in JA.

4.3.2.2  WRKY70 effects root growth and accumulation of anthocyanins in Arabidopsis

The JA signaling controls many plant developmental processes such as root growth. Consistent
with a previous report (Feys et al. 1994), I observed that the root growth of the vector-control
seedlings germinated on the MS plates was inhibited by the increasing concentrations of MeJA
(III: Figure 2a). Similar to the JA-insensitive mutant coi1-16, the root growth inhibition in the
WRKY70 overexpressors was partially blocked (III: Figure 2a). The relief of root growth
inhibition indicates that the over-expression of WRKY70 suppresses JA signaling and causes a
reduced sensitivity to JA. In addition, WRKY70 also appeared to have an inhibitory effect on the
JA-induction of anthocyanins. The over-expression of WRKY70 inhibited the JA-induced
accumulation of anthocyanins, whereas mutations in the WRKY70 gene led to the opposite effect.
The levels of anthocyanins were significantly decreased in the several lines having an over-
expression of WRKY70 in comparison to the control seedlings growing in the MS medium
containing MeJA (III: Figure 2b, c). In contrast, an enhanced JA-induced accumulation of
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anthocyanins was evident in the SALK line wrky70-1 and in the GABI line wrky70-2 (III:
Figure 2d, e). Taken together, these data from both the WRKY70 over-expressors and the wrky70
T-DNA insertion mutants indicate that WRKY70 negatively regulates the JA signaling in
Arabidopsis plants.

4.3.2.3  WRKY70 suppresses JA-mediated disease resistance to A. brassicicola

A. brassicicola is a necrotrophic fungal pathogen that causes black spot disease on cruciferous
plants including the economically important Brassica species. All ecotypes of Arabidopsis tested
are highly resistant to A. brassicicola and no examples of gene-for-gene resistance against this
fungus have been documented (Glazebrook 2005). It is well-established that JA signaling is
essential for the Arabidopsis resistance to A. brassicicola. For example, coi1-1 mutants are
susceptible to the fungus (Thomma et al. 1998). A global expression analysis has revealed that
265 of the 645 A. brassicicola-induced genes require functional COI1 for their full expression
(van Wee et al. 2003). In contrast, SA signaling is not required for a resistance to A. brassicicola.
No compromised disease resistance to this pathogen was detected in the different mutants with
defects in SA signaling, including npr1, pad4, and sid2 (Thomma  et  al.  1998;  van  Wee  et  al.
2003). Thus, these characteristics of the A. brassicicola-Arabidopsis system have the potential to
reveal the antagonistic mechanisms of SA on JA signaling at a molecular level.

To determine whether WRKY70 represses the JA defense signaling, I first assessed the
disease symptoms and the fungal growth in the WRKY70 over-expressors and vector control
plants. In agreement with the previous observations (Thomma et al. 1998), the control plants
showed only non-spreading necrosis at the inoculation sites (III: Figure 4a). By comparison, the
over-expressing plants exhibited more severe disease symptoms with extensively spreading
necrotic lesions (III: Figure 4a). The average diameter of the lesions caused by A. brassicicola in
the WRKY70 over-producers was much larger than that in control plants (III: Figure 4b).
Furthermore, the enhanced susceptibity was confirmed by the highly elevated levels of the fungal
DNA in the over-expressing plants. These results suggest that WRKY70 negatively modulates the
JA-induced defenses responsible for the plant resistance to A. brassicicola. To confirm the role of
WRKY70 in repressing the JA-dependent defense pathway, I further assessed the fungal growth
in the wrky70 mutants. Since the wild-type Arabidopsis is resistant to A. brassicicola (Thomma
et al. 1998) and the exogenous applications of SA has inhibitory effects on JA signaling (Spoel et
al. 2003), axenically grown wrky70-1 and vector control plants were challeneged with the fungus
A. brassicicola after a pretreatment with 450 µM SA. The relative amount of the fungal DNA was
significantly higher in the vector control than that in wrky70-1, indicating that loss of WRKY70
function abolishes the SA-controlled suppression of JA-mediated defenses against
A. brassicicola.

4.3.2.4  NPR1 is required for WRKY70-promoted susceptibility to A. brassicicola

NPR1 plays a multifaceted role in plant defense responses. On the one hand, NPR1 induces the
expression of numerous genes that are required for SA-mediated broad-spectrum resistance. On
the other hand, NPR1 mediates the antagonistic effect of the SA on JA signaling (Spoel et al.
2003). My data showed that the compromised disease resistance to the A. brassicicola of  the
WRKY70 over-expressing plants was substantially blocked by the introduction of the npr1-1
mutation (III: Figure 4a, b). In contrast to the extensively spreading necrotic lesions produced in
the infected leaves of the WRKY70 over-expressing line S55, the S55/npr1-1 plants essentially
exhibited limited necrosis as observed in the control or npr1-1 backgrounds (III: Figure 4a). In
agreement with this observation, the relative contents of the fungal DNA were drastically reduced
in the S55/npr1-1 plants (III: Figure 4b). These results suggest that NPR1 plays an essential role
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in the WRKY70-mediated suppression of Arabidopsis resistance against the fungal pathogen A.
brassicicola.

4.3.2.5 WRKY70 represses a set of JA-responsive and pathogen-inducible genes

The Arabidopsis genome contains two AtVSP genes, which encode vegetative storage proteins.
The wounding- or MeJA-induction of those genes is completely blocked in coi1
(Benedetti et al. 1995). The pathogen- or MeJA-induction of AtVSPs is enhanced in NahG plants
(Norman-Setterblad et al. 2000; Spoel et al. 2003), indicating these two JA-responsive genes are
negatively regulated by SA signaling. The RNA-gel blot analysis showed elevated basal
expression levels of AtVSPs due to the antisence silencing of WRKY70 (II: Figure 4A). In
agreement with this observation, the microarray data revealed that the constitutive expression of
both AtVSP1 and At VSP2 were up-regulated in the WRKY70 antisense silencing plants (II: Table
1). Moreover, one additional JA-responsive/COI1-dependent gene encoding myrosinase binding
protein MBP1.2 (Capella et al. 2001) was up-regulated in the antisence line A18 under non-
induced conditions (II: Table 1). By comparison to the enhanced constitutive expression of these
three genes, 10 mRNAs was down-regulated in the WRKY70 over-expressing plants (I: Table 1).
These data suggest that WRKY70 is a repressor of a subset of the JA-responsive/COI1-dependent
genes.

The JA-responsive gene AtCLH1 (previously called AtCOR1) encodes chlorophyllase 1,
which is involved in the chlorophyll degradation pathway (Benedetti et al. 1998; Takamiya et al.
2000). Similar to AtVSPs, the basal expression levels of AtCLH1 were clearly enhanced in the
WRKY70 antisense plants under non-induced conditions (II: Figure 4A). Consistent with this
observation, the wrky70-1 mutant also displayed constitutively higher levels of AtCLH1
transcripts in comparison to the wild type (III: Figure 6d; Figure7b). In addition, the MeJA- or
pathogen-induced expression of this gene at the early time points was increased in wrky70-1.
Conversely, both the MeJA- and A. brassicicola-induction of AtCLH1 was slightly repressed in
the WRKY70 over-expressing plants when compared with vector control (III: Figure 7b). These
results suggest that WRKY70 down-regulates the expression of AtCLH1.

Unlike AtVSPs and AtCLH1, both ET and JA signaling is required for the expression of
PDF1.2, which encodes a plant defensin with antimicrobial properties (Penninckx et al. 1996;
1998).  My data showed that the MeJA-induction of PDF1.2 was highly suppressed in WRKY70
over-expressors (II: Figure 5B; III: Figure 6a). By contrast, the early induction following a MeJA
treatment was enhanced in the wrky70-1 background (III: Figure 6c). Furthermore, over-
expression of WRKY70 diminished both the CF-induced and A. brassicicola-induced expression
of PDF1.2 (III: Figure 6a, b; Figure 7a), while the PDF1.2 transcripts after a pathogen infection
accumulated into much higher levels in wrky70-1 at the early time point when compared with the
wild type (III: Figure 6c). These data indicate that WRKY70 negatively regulates the expression
of PDF1.2.

Furthermore, our cDNA macroarray experiments revealed that the MeJA-induction of
many other JA-reponsive genes was suppressed by WRKY70.  A  total  of  23  genes  showed  a
consistent MeJA-induced expression in the independent experiments and were divided into two
separate groups according to their sensitivity to WRKY70-mediated suppression (III: Tables 2 and
3). The first group contains 9 mRNAs. Modulation of the WRKY70 expression did not affect the
MeJA-induction of these genes by the over-expression or the T-DNA insertional inactivation of
WRKY70 (III: Table 2 and 3), suggesting that this subset of the JA-responsive genes is not
controlled by WRKY70. On the other hand, the MeJA-induced expression of the genes in the
second group was substantially reduced or even completely blocked in the WRKY70 over-
expressors (III: Tables 2 and 3), indicating that WRKY70 negatively controls this subset of JA-
responsive genes. Consistent with this hypothesis, the MeJA-induction of several genes in the
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second group was enhanced in the wrky70-1 plants when compared to vector control, albeit most
of them were unaffected (III: Tables 2 and 3).

To further correlate disease resistance/susceptibility to A. brassicicola with the WRKY70-
mediated suppression of JA-responsive genes, I analyzed the expression profiles following this
fungal infection. The results showed that most of the MeJA-induced genes identified (III: Tables
2 and 3) were also activated after fungal inoculation in the WRKY70 over-expressing line S55,
wrky70-1, and the wild type. For the pathogen-induction of MeJA-inducible genes in the first
group, no substantial differences emerged among three genotypes (III: Table 2). This confirms
that these genes are not controlled by WRKY70 and indicates that they have minor contributions
to Alternaria resistance. In contrast, several MeJA-inducible genes, which were negatively
regulated by WRKY70, also showed significant suppression of the pathogen-induction in the
WRKY70 over-expressors but not in the wrky70-1 plants (III: Table 2), suggesting that the
WRKY70-mediated suppression of these genes could promote the susceptibility of the WRKY70
over-expressors. Consistently with the previous suggested role of the indol-3-ylmethyl
glucosinolate (IGS) in plant defense (Brader et al. 2001; Mikkelsen et al. 2003), the pathogen-
induction of two genes (At2g04400 and At3g54640), which encode an indole-3-glycerol
phosphate synthase and a tryptophan synthase alpha subunit involved in the IGS biosynthesis
pathway, was strongly repressed in the WRKY70-overexpressors (III: Table 3).

4.3.2.6  WRKY70 represses the chemical induction of antimicrobial compounds

Although exogenous applications of the defense signal molecules SA, ET, and MeJA at the
concentrations known to induce PR genes fail to cause a detectable induction of camalexin
biosynthesis in A. thaliana,  treatments  of  the  wild-type  plants  with  chemical  agents  such  as
paraquat and silver nitrate result in the stimulation of camalexin production. Since an Arabidopsis
resistance to A. brassicicola requires camalexin biosynthesis (Thomma et al. 1999; van Wees
et al. 2003), it is possible that impairment in the camalexin biosynthesis could lead to the
compromised resistance to this fungal pathogen, as observed in the WRKY70 over-expressing
plants. My data showed that the camalexin levels of the WRKY70 over-expressors were
significantly lower than those of the vector control plants after silver nitrate-treatments (III:
Figure 5b), suggesting that the chemical induction of camalexin biosynthesis is suppressed by
WRKY70. Intriguingly, the over-expressors accumulated higher levels of camalexin after A.
brassicicola inoculation in comparison to the control (III: Figure 5b). However, the enhancement
of camalexin accumulation does not appear to be proportional to the increase in the lesion size
and the fungal biomass in the over-expressing line S55, indicating that WRKY70 possibly has an
inhibitory effect on the pathogen-induction of camalexin in individual infected cells of the
WRKY70 over-expressors. JA signaling is important for the pathogen-induction of IGS (Brader
et al. 2001; Mikkelsen et al. 2003). In agreement with the reduced Alternaria-induction of these
two genes At2g04400 and At3g54640 (III: Table 3), WRKY70 over-expressors exhibited a
substantial reduction in the MeJA-induced accumulation of IGS (III: Figure 5c). This observation
indicates that WRKY70 is a negative regulator of the JA-induced production of IGS.

4.3.2.7 How is the WRKY70-mediated suppression of JA signaling executed?

The data showed a constitutive up-regulation of several JA-responsive genes in the antisence
silencing line A18 but similar basal levels of endogenous JA between the antisence plants and
vector control (II: Figure 3C), indicating that the WRKY70-mediated suppression of the JA-
dependent defense pathway might not be executed through inhibiting JA biosynthesis. Indeed, the
basal expression and the MeJA/Alternaria-induction of the AOS gene was not affected by over-
expression or mutation of WRKY70 (III: Tables 2 and 3). This was further verified by RNA-gel
blot analysis (data not shown). Spoel et al (2003) have demonstrated that inhibition of LOX2 is
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sufficient to suppress bacterial pathogen-induced JA production. RNA-gel blots revealed that
neither the constitutive expression nor the MeJA/Alternaria-induction of LOX2 was significantly
different among the transgenic lines and vector control (data not shown). Moreover, JA levels
were also induced in the WRKY70 over-expressors after fungal infection (Figure 7c). These
results indicate the involvement of unknown antagonistic mechanisms.

The WRKY proteins are able to directly negatively regulate gene expression through
their DNA binding to the cognate W-boxes presented in the promoters of target genes (Robatzek
and Somssich 2002). However, the absence of W-box or W-like box in the putative promoter
region of PDF1.2 makes it impossible for WRKY70 to directly suppress this gene. We
demonstrated that the WRKY70-mediated suppression of MeJA- or Alternaria-induced expression
of PDF1.2 was partially blocked by npr1-1 or NahG (II: Figure 5b; III: Figure 7a) and proposed
that both the NPR1-dependent and NPR1-independent factors acting downstream of WRKY70
synergistically suppress PDF1.2 expression. Similar to PDF1.2, MeJA-induction of a subset of
WRKY70-repressed genes was partially relieved in the S55/npr1-1 background (III: Table 3 and
Figure 7a), indicating that the WRKY70-mediated suppression of this type of genes requires
functional NPR1 and yet uncharacterized WRKY70-controlled factors. On the other hand, the
MeJA-induced expression of some WRKY70-suppressed genes was fully relieved or even
enhanced in S55/npr1-1 plants when compared with the over-expressors and control plants,
respectively (III: Table 3), suggesting that the suppression of this subset of genes might be
completely controlled by NPR1-dependent repressors. In contrast, the MeJA- and pathogen-
induction of AtCLH1 in npr1-1 was similar to that in the control plants (III: Figure 7a),
suggesting that WRKY70 down-regulates the expression of AtCLH1 through an NPR1-
independent manner. Furthermore, my results showed that the exogenous application of SA
resulted  in  a  transient  decrease  in  the  basal  levels  of AtCLH1 transcripts  in  the  wild  type  (II:
Figure 1A), whereas the SA-mediated suppression of an AtCLH1 expression was abolished in
wrky70-1 mutants (III: Figure 6d), suggesting the existence of the SA-mediated but NPR1-
independent antagonism of JA-signaling. Interestingly, the putative promoter of AtCLH1 contains
W-boxes. It is conceivable that COI1 mediates the removal of WRKY70 through JA-dependent
phosphorylation (Turner et al. 2002). However, a direct suppression by WRKY70 remains to be
determined.

Based on all data available so far, I proposed a working model for WRKY70-modulated
crosstalk between the SA- and JA-dependent defense signaling pathways (Figure 5). An initial
stimulus by either a particular pathogen or a specific elicitor may rapidly enhance the endogenous
levels of the signal molecules SA or JA (or both) and subsequently activate the corresponding
signaling pathways. The relative strength of each signaling determines the cellular levels of the
transcription factor WRKY70. A strong SA signaling leads to high levels of WRKY70 and
thereby activating the expression of SAR-associated genes while repressing JA-responsive gene
expression through NPR1-dependent or NPR-independent factors (or both). Conversely, low
levels of WRKY70 favor the JA-mediated responses over SAR. Thus, WRKY70 improves
resistance or promotes susceptibility by directly or indirectly integrating signals from the SA- and
JA-mediated pathways.
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Figure 5. Proposed model for the WRKY70-modulated crosstalk between SA- and JA-dependent defense
pathways. SA-signaling (red); JA-signaling (green); activation of downstream events (an arrow); repression
of downstream events (a blocked line); a cytosolic form of NPR1(a deep blue color).
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5.  CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Characterization of the interactions among the defense signaling pathways and determination of
the molecular components mediating crosstalk between the different pathways is essential for
developing transgenic resistant plants. The studies presented in this thesis have revealed novel
molecular mechanisms of Arabidopsis disease resistance. Given that Arabidopsis is an
ideal reference organism for other higher plants, the present findings are of great importance
for genetically engineering disease resistance in crop species and provide new starting points for
further research.

The data provided by Study I highlight that chlorophyllase 1, the AtCLH1 product, can
act as a damage control enzyme and modulate the balance between different plant defense
signaling pathways. The enhancement of SA signaling but the simultaneous impairment in JA
signaling in AtCLH1 silenced plants suggests that photo-produced ROS in chloroplasts might
play a multifaceted role in defense signaling. The manipulation of chlorophyll degradation by
silencing AtCLH1 does not  appear  to  disturb  the  normal  balance  between  the  creation  and
destruction of ROS, constitutively express defense genes, and adversely affect plant growth or
development under normal growth conditions, making it an attractive approach for controlling
crop diseases against certain types of pathogens, like E. carotovora. Nevertheless, the reduced
MeJA-induction of the JA-responsive genes arising from a loss of AtCLH1 function suggests that
a detrimental effect of such ROS on JA perception or the subsequent signal transduction
processes during plant-pathogen interactions. Future studies exploring this topic with the AtCLH1
RNAi lines will be useful in understanding plant defense responses to pathogens.

The data presented in this thesis (Studies II and III) provide genetic evidence for a role of
WRKY70 in integrating SA- and JA-mediated defense signaling pathways and suggest a causal
link between the cellular levels of WRKY70 and plant disease resistance to the phtytopathogenic
microorganisms representing three different lifestyes (necrotroph, biotroph, and hemibiotroph).
Gain or loss of WRKY70 function caused opposite effects on the SA- or JA-dependent defense
gene expression. A subset of the SAR-associated PR genes is constitutively up-regulated in
WRKY70 over-expressing plants, while another subset of JA-responsive genes is repressed. The
gene expression data could account for an improved or compromised resistance to E. carotovra
and E. cichoracearum in WRKY70 transgenic plants or wrky70 mutants, respectively. By contrast,
the resistance of antisence silencing and knockout lines was unaffected when challenged with the
bacterial hemibiotroph P. syringae. I speculated that the contribution of WRKY70 to the
magnitude of the SA-mediated disease resistance is dependent on the type of invading pathogens.
In future studies, a comprehensive comparative analysis of the global gene expression
corresponding to a parallel inoculation of Arabidopsis with these pathogens would identify the
additional potential WRKY70-controlled genes. Moreover, the chromatin immunoprecipitation or
on-chip chromatin immunoprecipitation approaches (Turck et al. 2004; Hoheisel 2006) could help
us clarify whether WRKY70 directly binds to the promoters of potential targets or indirectly
regulates their expression.

Both the SA and JA/ET signaling pathways are required for plant resistance to the model
pathogen E. carotovora (Brader et al. 2001; Kariola et al. 2003). In this context, the WRKY70-
controlled SA-mediated suppression of a subset of the JA-responsive genes provided novel data
about the distinct aspects of the molecular events occurring during the plant-E. carotovora
interactions. This work emphasized that WRKY70 plays a crucial role in the SA-mediated
suppression of JA-signaling by analyzing the expression of JA-responsive genes, monitoring the
MeJA-induction of secondary metabolites, and by evaluating disease resistance/susceptiblity to
the necrotrophic fungus A. brassicicola. Furthermore, my data suggest that WRKY70 is a
downstream component of NPR1 in an SA-dependent pathway and that NPR1 contributes to the
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capability of WRKY70 to repress JA signaling. However, how WRKY70, NPR1, and other
regulatory factors operate in concert to activate SAR-associated genes or to repress the JA-
responsive genes remains unanswered. Towards this end, the identification of the interacting
protein partners will be a major challenge for the future. Functional redundancy could exist
among the different SA/pathogen-repsonsive WRKY factors (Dong et al. 2003; Eulgem 2005; Xu
et  al.  2006).  One  reserch  project  will  be  to  determine  the  interactions  between  WRKY70  and
other WRKY Group III members such as WRKY54. In addition, extended and detailed
experiments are required for determining whether increased resistance to pathogens could be
obtained in the WRKY70 transgenic crops under control of a specific, inducible promoter.

Protein phosphorylation is one of the pivotal processes that take place during plant-
pathogen interactions. Within the Arabidopsis genome, there are about 1000 protein kinase genes
including 23 MAPKs, 9 MAPKKs, >25 MAPKKKs, and 29 calcium-dependent protein kinases.
Strikingly, substrates have only been identified and confirmed for a few kinases (Asai et al. 2000;
Andreasson et al. 2005; Menke et al. 2005). An important feature of phosphorylation events is
that some phosphorylation elements are shared by different pathways or by different
pathosystems. The WRKY70 protein contains multiple putative phosphorylation sites. It has been
proposed that the COI protein might mediate the removal of the transcription factors tagged by
JA-dependent phosphorylation (Turner et al. 2002). In this scenario, what will further contribute
to our understanding of the WRKY70-mediated defense, will be the identification of the
physical interactions between WRKY70 and kinases using new technologies such as high-
throughput yeast two-hybrid systems, fluorescence resonance energy transfer microcopy, and
kinase chips. Furthermore, another means of furthering our understanding how WRKY70
functions at the protein level, is the expressing truncated or point-mutated WRKY70 proteins in
the Arabidopsis null mutants of WRKY70 characterized in the present work.

Light is a predominant factor in the control of various plant biological processes such as
growth, development, and stress responses. Many biotic stress responses in plants are specifically
adjusted by light conditions. However, the molecular mechanisms for plant defense against
pathogen infection have only recently been linked to the light-sensing network (Karpinski et al.
2003). In order to broaden our understanding of plant-pathogen interactions and defense signaling
networks, future studies on the WRKY70-modulated defense responses should be conducted
under challenging light conditions. Considering that the long-term objective of the studies
presented in this thesis is to engineer disease-resistant crops without critically compromising
agronomic traits, it will be very interesting to see if a gain or loss of WRKY70 function results in
altered responses to abiotic stresses such as cold, drought, and high salt.

Brassinosteroids (BRs) function as signaling molecules for the regulation of plant growth
and development. Recent investigations on the BR signaling pathways and the BR-mediated gene
expression in stress responses indicate that there are crosstalks between BRs and other hormones,
including those with established roles in plant defense responses such as JA and ET. It is well
known that the exogenous BRs are able to rapidly up-regulate the expression of the Arabidopsis
TCH4 gene, which encodes an endo-xyloglucan transferase involved in cell wall modification.
Interestingly, the levels of the TCH4 transcript are constitutively elevated in the WRKY70 over-
expressors. Moreover, the morphological phenotypes of WRKY70 over-expressors  is  similar  to
transgenic plants over-producing a BR1 protein, a critical component of a plasma-membrane
receptor for plant steroids, or a BR biosynthesis enzyme DWF4 (Wang et al. 2001). These
observations raise an open question as to whether WRKY70 is an important component of BR
signaling pathway. Thus, future studies exploring this issue may generate exciting results.
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