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SUMMARY

SUMMARY

Tomatoes (Solanum lycopersicum) are produced in all major vegetable growing areas in the
world. These plants are exposed to many biotic and abiotic stresses that lead to big losses in
yield and high cost of production. The fungus Botrytis cinerea is a major necrotrophic
pathogen that preferentially attacks fruits (grapes, strawberries, tomatoes) and flowers, upon
which it produces a gray rot. It is also capable of attacking stems, leaves and seeds. Plant
immune responses are triggered by pattern recognition receptors that detect pathogenassociated molecular patterns (PAMPs) or by plant disease resistance (R) proteins which
recognize matching pathogen avirulence proteins. These recognitions lead to the accumulation
of two secondary messengers, salicylic acid (SA) or jasmonic acid (JA), major players in the
regulation of signalling networks that are involved in induced defence responses against
pathogens. SA acts through the activity of the transcription coactivator NPRl (nonexpressor
of pathogenesis-related (PR) genes), one of the well-known regulators of plant immunity.
NPRl interacts with several TGAs transcription factors which bind to the promoter of the SAdependent genes including the defence gene PR1 and activates its expression. Some other
plant defence responses are controlled by mechanisms dependent on jasmonic acid (JA) that
leads to expression of for example defensin gene (PDF1) in Arabidopsis thaliana or
proteinase inhibitors I and II in tomatoes. SA is required to combat biotrophic pathogens
which need live tissues to infect and spread in their hosts; however the JA pathway is essential
to destroy necrotrophic pathogens which need dead tissues to cause their disease. SA can
antagonise JA and vice versa. The objectives of my thesis were to study whether B. cinerea is
able to manipulate the antagonism between SA and JA to cause disease development in
tomatoes and the molecular mechanism behind this manipulation if it exists.
I have found that B. cinerea manipulates the antagonism between SA and JA to cause its
disease development. Indeed, B. cinerea produces an exopolysaccharide called P-(l,3)(l,6)-Dglucan which acts as an inducer of SA. In turn, the SA pathway antagonises the JA signalling
pathway, thereby allowing the fungus to develop its disease in tomatoes. Plants compromised
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in SA accumulation are significantly less susceptible to B. cinerea than the wild type plants. I
also showed that the JA-signalling pathway required for tomato resistance against B. cinerea
is mediated by the systemin elicitor (The polypeptide systemin is a known elicitor of JA
signalling in tomato). I did further studies to dissect the molecular mechanism behind this
strategy used by B. cinerea to develop its disease in tomato. I found that NPRl and TGAl.a
are required for disease development caused by this fungus. I also showed that the two JAdependent defense genes, proteinase inhibitors I and JJ are important for resistance of tomato
against B. cinerea and their expression is negatively regulated by NPRl and TGAl.a. Finally I
have evidence that SA-enhanced susceptibility of tomato to B. cinerea occurs through NPRl
and TGAl.a. Interestingly, I found that Alternaria solani, another necrotrophic pathogen
infecting several species including tomatoes uses this strategy to develop its diseae in tomato.
These data highlight how necrotrophs manipulate SA signalling pathway to promote their
disease in the tomato. Thus this study should increase our knowledge in the plant-microbe
interaction area.
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RESUME

Les tomates (Solanum lycopersicum) sont produites dans la majorite des surfaces de
croissance vegetale dans le monde. Ces plantes sont exposees a des stress biotiques et
abiotique qui ont pour consequence de grosses pertes de production. Le champignon Botrytis
cinerea est un agent pathogene necrotrophe qui infecte preferentiellement les fruits (Raisin,
fraise, tomate) et les fleurs pour y produire de la pourriture grise. II est aussi capable
d'attaquer les tiges, les feuilles et les graines.
Les reponses immunes des plantes sont activees par des recepteurs de type PRR (Pattern
Recognition Receptors) qui detecte les motifs moleculaires associes au pathogene (PAMPs
pour Pathogen-Associated Molecular Patterns) ou par des proteines de resistance aux maladies
(Proteines R) correspondant a des proteines reconnaissant les proteines d'avirulence des
agents pathogenes. Ces reconnaissances menent a une accumulation de deux messagers
secondaires, l'acide salicylique (AS) et l'acide jasmonique (AJ), des joueurs majeurs dans la
regulation du reseau de signalisation qui est implique dans les reponses de defense induites
contre les pathogenes. L'effet d'AS se produit via I'activite d'un coactivateur de la
transcription, NPRl (JVonexpressor of Pathogenesis-Ztelated (PR) genes), un des regulateurs
de l'immunite des plantes les plus connus. NPRl interagit avec plusieurs facteurs de
transcription TGAs qui se lient aux promoteurs des genes dependant de l'AS incluant le gene
de defense PR1 et active leur expression. D'autres reponses de defense sont controlees par des
mecanismes dependants de

l'AJ qui menent par exemple a l'expression du gene de la

defensine (PDF1 pour Plant defensin gene 1) chez Arabidopsis thaliana ou des inhibiteurs des
proteases I et II chez la tomate. L'AS est requis pour combattre les agents pathogenes
biotrophes qui ont besoin de tissues vivants pour infecter et se propager dans leur hote. En
revanche la voie de l'AJ est essentielle pour detruire les agents pathogenes necrotrophes qui
ont besoin des tissues morts pour engendrer leur maladie. L'AS peut antagoniser l'AJ et vice
et versa. Les objectifs de ma these etaient de tester si B. cinerea est capable de manipuler
l'antagonisme entre AS et AJ pour engendrer le developpement de la maladie chez la tomate
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et aussi de dissequer le mecanisme moleculaire qui est derriere cette manipulation si elle
existe.
J'ai trouve que B. cinerea manipule l'antagonisme entre AS et AJ pour engendrer le
developpement de sa maladie. En effet, B. cinerea produit un exopolysaccharide appele le 0(l,3)(l,6)-D-glucane qui agit comme un inducteur de l'AS. Ce dernier antagonise l'AJ et
permet au champignon de developper la maladie chez la tomate. Les plantes compromises
dans I'accumulation de l'AS sont significativement plus sensibles que les plantes sauvages a
B. cinerea. J'ai aussi montre que la voie de signalisation de l'AJ requise pour la resistance de
la tomate contre B. cinerea est mediee par l'eliciteur systemine (le polypeptide systemine est
un eliciteur de la voie de l'AJ chez la tomate). J'ai realise d'autres etudes pour dissequer le
mecanisme moleculaire qui est derriere cette strategic utilisee par B. cinerea pour developper
sa maladie chez la tomate. J'ai trouve que NPRl et TGAl.a sont requis pour le developpement
de la maladie engendree par B. cinerea. J'ai aussi montre que les deux genes d'inhibiteurs de
protease I et II dependant de l'AJ sont importants pour la resistance contre B. cinerea chez la
tomate et que leur expression est regulee negativement par NPRl et TGAl.a. Finalement, j'ai
obtenu des evidences que la susceptibilite de la tomate a B. cinerea induite par l'AS se produit
via NPRl et TGAl.a. Interessement, j'ai trouve qu'Alternaria solani, un autre champignon
necrotrophe qui infecte plusieurs especes incluant la tomate utilise aussi cette strategic pour
developper sa maladie chez la tomate. Ces donnees mettent en lumiere comment les
necrotrophes manipulent la voie de l'AS pour promouvoir la maladie chez la tomate. Je crois
que cette etude devrait augmenter nos connaissances dans le domaine des interactions plantemicrobe.
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INTRODUCTION

1. Plant defense mechanisms
Plants interact in their environments with a wide range of microorganisms, which vary from
those that are beneficial (e.g., mycorrhizal fungi and rhizobacteria) to those that cause disease
(e.g., pathogenic fungi, bacteria, and viruses). Interestingly, plants are resistant against most of
their attackers. Many plants possess different preformed antimicrobial compounds that can
destroy or repel different pathogens. However, many pathogens have developed different
strategies to degrade or detoxify these compounds (Kessler and Baldwin, 2001).
Consequently, plants must respond to these pathogen attacks by activating many other levels
of defense responses. These responses include both general and

pathogen-specific

mechanisms, which have evolved through time. These mechanisms vary from constitutive to
induced defenses. Constitutive defenses include morphological and structural compounds
which form physical barriers against pathogen attacks, while induced defenses are activated
during a pathogen attack such as RNA silencing.
1.1. Constitutive defense
Constitutive defense provides a physical barrier and, consequently, the first line of defense
against penetration by phytopathogens (Figure 1). This type of defense includes cell wall
physical reinforcement and modification through the production of callose and lignin, as well
as production of antimicrobial metabolites or toxins (Agrios, 2005).
1.2- Induced defense
Once the first line of defense is breached, the plant can activate another line of defense, which
is induced by pathogens associated molecular patterns, PAMPs (Figure 2). Recognition of all
specific and some general elicitors by the plant will trigger a local and rapid resistance
reaction, which is referred to as the hypersensitive response (HR). HR is characterized by
localized cell and tissue death at the site
1
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Figure 1. Some examples of constitutive defense in plants against pathogen attack
(Agrios, 2005)
A- Development of tyloses to block xylem vessels and halt the movement of disease agents.
B- Formation of a sheath around the hypha to prevent cell penetration. C- Surrounding the
haustoria by papillae-like material to encase and prevent progress of the infection. DFormation of a cork layer to separate infected from healthy parts. E- Deposition of callose at
the site of infection to isolate the attacker.
of infection and induction of intense metabolic alterations in the cells surrounding necrotic
lesions, thereby resulting in the confinement of the inducing pathogen. Pathogenesis Related
proteins (PR proteins) are also accumulated in plants that have been treated with those
elicitors or following a pathogen attack. Seventeen families of PR proteins have been
characterized, based on their sequence similarities (Table 1). Within one family, several
members may share similar biological activities but can differ substantially in terms of other
properties, such as substrate specificities, physicochemical properties, or subcellular
localization. PR proteins are responsible for several activities, including enzymatic functions
(e.g., chitinase and glucanase) and acting as protein inhibitors (such as proteinase inhibitors I
and II from tomato), among others (Hammond-Kosack and Jones, 1996; Ricardo et al., 2007).
All the aforementioned responses are induced at the infection site. As a consequence of local
resistance, the plant becomes not only resistant locally but systemically to secondary
infections as a result of spreading of resistance throughout its tissues. Spreading of resistance
has come to be known as SAR (systemic acquired resistance). SAR can be activated in

2
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different plant species under pathogen attack or following elicitor treatments. Resistance can
last for long time, approaching the entire lifetime of the plant in some situations. It also
confers resistance against a broad spectrum of pathogens including viruses, bacteria and fungi
(Hammond-Kosack and Jones, 1996; Ryals et al, 1996; Sticher et ah, 1997).

Figure 2. The principles of plant immunity (Dodds and Rathjen, 2010).
Plants recognize extra cell pattern molecules (PAMP or MAMP) which are associated with
interacting bacteria, fungi or oomycetes by the plant (either it is pathogenic or nonpathogenic). Perception of these PAMPs, such as Flg22, by receptors in the plant cell
membrane enhances the interaction with co-activator BAK1. This leads to activation of PTI
(PAMP-triggered immunity) basal defense response. When the pathogen recognizes the
response, it delivers effector proteins into the host cell by a molecular syringe (type-Ill
secretion pilus), whereas fungi and oomycetes deliver effectors from haustoria or other
intracellular structures (by an unknown mechanism) to antagonize the PTI response and cause
disease; the plant then replies through its PRR proteins the direct or indirect recognition
between pathogen effectors and plant receptor activated ETI (elicitor-triggered immunity).
NB-LRR proteins consist of a carboxyl-terminal LRR domain (light blue), a central NB
domain (orange crescent) that binds ATP or ADP (yellow oval), and an amino-terminal Toll,
interleukin-1 receptor, resistance protein (TIR) or coiled-coil (CC) domain (purple oval).
3
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Table 1. Families of pathogenesis-related proteins (Ricardo et al, 2007)
Family

Type member

Biochemical properties

PR-1

Tobacco PR-la

Unknown

Molecular mass
range (kDa
15-17

PR-2

Tobacco PR-2

p-l,3-glucanase

30-41

PR-3

Tobacco P,Q

Chitinase class I, II, IV, VI, VII 35-46

PR-4

Tobacco R

Chitin-binding proteins

13-14

PR-5

Tobacco S

Thaumatin-like

16-26

PR-6

Tomato inhibitor I

Proteinase inhibitor

8-22

PR-7

Tomato P69

Endoproteinase

69

PR-8

Cucumber chitinase

Chitinase class III

30-35

PR-9.

Peroxidase (POC)

50-70

PR-10

Tobacco 'lignin forming
peroxidase'
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PR-12

Radish Rs-AFP3

Defensins

5

PR-13

Arabidopsis THI-2.1

Thionins

5-7

PR-14

Barley LTP4

Lipid transfer proteins

9

PR-15

Barley OxOa (germin)

Oxalate oxidases

22-25

PR-16

Barley OxOLP

Oxalate oxidase-like protein

100 (hexamer)

PR-17

Tobacco PRp27

Unknown

?

1.2.1. PAMP-triggered immunity (PTI)
A general elicitor, which includes a PAMP or a microbe's associated molecular pattern
(MAMP), is considered the second line of defense that can be activated against a wide range
of phytopathogens. PTI is referred to as the primary immune response and has evolved to
recognize common features that characterize microbial pathogens (Chisholm et al., 2006),
such as chitin, flagellin, lipopolysaccharides, and glycoproteins. Few PAMP receptors have
been identified. The most-studied PAMP receptors are Arabidopsis flagellin sensing 2 (FLS2)
and the EF-Tu receptor (Figure 2), both of which are composed of extracellular leucine-rich
4
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repeats, a single transmembrane spanning helix, and an intracellular kinase domain
(Abramovitch et al, 2006; Bednarek and Schulze-Lefert, 2009). The FLS2 receptor
recognizes the Flg22 peptide, which is the 22 amino acid sequence that is the most conserved
part in the bacterial motor protein flagellin. While the elongation factor Tu (EF-Tu) receptor
recognizes elf 18, which is an acetylated peptide of 18 conserved residues adjacent to the Nterminal of bacterial EF-Tu, both FLS2 and EF-Tu receptors use the receptor kinase BAK1
(BRIl-associated receptor kinase 1) as a co-factor. Most plants can sense flagellin; however,
only certain plant groups are capable of recognizing the elf 18 PAMP, such as Brassicaceae
(Chinchilla et al, 2007; Zipfel and Robatzek, 2010). The interaction between FLS2 and flg22
initiates a battery of downstream defense responses that reduce bacterial invasion through
stomata and bacterial multiplication in the apoplast of infected plants. Recent work by Zing
and He (2010) has shown that, during Pseudomonas syringae pv. tomato (Pst) DC3000
infection of A. thaliana, FLS2-mediated immunity is actively suppressed by effector proteins
such as AvrPto and AvrPtoB, which are secreted through the bacterial type-Ill secretion
system (T3SS). These authors also provided evidence that T3SS effector-based suppression of
plant defense alone is not sufficient to overcome FLS2-based immunity during Pst DC3000
infection; rather, it requires the phytotoxin coronatine (COR) to suppress a FLS2-based plant
immune system.
1.2.2. Effector-triggered immunity (ETI)
Effectors are pathogen-derived molecules that are delivered into the host cell to suppress the
plant defense mechanism. Pathogens have evolved the ability to suppress the PTI response
through their effectors. However, the arms race has continued between plants and their
phytopathogens (Maor. and Shirasu, 2005), as plants in turn try to maintain immune response
by directly or indirectly recognizing these effectors (encoded via Avr genes) using their
receptors (encoded via the R gene, i.e., resistance gene) (Kamoun, 2006). The recognition of
effector proteins by the plant receptor elicits the effector-triggered immune response (ETI,
Figure 2); in this case, the effector is referred to as the elicitor or avirulence protein (Jones and
Dangl, 2006; van Ooijen et al, 2007). ETI results in R gene-mediated resistance; the outcome
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is the highly effective hypersensitive response (HR), which is capable of stopping the
development of infection and of cutting nutrient supplies, ultimately killing biotrophic
phytopathogens. Avr9 of the fungal pathogen Cladosporium fulvum, which is the causal agent
of tomato leaf mould, was the first fungal Avr gene to be cloned (van Kan et al, 1991), while
the first cloned bacterial Avr gene was reported in 1984 (Staskawicz et al, 1984). Late in
2004, the first oomycete Avr gene was cloned by de Wit et al. (2009). From this time onward,
many pathogen Avr genes and their cognate R genes have been detected, thereby significantly
increasing our knowledge and understanding of gene-for-gene relationships (Stergiopoulos
and de Wit, 2009).
1.2.3. Systemic-induced resistance
ETI and PTI defense responses (Figure 2) are activated locally upon the plant's recognition of
a specific pathogen attack. In addition to these local responses, the plant has induced defense
that is systemically activated. Systemic defense has a different signalling transduction
pathway compared to that of PTI and ETI. Moreover, this type of induced defense can be
activated by either pathogenic or beneficial microorganisms such as Nitrogen-fixing bacteria
and mycorrhizal fungi (van der Ent et al, 2009). This type of defense can act against infection
at locations within the plant that are distant from the primary infection site (Baldwin, 2002;
Pozo et al, 2004; van der Ent et al, 2009). Systemic defense can also be triggered by
chemicals such as BABA (P-aminobutyric acid) (Zimmerli et al, 2000). Several different
types of systemic responses have been characterized. The first form constitutes systemic
acquired resistance (SAR), which is activated upon pathogen-triggered HR local defense.
Many common features are shared between SAR in plants and acquired immunity in animals,
in that both are systemic and long-lasting, while providing broad-spectrum resistance to
secondary infection (Sticher et al, 1997). The second form of systemic defense response is
induced systemic resistance (ISR), which was initially discovered in plants that have
beneficial relationship with soil-borne bacteria. Colonization of plant roots by beneficial soilborne microorganisms, such as plant growth-promoting rhizobacteria (PGPR) or mycorrhizal
fungi, leads to the activation of ISR (van Loon et al, 1998; Pozo and Azcon-Aguilar, 2007).
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The third form is the systemic wound response (SWR), which is activated upon tissue damage
incurred by mechanical disruption or feeding by herbivores (Howe et al, 2004; Vallad and
Goodman, 2004). SAR and ISR are the two most clearly defined forms of induced resistance
(Vallad and Goodman, 2004) (Figure 3). Systemic acquired resistance (SAR) is typically
activated in healthy systemic tissues of locally infected plants. Upon pathogen infection, a
mobile signal travels through the vascular system to activate defense responses in distal
tissues. Salicylic acid (SA) is required for the activation of a large set of genes that encode
pathogenesis-related proteins (PRs) with antimicrobial properties. Induced systemic resistance
(ISR) is typically activated upon colonization of plant roots by beneficial microorganisms
(Pieterse et al, 2009). Like SAR, a long-distance signal travels through the vascular system to
activate systemic immunity in aboveground plant parts. ISR is commonly regulated by
jasmonic acid- and ethylene-dependent signalling pathways and is typically not associated
with the direct activation of PR genes (Van Wees et al, 2008). Instead, ISR-expressing plants
are primed for accelerated JA- and ET-dependent gene expression, which becomes evident
only after pathogen attack. Both SAR and ISR are effective against a broad spectrum of
virulent plant pathogens (Pieterse et al, 2009).
We can distinguish between SAR and ISR by their different physiological and biochemical
features. First, SAR can be triggered by virulent, avirulent, and non-pathogenic microbes and
artificially by treating the plant with chemicals such as salicylic acid, Benzo-( 1,2,3)Thiadiazole-7-carbothioic acid S-methyl ester (BTH), or 2,6-dichloro-isonicotinic acid (INA)
(Sticher et al, 1997). In contrast, ISR is triggered by plant growth-promoting rhizobacteria
(PGPR) or mycorrhizal fungi (van Loon et al, 1998). Second, SAR and ISR are regulated by
distinct signalling pathways (van Wees et al, 2000). Accumulation of PR (pathogenesisrelated protein) or SA occurs in the case of SAR activation but not that of ISR, which is under
the pathway modulated by ethylene (ET) and jasmonic acid (JA) (Pieterse et al, 1998). Third,
in terms of plant specificity, SAR is effective across a wide range of plant species, while ISR
appears to be effective only in some plant species that have relationships with rhizobacteria
(van Loon et al, 1998; Heil and Bostock, 2002). Once PTI or ETI is locally activated, it is
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Figure 3. Schematic representation of systemically induced immune responses (Pieterse
et a/., 2009).
Upon colonization of plant roots by beneficial microorganisms, a long-distance signal travels
through the vascular system to induced systemic resistance (ISR) which is regulated by
jasmonic acid (JA)- and ethylene (ET)-dependent signaling pathways (Right panal). The
output is activation of JA/ET-dependent defence genes. In the left panel, upon pathogen local
infection in the areal parts of the plant, a mobile signal travels through the vascular system to
activate systemic acquired resistance (SAR) in distal healthy tissue. Salicylic acid (SA)
molecule is required to start SAR response. The output is production of large set of
pathogenesis-related proteins (PRs) with antimicrobial properties.
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then followed by activation of the systemic defense (SAR) in a distal plant parts far from
infection sites that prime these parts for defense against a broad spectrum of pathogen attacks;
which can last for a long time. Upon ETI activation, levels of SA (salicylic acid) increase in
the infection site with some SA being converted to methyl salicylate (MeSA); which acts as
systemic signal travelling to distal parts of the plant where it is converted back to SA (Figure
4). These lead to SAR activation, which can be characterized in part by the activation of PR
genes and the production of many types of antimicrobial PR proteins (Park et al, 2007).
1.3- Phytohormone-mediated plant defense
Phytohormones are small molecules that occur in low concentrations (Pieterse et al, 2009),
and are essential for the regulation of plant growth, development, reproduction, and survival.
In addition, they act as signal molecules (Pieterse et al, 2009). Plant phytohormones are
responsible for regulating plant responses to abiotic and biotic stresses. Salicylic acid (SA) is
one of the main players involved in plant defense responses. Some of this SA is converted by
the enzyme SAMT (SA methyl transferase) into an aspirin-like compound called methyl
salicylate (MeSA) that travels to uninfected parts of the plant, and where it is converted to SA
and activates a systemic immune response (Figure 4). In addition to SA, JA and ET play an
important role in plant defense (Pozo et al, 2004; Bari and Jones, 2009; Verhage et al, 2010).
In addition to these important phytohormones (SA,JA and ET), other players have recently
been implicated in plant defense responses, such as abscisic acid (ABA), brassinosteroids
(BR, e.g., brassinolide; Grove et al, 1979), zeatin, gibberellic acid (GA3), and indole-3-acetic
acid (IAA) (Pieterse et al, 1998, 2009) (Figure 5). Biotrophic pathogens that must keep their
hosts alive to effectively parasitize the host plant are most sensitive to the SA phytohormone
signalling pathway and to SA-dependent defense mechanisms. In contrast, JA and ET are the
most effective phytohormone signals against herbivorous insects and necrotrophic pathogens;
the latter must first destroy the host to obtain nutrients (Glazebrook, 2005; El Oirdi and
Bouarab, 2007). Cross-communication among these phytohormones is important for
physiologically and biochemically fine-tuning the plant response against biotic and abiotic
stresses (de Vos et al, 2005; Pieterse et al, 2009; Verhage et al, 2010).
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Figure 4: Systemic signal transduction in the activated systemic acquired resistant
(SAR).
Upon infection of plant by a pathogen, a local defense is activated by salicylic acid (SA).
Some of this SA is converted by an enzyme known as salicylic acid methyl transferaes
(SAMT) into an aspirin-like compound called methyl salicylate (MeSA) that travels to distal
healthy parts of the plant and thereby activates SAR. But some SA at the infection site binds
to an enzyme called salicylic acid binding protein 2 (SABP2). This binding prevents the
enzyme from converting SA at the infection site into biologically inactive MeSA.
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Salicylic acid
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Figure 5. Phytohormones implicated in the plant immunity signalling network (Pieterse et
al, 2009).
1.3.1- The role of Abscisic Acid
Abscisic Acid (ABA) affects physiological and development processes such as seed
development, abscission, and senescence (Schwartz and Zeevaart, 2010). Further, it also
controls stomatal closure and opening under environmental stress. Moreover, ABA induces
gene transcription, especially for proteinase inhibitors in response to wounding and pathogens
(Conrad and Renate, 2001). ABA also has remarkable and more complex role in defense
responses (Adie et al, 2007; Bari and Jones, 2009). Infection by P. syringae pv. tomato (Pst)
DC3000 or treatment with Type III effector leads to increased level of ABA in Arabidopsis
plant, although changes in ABA levels are relatively moderate compared to the changes in the
levels of SA, JA or ET after pathogen challenge (de Torres-Zabala et al, 2007; Bari and
Jones, 2009). When Arabidopsis plants were treated with ABA, they became more resistant
against Pst DC3000 compared to mock-treated plants. Arabidopsis knockout aba, which is
insensitive to the phytohormone ABA, was resistant against the biotrophic pathogen Pst
DC3000 and the necrotrophic pathogen B. cinerea, and more sensitive to A. brassicicola when
compared to the wild type plant (Adie et al, 2007; de Torres-Zabala et al, 2007). As a result,
Bari and Jones (2009) have suggested that the role of ABA in manipulating plant defense
11
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against biotrophic and necrotrophic pathogens has yet to be clarified. Apparently, its role
depends on individual plant-pathogen interactions (Bari and Jones 2009).
1.3.2 -The role of gibberellic acid (GA)
Gibberellin (GA) was originally identified as a substance secreted from the fungus Gibberella
fujikuroi, which causes 'bakanae' (or "foolish seedling") disease in rice (Bari and Jones,
2009). Bioactive GAs are cyclic diterpenoid molecules that are produced in plants from the
precursor geranyldiphosphate

(Sanchez-Rodnguez et al,

2010). Biologically

active

gibberellins (GAs) control diverse aspects of plant growth and development, including seed
germination, stem elongation, and leaf expansion, together with flower and seed development
(Yamaguchi, 2008; Sanchez-Rodnguez et al, 2010). Gibberellic acid (GA3) was the first to
be structurally characterized among the 136 GAs that have been identified from plants, fungi,
and bacteria (Chauhan, 2008; Nadeem et al, 2010). To establish an interaction with host
plants, fungi and bacteria produce GAs as signalling factors (MacMillan, 2001; Bari and
Jones, 2009). However, very little research has emerged regarding the manipulation of plant
defense by microbially produced GAs (Bari and Jones, 2009), although the work of Navarro
and collaborators (2008) has refocused attention on this phenomenon. GAs stimulate plant
growth by triggering proteasome-dependent degradation of DELLA proteins. The latter term
refers to the conserved amino acid sequence domain DELLA, which is found in most
members of this protein family (Hussain and Peng, 2003). It is a negative regulator of plant
growth (Nakajima et al, 2006; Gallego-Bartolome et al, 2010). DELLA proteins have been
implicated in defense responses through their modulation of JA- and SA-dependent defense
responses (Bari and Jones, 2009). The four arabidopsis mutants [gibberellin insensitive (gait6), repressor of gibberellin (rga.t2), rga-like 1 (rgll-1), rga-like 2 (rgl2-l)] are nuclearlocalized transcriptional regulators of the DELLA family (Tyler et al, 2004; GallegoBartolome et al, 2010) that are impaired in DELLA protein production but have shown a
very sensitive phenotype against the necrotrophic pathogens A. brassicola and B. cinerea.
On the other hand, these mutants were resistant against the biotrophic pathogens Pst
DC3000 and Hyaloperonospora parasitica (a causative agent of downy mildew disease)
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(Navarro et al, 2008). DELLA proteins can induce JA/ET-dependent defense and in the
same time it act as a suppressor of SA-dependent defense response. Since DELLAdegradation is mediated by GA, thus, GAs work as inducers of plant susceptibility against
necrotrophs, on the othe hand act as a plant resistance inducers against biotrophs (Bari and
Jones, 2009).
1.3.3 -The role of brassinosteroid (BR)
Brassinosteroids (BRs) are a class of plant steroid hormones that are structurally related to the
steroid hormones of animals, and which have important regulatory roles in multiple
developmental and physiological processes, including seed germination, stem elongation, leaf
expansion, xylem differentiation, disease resistance, and stress tolerance (Wang et al, 2006 b;
Bajguz, 2007). The plant cell perceives brassinosteroids (BRs) through the action of the cell
surface receptor kinase BRIl (brassinosteroid insensitive 1), which is distinct from animal
steroid receptors (animal steroid receptors are nuclear-localized) (Mangelsdorf et al, 1995).
BRIl

has an extracellular leucine-rich repeated LRR domain with a cytoplasmic

serine/threonine kinase domain (Friedrichsen et al, 2000). Very little is known about its role
in plant responses to biotic stresses (Bari and Jones, 2009). BRIl-associated kinase 1 (BAKI)
is a component of the BR receptor complex (it works as a co-receptor) and is involved in the
BR-mediated signalling pathway (Wang et al, 2010). In addition to BAKI, BR-mediated
signalling pathway requires other components such as BR-signaling kinase (BSKs) as
substrate of BRIl, the BRIl suppressor 1(BSU1) phosphatase, the glycogen synthase kinase 3
(GSK3)-like kinase BIN2, and two homologous transcription factors (factors brassinazoleresistant 1 (BZR1) and BZR2/ bril-ems-suppressor 1 (BES1)) (Wang et al, 2006 b and 2010;
Sanchez-Rodnguez et al, 2010). Interestingly, BAKI has been implicated in PAMP-triggered
immunity (Chinchilla et al, 2007). Arabidopsis bakl knockout exhibits a sensitive phenotype
when challenged with necrotrophic such as A. brassicicola and B. cinerea, while the
resistance to biotrophic pathogen Hyaloperonospora parasitica was enhanced in bakl mutant
compared to wild type plants (Kemmerling et al, 2007). In addition, exogenous BR
application failed to reduce plant sensititvity against necrotrophic pathogens in bakl mutant
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plant (Bari and Jones, 2009). The other components of BR signalling such as BIN2, BSU1,
BSKs, GSK3 and BZR1, did not show the same response as that of BAKI (Bari and Jones,
2009). Therefore, BAKI appears to be the most important component of BR signalling
pathway in the plant defence response.
1.3.4 -The role of auxin
Auxins are plant hormones that control many important chemical and physiological processes
inside the plant. Auxins are also produced when plants challenged by pathogenic and
symbiotic microorganisms (Fu et al, 2011). The first auxin to be isolated was indole-3-acetic
acid (IAA), which was chemically characterized in the 1930's (Quint and Gray, 2006). It is
considered to be the major form of auxin in most plants and occurs as the free acid as well as
in a variety of conjugated forms (Staswick et al, 2005; Fu et al, 2011). There are other
naturally occurring free and conjugated forms of auxins such as indole-3-butyric acid (IBA),
phenylacetic acid (PAA), and 4-chloroindole-3-acetic acid (4-C1-IAA), together with synthetic
auxins such as NAA (1-naphthalene acetic acid), 2,4-D (2,4-dichlorophenoxyacetic acid) and
others (Bandurski et al, 1995; Staswick et al, 2005). Auxins have been found to be negative
regulators of defense response (Zhang et al, 2008). IAA induces loosening of the cell wall,
which is central to its mode of action. This process reduces the natural protective barrier of
plant cells to invaders (Ding et al, 2008). Plants can control the level of free IAA by auxininducible GH3 proteins (referred to as Gretchen Hagen 3, or Glycine max Hypocotyledon 3)
(Hagen et al, 1984). These proteins form, in turn, a negative feedback in which GH3
catalyzes the conjugation of IAA with amino acids (Figure 6). As a result, IAA becomes
inactivated, which results in the suppression of expansin genes (Staswick et al, 2005; Ding et
al, 2008). Expansins are the group of extracellular proteins that directly modify the
mechanical properties of plant cell walls, leading to turgor-driven cell extension (Li et al,
2002). Some of the genes encoding for amido conjugates like GH3 are not only controlled by
auxin but also by salicylate and ABA (Park et al, 2007).
Recent work by Fu and collaborators (2011) has shown that GH3.2, which encodes an indole3-acetic acid (IAA)-amido synthetase, mediates basal defense activation against a broad
14
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spectrum of phytopathogens, including the bacteria Xanthomonas oryzae pv oryzae and X.
oryzae pv oryzicola, and the fungus Magnaporthe grisea found in rice (Oryza sativa). GH3-2
mediates basal resistance by suppressing pathogen-induced IAA accumulation. Since GH3-2
mediates the conjugation of IAA with amino acid aspartate (Asp) that leads to reduce the level
of free IAA. GH3-2 overexpression reduces the levels of free IAA by more than one-half in
infected plant tissues comparing to wild type plant. As the relative change in the level of free
IAA by GH3 was not that big and, thus, it likely contributes to a minor quantitative trait locus
for broad-spectrum resistance (Fu et al, 2011). The results suggest that, we can improve the
resistant quantitative trait loci aginst broad-spectrum of phytopathogen by manipulating the
expression of each single minor trait locus. Suppressing the auxin receptor gene leads to
activation of the basal defense response (Fu et al, 2011). Exogenous application of PAMP
such as FLG22 to the plant leads to enhance miRNA (miR393)-mediated mRNA cleavage of
auxin receptors such as the transport inhibitor Response 1 (TIR1), Auxin signalling F-Box
proteins 2 and 3 (AFB2 and AFB3) (Fu et al, 2011). Hence, auxin signalling will be
suppressed and basal defense will be activated (Navarro et al, 2006). The role of auxin can be
summarized as a defense suppressor, which is produced and used by biotrophic pathogens to
suppress innate plant immunity.
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Figure 6. Indole acetic acid amido synthetase GH3-catalyzed conjugation of IAA with
the amino acid Asparagine (Chen et al, 2010)
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1.3.5- The role of cytokinin
Cytokinins are a type of plant phytohormone and include zeatin, kinetin, BA (Benzyladenine),
and other classes of adenine-derived signalling molecules (Sakakibara, 2006). They have roles
in many physiological processes within the plant: cell division, cell growth and differentiation;
nutrient balance; and leaf senescence and stress tolerance (Miiller and Sheen, 2007). They are
usually produced in roots, young fruits, and seeds (Robert-Seilaniantz et al, 2007). Cytokinins
and auxins are also produced by microorganisms such as Erwinia and Pseudomonas (RobertSeilaniantz et al, 2007). In gall-inducing microorganisms such as Agrobacterium tumefaciens,
several auxin and cytokinin genes that are contained in the T-DNA that is transferred to the
host plant, and induces the plant to produce a mass of cells (crown gall) that acts as nutrient
factory for bacteria (Robinette and Matthysse, 1990; Brandl and Lindow, 1998). The roles of
cytokinins bear some resemblance to those of auxin in the suppression of the immunity system
for the benefit of biotrophic pathogens (Robert-Seilaniantz et al, 2007). While cytokinins
have been implicated in plant defense, their role remains unclear (Bari and Jones, 2009).
1.3.6 -The role of ethylene
Ethylene (ET) only consists of two carbon and four hydrogen atoms, but this simple gaseous
plant hormone is involved in many plant developmental and physiological processes, such as
promotion of ripening and abscission in fruits, germination, leaf senescence, and adaptive
responses to abiotic and biotic stresses (Kendrick and Chang, 2008, Yin et al, 2010). Plants
possess several ethylene receptors. Arabidopsis has five members of the ET receptor family:
Ethylene Responsive (ETR1 and ETR2), Ethylene Response Sensor (ERS1 and ERS2), and
Ethylene Insensitive 4 (EIN4). The Arabidopsis ET receptors were found to be cytoplasmic
receptors and localized in the ER (endoplasmic reticulum) (Kendrick and Chang, 2008).
Tomato (Solanum lycopersicum) has six ethylene receptors; one example of a tomato ET
receptor is lycopersicon Ethylene Responsive 3 (LeETR3), which is often called Never-Ripe
(NR) (Klee, 2004; Kendrick and Chang 2008; Lin et al, 2009; Chen et al, 2010). The
homodimer of ET receptor is required to bind the ET (Chen et al, 2010).
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ET is typically associated with defense against necrotrophic pathogens and herbivorous
insects (Bari and Jones, 2009). ET signalling works synergistically with JA signalling
(Pieterse et al, 2009). PDF1.2 (defensin) is one of the defense markers controlled by JA. The
expression of this gene is compromised in both ethylene-insensitive mutant ein2 and
jasmonate-insensitive mutant coil which are susceptible to the necrotrophic pathogens A.
brassicicola and B cinerea. Moreover, the transcription factor ERF1, which is an ethyleneresponsive factor, positively regulates both ET-dependent and JA-dependent defense
responses. In addition, the GCC domain in the majority of promoters of ET- and JAdependent defense genes is a target for the ERF1 transcription factor (Gutterson and Reuber,
2004).
1.3.7 The role of jasmonic acid in plant resistance against necrotrophic pathogen.
Jasmonic acid (JA) is a cyclopentanone derivative, which acts as a growth inhibitor and a
senescence-promoting substance (Creelman and Mullet, 1997). JA is synthesized by enzymes
from alpha-linolenic acid, a CI8 polyunsaturated fatty acid that is present in the plant plasma
membrane (Figure 7). Lipoxygenase (LOX), allene oxide synthase (AOS), and allene oxide
cyclase (AOC) are the key enzymes involved in the J A synthesis pathway (Turner et al., 2002;
Agrawal et al, 2004). JA synthesis is induced by elicitors such as systemin, and in response to
wounding and infection by certain organisms such as insects and necrotrophic pathogens
(Ryan, 2000). Plants can also accumulate methyl jasmonate (MeJA) in response to elicitors or
infection. MeJA and JA modulate the expression of several defense genes including PDF1
(protein defensin) in Arabidopsis thaliana, or PI I (proteinase inhibitor I) and PII (proteinase
inhibitor II) in Solanum lycopersicum (Farmer and Ryan, 1990; Pieterse and van Loon, 1999;
Karban et al, 2000; Baldwin et al, 2002; Pozo et al, 2005). JA plays a key role in defense
against necrotrophic pathogens. Indeed, mutants affected in JA synthesis or in the signalling
pathway are more susceptible to necrotrophic pathogens compared to wild-type plants
(Vijayan et al, 1998; Browse and Howe, 2008). For example, the JA-insensitive mutant coil
(Coronatine Insensitive Gene 1) shows enhanced susceptibility to the necrotrophic fungi
Alternaria brassicicola and B. cinerea (Thomma et al, 1998). Coil is necessary for the
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Figure 7. The octadecanoid pathway leading to biosynthesis of jasmonic acid (JA) in
plants via 12-oxo-phytodienoic acid (OPDA), modified from Turner et al. (2002).
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activation of JA-dependent defense genes (Kemal et al, 2007). Overexpression of J A
carboxyl methyl transferase, on the other hand, can increase endogenous levels of MeJA,
which leads to higher resistance against B. cinerea (Seo et al, 2001; Xiao-Yi et al, 2007).
1.3.7.1 JA perception
A recent review by Ballare (2011) summarized JA signalling transduction. The biologically
active form of JA is conjugated with the amino acid iso-leucine (He) to form jasmonoyl-isoleucine (JA-Ile), which is recognized by ubiquitin ligase (the F-box protein CoronatineInsensitivel (COI1) complex). This recognition triggers SCF c o n (SKPl-Cullin-F-box-Coil
complex) to mediate ubiquitination and proteosomal degradation of Jasmonate Zim Domain
(JAZ) proteins that act to repress the JA signalling pathway. Degradation of JAZ leads to
activation of JA responsive genes (Figure 8).

jTkug&ij&»3
Early JA-responslve g e n e s

JA-Ile

A 2T
Early JA-responslve genes

I = L E J :

Figure 8. The activation of the JA pathway by the targeted degradation of JAZ
repressor proteins (modified from Ballare 2011).
A- In the absence of bioactive JA, the transcription of defense-related genes is repressed by
the interaction of the relevant transcription factors with JAZ proteins, which control gene
expression through their interaction with the novel interactor of JAZ domain (NINJA) adaptor
and TPL corepressor proteins, and presumably other repression mechanisms. B- In the
presence of the bioactive hormone (JA-Ile, orange circles) (d), JAZ proteins interact via their
Jas domains with the SCF c o n , which targets them for proteasomal degradation, derepressing
the transcription of defense genes.
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1.3.8 The role of salicylic acid in defense responses
Salicylic acid (SA) is synthesized via two pathways involving either phenylalanine (in
phenyelpropanoid pathway) or isochorismate pathways (in plastid). In both pathways, chorismate
is converted to SA (Ogawa et al, 2005) (Figure 9). In the first pathway, phenylalanine ammonia
lyase (PAL), the first enzyme in the phenyelpropanoid pathway (Enyedi et al, 1992) catalyzes

Shikimate

I Chorismate mutase
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Chorismate
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Phenylalanine
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Isochorismate
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Benzoic acid
VTJenzoic acid 2-hydroxylase
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Figure 9. SA biosynthesis pathways, as suggested by Shah (2003) and Ogawa et al.
(2005).
Left panel, SA synthesis pathway take place in the plastid vs. SA synthesis pathway occurs
through secondary metabolite pathway from phenylalanine on the right panel. SA is the output
of both pathways.
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the first metabolic step, where phenylalanine is converted to trans-cinnamic acid. Trans-cinnamic
acid is subsequently converted to benzoic acid. A benzoic-acid-2- hydroxylase (BA2H) catalyzes
the final step in which benzoic acid is converted to SA (Shah, 2003). In the second pathway, SA is
produced from chorismate through two intermediate steps that involve isochorismate synthase and
isochorismate pyruvate lyase (Ogawa et al, 2005). SA plays a key role in the signal
transduction pathway leading to resistance against biotrophic pathogens. It regulates the
expression of several defense genes including PR1 (Shah, 2003). The role of SA in resistance
against pathogens has been confirmed by using transgenic tobacco plants that express the
nahG gene (gene from Pseudomonas putida NAH:TnS/G67) strain (Durham and Stewart,
1987), which encodes for salicylate hydroxylase, a SA-metabolizing enzyme. These
transgenic plants showed little or no accumulation of SA after infection with several types of
bacteria, viruses and fungi. Moreover, they displayed higher levels of infection compared to
wild-type plants (Chen et al, 1995; Iris et al, 1996). SA plays an important role in the
induction of systemic acquired response (SAR) (Durrant and Dong 2004). SA triggers the
SAR and moves as a long-distance signal component that is required for this pathway. SAR
that is controlled by SA is NPRl-dependent (Pieterse and Loon, 2004). Plants can also
accumulate methyl salicylate (MeSA) and conjugated SA such as 0-|3-D-glucosyl-SA in
response to elicitors or infection. Recently, Park and collaborators (2007) showed that MeSA
is a critical mobile signal for plant systemic acquired resistance.
1.4. Plant phytohormones signalling cross talk
The term 'cross talk' is used in many cases to explain how two or more signalling pathways
communicate (Taylor et al, 2004). Cross-communicating signal pathways among the
phytohormones salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) are regulated in
plants under pathogen or insect attack, and play key roles in defense against these attackers
(De Vos et al, 2005) (Figure 10). Plants manage positive or negative dialogue among
different classes of phytohormone signalling pathways to direct resources, conserve energy,
and adapt and stretch the immune response to provide a powerful defense against pathogen
attack (Verhage et al, 2010). In some cases, different defense signal transduction pathways
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cooperate and enhance resistance against pathogen attack (Spoel et al, 2003). However,
pathogens can co-opt this dialogue to escape from plant defense and restore the disease
(Pieterse et al, 2009). Many incidences of cross talk had been documented between the
different signalling pathways. In fact, these signalling pathways do not operate in isolation
from one to another; rather, they work in the same environment in antagonistic or synergistic
effect. Auxin signalling has a negative effect on JA/ET and SA signalling and, consequently,
suppression of auxin signalling leads to activation of the plant immune response (RobertSeilaniantz et al, 2007; Bari and Jones, 2009; Chen et al, 2010). Overexpression of the GH38 gene reduces the accumulation level of JA and SA in Arabidopsis plants and reduces the
expression of JA- and SA-responsive genes (Ding et al, 2008; Bari and Jones, 2009).
Overexpression of WRKY70 in Arabidopsis and challenges by the biotrophic pathogen
Erysiphe cichoracearum have positive effect on SA signalling but negative effect on JA
signalling (Li et al, 2006). ABA signalling components negatively regulate the immunity
response in many different plant pathosystems. Indeed, mutants in ABA synthesis (abal, 2, 3)
or its responsive genes (abil and abi2 for abscisic insensitive 1 and 2) show resistance
phenotypes against both the biotroph P. syringae pv. tomato (Pst) DC3000 and the necrotroph
B. cinerea (de Torres-Zabala et al, 2007; Adie et al, 2007)
1.4.1 Cross talk between SA and J A
Cross talk between SA- and JA-dependent defense signalling is important during plantpathogen interaction. Plants frequently respond to attack by insect herbivores and necrotrophic
pathogens with the induction of jasmonate-dependent resistance traits, while responding to
attack by biotrophic pathogens with induction of salicylate-dependent resistance traits (Traw
et al, 2003). The relative concentrations of SA and JA are likely important in determining the
expression levels of different defense-related genes (Luis et al, 2006). Several studies have
shown that SA antagonizes JA and vice versa (Xu et al, 1994; Maleck and Dietrich, 1999;
Jennifer et al, 2002; Kunkel and Brooks, 2002; Spoel et al, 2003; Traw et al, 2003; Andrea
et al, 2004; Pieterse and Loon, 2004; Pozo et al, 2005; Vidhyasekaran, 2008). This
antagonism provides the plant with an elaborate regulatory potential that leads to the
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ET signaling

Figure 10. Phytohormone signal cross-communication in the plant immune response
(Pieterse etaL, 2009).
Cross talk between hormone signalling pathways (such as SA, JA and ET with other hormonal
signalling pathways feeding into it provides a wide and diverse output of defense responses to
different types of attackers. This cross talk can be manipulated by pathogens such as P.
syringae, through its effector proteins (e.g., coronatine, Hopll and AvrRpt2) to suppress host
immune responses and promote virulence. This relationship proposed by Pieterse and
coworkers (2009) shows some components of signalling transduction during crosscommunication, i , negative effect; purple stars, positive effect. EDS1 (enhanced disease
susceptibility 1) and PAD4 (phytoalexin-deficient4) are required for HR response through cotranscription factors NPRl (Nonexpress PRl gene), GRX480 (glutaredoxin480) and
transcription factors WRKY and TGAs to activate SA-responsive genes against biotrophic and
hemi-biotrophic pathogen. GA mediates degradation of DELLA protein leads to plant
susceptibility against necrotrophs, on the othe hand acts as plant resistance inducers against
biotrophs.
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transcription factors NPRl (Nonexpress PRl gene), GRX480 (glutaredoxin480) and
transcription factors WRKY and TGAs to activate SA-responsive genes against biotrophic and
hemi-biotrophic pathogen. GA mediates degradation of DELLA protein leads to plant
susceptibility against necrotrophs, on the othe hand acts as plant resistance inducers against
biotrophs.
activation of the most suitable defense against the invader. The antagonism effect between SA
and JA was originally discovered through the use of Arabidopsis mutants. Arabidopsis plants
that were unable to accumulate SA produced higher levels of JA and showed enhanced
expression of JA-responsive genes in response to infection by P. syringae pv. tomato (Pst)
DC3000. On the other hand, mutants that are affected in JA synthesis accumulate higher
levels of SA and display higher resistance to biotrophic pathogens (Enrique et al, 2003; Spoel
et al, 2003; Pieterse et al, 2004).
1.4.2. Factors controlling cross talk between SA and JA signalling pathways.

1.4.2.1. NPRl
Nonexpresser of PR 1 gene (NPRl) is a co-transcription factor that regulates plant defense
responses, downstream of the SA signalling pathway. Several studies show that the
antagonistic effect of SA on JA signalling requires NPRl (Durrant and Dong, 2004). Thus,
NPRl is a central regulator of plant defense responses, including in SAR, ISR and SA/JA
cross talk (Glazebrook, 2005). NPRl contains an ankyrin-repeat domain, which is known to
mediate protein-protein interactions. Mutations in this domain have demonstrated its
importance in NPRl function (Shah et al, 2003). Members of the TGA-element binding
protein (TGA) family of basic-leucine-zipper (bZIP) DNA-binding proteins interact physically
with NPRl in yeast two-hybrid assays and in planta (Subramaniam et al, 2001; Shah et al,
2003). The complex NPRl-TGA seems to be important in the regulation of the expression of
several genes including PRl (Durrant and Dong, 2004). Nuclear localization of NPRl, which
is essential for SA-mediated defense gene expression, is not required for the suppression of JA
signalling, which indicates that cross-talk between SA and JA is modulated through a novel
function of NPRl in the cytosol (Figure 11; Spoel et al, 2003). The cytosolic function of SA-
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activated NPRl in modulating cross-talk between SA- and JA-pathways is also redoxregulated. The manner in which SA induces changes in cellular redox status, and which redox
mediators are involved, is largely unknown (Pieterse and Loon, 2004).

JA

Cytoplasm
Nucleus

\

LOX2
VSP
PDF1.2

PR-1

Figure 11. Proposed model for Cytosolic NPRl as a modulator of cross talk between SAand JA-dependent plant defense responses (Spoel et al, 2003).
NPRl nonexpressed pathogen related 1 (Transcription factor inhibitor IKB homologue),
LOX2 lipoxigenesis 2, PDF1.2 plant defensin, VSP (vegetative storage protein), TGA
(transcription factors)

1.4.2.2 Mitogen-activated protein (MAP) kinases.
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Signalling mechanisms and cellular responses activatied by unrelated elicitors are believed to
be similar which induces medium alkalinization, release of Ca2+, generation of signalling
phospholipids, and activation of mitogen-activated protein kinases (MAPKs) (Laxalt and
Munnik, 2002). MAPKs comprise a family of ubiquitous proline-directed, proteinserine/threonine kinases. The extracellular stimulus mitogen is responsible for activating
MAPKs, which in turn participate in signal transduction pathways that control intracellular
events including acute responses to hormones and major developmental changes in organisms
such as gene expression, mitosis and differentiation (Person et al, 2001). The MAPK family
consists of MAPK, MAPK kinase (MAPKK) and MAPKK kinase (MAPKKK) (Takahashi et
al, 2007). SA-induced protein kinase (SIPK) and wound-induced protein kinase (WIPK), plus
two MAPKs from tobacco (Nicotiana tabacum), have been intensively studied over the last 10
years (Seo et al, 1995; Zhang and Klessig, 1997). SIPK and WIPK are induced in response to
wounding, to elicitor treatments, and to pathogen infections (Guy and Michael, 2001). It has
been shown that the MAPK homologues of WIPK and SIPK in other plant species are induced
in response to different treatments including pathogen infection (Bogre et al, 1997; Romeis et
al, 1999; Ichimura et al, 2000; Holley et al, 2003; Xiong and Yang, 2003; Menke et al,
2004). Activation of these MAPKs occurs within a few minutes after wounding, elicitor
treatment or infection (Lawton and Lamb, 1987; Niihse et al, 2000). MAPKs are involved in
cross talk control between SA and JA. Indeed, Arabidopsis MPK4 leads to JA pathway
activation while increasing SA pathway suppression (Petersen et al, 2000). Also, mpk4
knockout plants exhibited constitutive activation of SA-dependent defenses but failed to
induce defense marker genes in response to JA (Brodersen et al, 2006).
1.4.2.3 WRKY transcription factors
WRKY proteins are a superfamily of transcription factors, the name of which derives from the
conserved amino acid sequence WRKYGQK at their N-terminal ends. These proteins also
contain a novel zinc-finger-like motif of the WRKY domain in the 60 amino acid region,
which is highly conserved among most family members (Thomas et al, 2000). WRKY
transcription factors are important regulators of SA-dependent defense responses (Wang et al,
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SA and JA pathways (Koornneef and Pieterse, 2008). However, a clear mechanism behind the
control of cross talk by WRKY proteins has yet to be elucidated.

SA

JAs

Figure 12. Model showing WRKY-mediated cross talk between SA- and JA-dependent
defense signalling (Li et al., 2004; Virginia and Devoto, 2008).
Upon activation of SA- and/or JA-signalling pathways, these two hormones antagonistically
regulate expression of some WRKY- transcription factors such as WRKY53 which is
modulated through NPRl-dependent pathway and positive modulator of senescence. Other
WRKYs are modulated through NPRl-independent pathways such as WRKY70. The level of
WRKY determines either SA or JA response is preferred. High WRKY70 levels activate
expression of SA-related genes while repressing JA-responsive gene expression.
1.4.2.4- Glutaredoxin (GRX)
Glutaredoxin is another factor involved in the regulation of signalling pathway cross talk and
has been implicated in redox-dependent regulation of protein activities (Koornneef and
Pieterse 2008). Glutaredoxin (GRX) belongs to the same superfamily of small redox proteins
such as peroxidases and thioredoxins (TRXs) (Hoog et al, 1983) and at least 31 glutaredoxin
genes are present in Arabidopsis thaliana (Rouhier et al, 2004). Glutaredoxins are small
enzymes (about one hundred amino-acid residues) that are similar to thioredoxins and which
possess a typical glutathione-reducible CxxC or CxxS active site. They use glutathione as a
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cofactor (Rouhier et al, 2004). Glutaredoxin functions in the reduction of ribonucleotides
through electron transfer from NADPH via its -SH groups to deoxyribonucleotides, a process
that is required for DNA synthesis (Hoog et al, 1983; Holmgren, 1989). As described below,
TGA and NPRl interact in the plant nucleus to induce PRl expression of a mechanism
controlled by SA (Shah, 2003; Spoel et al, 2003). NPRl is involved in the suppression of JA
signalling as previously described. Glutaredoxin 480 (GRX480) is another factor implicated in
this cross talk through a recently discovered mechanism (Ndamukong et al, 2007). GRX480
elicitation by SA induces its interaction with a TGA transcription factor, which is already
bound to the PDF1 promoter region and suppresses its expression (Figure 13).
[SA
/
NPR1
/
/
/

\
GRX480/
TGA2,5,C

2

\_

ERF1

PDF1.2

\
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COM
\

HEL
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Figure 13. Schematic representation of various mechanisms mediating the negative effect
of SA on various JA-regulated genes.
Two different NPRl-dependent pathways regulate SA-mediated suppression of COI1dependent JA-inducible genes; ERFl is repressed by a mechanism that does not require
TGA2, TGA5 or TGA6. In contrast, PDF 1.2 repression depends on TGA2, TGA5 or TGA6.
TGA factors act upstream of GRX480 by regulating its expression after SA treatment, as well
as downstream by forming an inhibitory complex interfering with transcription of PDF1.2. A
third NPRl-independent mechanism affects expression of the COI1-independent gene HEL
(hevein-like) encodes a protein similar to the antifungal chitin-binding protein hevein
(Ndamukong etal, 2007).
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1.5- RNA silencing

RNA-mediated gene silencing or viral RNA silencing is considered a very effective strategy
against the attacks of different phytopathogens such as viruses, bacteria and nematodes (Rosso
et al, 2009; Ruiz-Ferrer and Voinnet, 2009). Gene silencing can occur pre- or post
transcription of mRNA. Pre- and post-transcriptional gene silencing is mediated by miRNA
(microRNA), which is genomically expressed and goes through different maturation steps that
are mediated by a Ribonuclease Ill-like enzyme, DCL1 (Dicer-like 1), in collaboration with
other proteins such as HUA Enhancer 1 (HEN1). HUA is an RNA binding protein having an
important role in plant and animal development processes (Li et al, 2001). HEN1 is a
methyltransferase which is responsible for stability of double-stranded miRNA by transferring
methyl groups at its 3' ends (Li et al, 2005). Mature miRNA has 2-nt 3' overhangs produced
from a single stranded hairpin precursor that guides RISC (RNA induced silencing complex)
to look for the complementary sequence and start gene silencing (Jones-Rhoades et al. 2006;
Sunkar and Zhu 2007). Mature miRNA in association with RISC complex can mediate
suppression of gene transcription via methylation of genomic loci or can suppress mRNA
translation of target genes via matching different sites in the 3'UTR (3'untranslated region) or
CDS (coding sequence). Perfect matching with a CDS sequence can trigger degradation of
mRNA. Otherwise, imperfect matching with CDS or 3'UTR can trigger suppression of
mRNA translation (Djupedal and Ekwall, 2009; Ruiz-Ferrer and Voinnet, 2009) (Figure 14).
RNA silencing against viruses is a form of post-transcription gene silencing that is triggered
by siRNA (short interfering RNA). This type of plant defense mechanism resembles what is
referred to as RNA interference (RNAi) in animals, which has been intensively studied in
nematodes (Caenorhabditis elegans) and Drosophila (Bouarab and Vojnov, 2008). The
principle of siRNA-mediated RNA silencing lay on double stranded RNAs (dsRNAs) a
common intermediate present in viral RNA replication inside host plant cell sRNA (short
RNA ~ 18-24 nt) carrying high sequence homology to mRNA of target gene or viral RNA.
The double stranded RNA between sRNA and targeted RNA elicit the RNA silencing

29

INTRODUCTION

\

1 1 1 1 1 1 > 1 1 1 1 1 1 1 1

Aberrant RNA

TT

RdRP

^
Virus
inverted repeut
transposons

Hairpin
Pre-miRKA

Natural
anti.sense
gene pairs

R1SC/R1TS

Chromatin modification

Translational repression

mRNA degradation

Figure 14. Modified biogenesis and mode of action of small RNAs in plants (Sunkar and
Zhu,

2007).

Mature microRNAs (miRNAs) are derived from a coordinated action of Dicer-like 1 (DCL1),
HYL1 and Serrate SE. The processed 21-nt duplex is methylated at its 3' end by HEN1.
Methylated miRNAs are loaded into RISC (RNA-induced silencing complex) and serve as a
guide molecule for recognizing the target mRNAs. RISC can cause post-transcriptional gene
silencing either by mRNA degradation or by inhibiting translation of target mRNAs.
Biogenesis of endogenous siRNAs (Trans-acting siRNAs (tasiRNAs), natural-antisense
transcripts-derived siRNAs (natisRNAs) and heterochromatic short-interfering (si) RNAs) or
viral siRNAs requires the activity of one of the RNA-dependent RNA polymerases (RdRPs)
for converting single-stranded RNA (ssRNA) into double-stranded RNA (dsRNA). The
dsRNA is recognized and diced by one of the DCLs (DCL2, DCL3, DCL4 or even DCL1).
The processed siRNAs are loaded into a RISC or RITS (RNA-induced transcriptional
silencing complex) and can cause mRNA degradation (post-transcriptional gene silencing), or
DNA/histone modifications causing transcriptional gene silencing of the target gene.
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mechanism that results in the degradation of exogenous RNA (ex. viral RNA) or mRNA of
the targeted genes (Lewsey et al, 2009).
2. Suppression of plant immunity
To survive or acquire nutrients, microbial plant pathogens must avoid, suppress, or neutralize
host defenses. Successful disease establishment by pathogens needs interference with plant
defense. To do so, microbial plant pathogens produce wide range of metabolites which in turn
are targeted by plants and recognize them as elicitors of plant defense response. To counter
this recognition, pathogens are armed with different types of plant defense suppressors
(Bushnell and Rowell, 1981; El Hadrami et al, 2009). Direct or indirect recognition between
elicitor and its receptor initiates cascades of signalling to activate plant defense, while defense
suppressors are produced to delay or prevent this response and/or to prepare the plant tissues
to be susceptible against the pathogen in a race-specific or cultivar-specific manner (Andreu et
al, 1998, El Hadrami et al, 2009). Suppressors that are produced by pathogens include
glycoproteins, glycopeptides, peptides, both anionic and non-anionic glucans (Shiraishi et al,
1994), and extracellular polysaccharides (EPS) (Silipo et al, 2010). The mode of action of
these suppressors includes inhibition of cell death during HR response, inhibition of
superoxide and phytoalexin accumulation (Storti et al, 1988, Ozeretskovskaya et al, 2001),
inhibition of infection through inhibition of penetration enzymes that produced by
phytopathogen (Yamamoto et al, 1986, 2000), and inhibition of silicon-containing material
deposition (Heath, 1981). EPSs from a wide range of plant and animal pathogens and
symbionts have been found to suppress MAMP-triggered immunity. The suggested
mechanism is via the sequestration of apoplastic Ca

ions, thereby preventing Ca influx

into the host cells, which is a prerequisite for defense signalling (Aslam et al, 2008; Silipo et
al, 2010). Resistant or tolerant plants can be turned into susceptible hosts by some of these
suppressors and become sensitive against the weakest or avirulent strains (El Hadrami et al,
2009). In addition to their abilities to neutralize plant defense systems, plant immune
suppressors generally are host-specific with no recorded direct phytotoxic effect on plant cells
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compared to the phytotoxins produced by some pathogens (Wolpert, 2002). However, they
may be capable of disturbing fundamental functions of the host plasma membranes. For
example, the suppressor secreted by Mycosphaerella pinodes is able to inhibit both ATPase
activity and polyphosphoinositide metabolism in plasma membranes of pea (Pisum sativum),
causing a temporary suppression of signal transduction. This leads to a delay in the expression
of genes encoding key enzymes in the biosynthetic pathway of the phytoalexin pisatin (Kato
et al, 1993, El Hadrami et al, 2009).
2.1. Bacterial suppressors of plant defense
Suppression of the plant induced defense response by pathogenic bacteria guarantees
successful disease establishment by the pathogen; suppression is through the deployment of
effector proteins. Bacterial phytopathogens have mostly contributed to our understanding of
effectors and how the plant immune system is neutralized. For example, an individual
pathogen strain has 20-30 effectors (Dodds and Rathgen, 2010) that are delivered directly to
the host cytoplasm by a syringe-like structure type III secretion system (TTSS) in P. syringae.
Bacteria lacking TTSS production become non-pathogenic, while the TTSS overexpression
mutant allows the non-pathogenic bacteria to restore their ability to cause disease, which
means pathogenicity-required suppression of induced defense (Dodds and Rathgen, 2010).
The recent study of ETI suppression ability of HopF2/J,0 effector (Wilton and Desveaux, 2010)
showed that HopF2pto differentially inhibits ETI-associated hypersensitive response that is
induced by various type-three secretion systems (TTSEs) in Arabidopsis. HopF2/?/0 was found
to have compromised AvrRpt2-mediated HR but not HR induced by AvrRpml, AvrB or
HopZla. These results suggest the following scenario regarding ETI suppression by TTSE: (1)
TTSE targets R proteins or R protein-associated proteins, such as the AvrRpt2-ETI
suppression by HopF2Pto, (2) R protein-specific signalling components are targeted, such as
AvrRpml-ETI suppression by AvrRpt2; or (3) TTSEs act at down stream of signalling
pathway by targeting R protein common signalling components such as MAPKs, G-protein
and SGT1. This third type of suppression is effective against a wide range of R proteins
activated pathways (Figure 15).
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Figure 15. The possible scenarios suggested by Wilton and Desveaux (2010) Showing the
level of defense suppression by effectors.
Type Three Secretion Effector (TTSE) can suppress the ETI defense response in the first level
at the precipitation step by R proteins or R protein-associated proteins. TTSE can suppress the
ETI in the second level at R protein specific signaling component that is differentially
required by R proteins. The third suppressing level is at a common R protein signaling
component required by most or all R proteins. On the other hand, the plant can induce defense
response by using alternative R proteins.
2.2. Viral suppressors of plant defense
Plants can apply very vigorous methods of defense against virus attacks, such as the HR
response and RNA silencing. In turn, viruses encode many pathogenicity factors that work as
anti-plant weapons, some of which are viral factors that are used to suppress the plant defense
mechanism at different stages of the RNA silencing pathway (Voinnet et al, 1999; Chapman
et al, 2004; Bouarab and Vojnov, 2008). Some examples of defense suppressor factors are
V2, P0 and P19, P 14, P15, P21, P25 and P38, which are named according to the sizes of their
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respective proteins. For example, P19 has a molecular size of 19 kilodaltons (Table 2). To
interfere with the RNAi-silencing mechanism, V2 suppressor of Tomato yellow leaf curl
geminivirus (TYLCV) needs to interact with S1SGS3 (Solanum lycopersicum suppressor of
gene silencing 3), a protein that has been implicated in RNA silencing. S1SGS3 is responsible
for protecting and stabilizing the ssRNA that works as a template for RNA-dependent
Polymerase RDRP (Glick et al, 2008). However, the manner in which V2 is used to suppress
the RNAi-silencing system of the plant is still unknown (Levy et al, 2008). Melon aphidborne yellows virus (MABYV) encodes ring structure amino acids in the P0 suppressor, which
is a strong RNA silencing suppressor that acts as a dominant-negative inhibitor of host F-box
and proteins. It appears to suppress PTGS (post transcriptional gene silencing) by interacting
with members of the SKPl-Cullin-F-box (SCF) family of E3 ubiquitin ligases and targets the
degradation of AGO 1 (argonautl), a major component of RNA-induced silencing complexes
(RISC). Alternatively, it might interfere directly in the assembly of AGO ribonucleoprotein
complexes (Levy et al, 2008; Han et al, 2010). P25 is another RNA silencing suppressor that
originated from potato virus X, and which is responsible for suppressing systemic spreading
of silencing signals (Voinnet et al, 2000). Tobacco etch virus HcPro (Helper ComponentProteinase) suppressor inhibits the unwinding of siRNA duplexes and RISC assembly
(Voinnet et al, 1999; Mallory et al, 2001). In tomato, the bushy stunt virus implements the
PI 9 suppressor of RNA silencing by directly interacting and sequestering siRNA fragments so
that they are not available for incorporation into the RISC complex (Voinnet et al, 1999;
Levy et al, .2008). The capsid protein P38 of Turnip crinkle virus works as a RNA silencing
suppressor by binding directly to the viral dsRNA molecule and creating a physical barrier
between DICER-like enzyme 4 (DCL4) and the viral dsRNA molecule to prevent it from
binding and initiating siRNA (Thomas et al, 2003; Deleris et al, 2006). Working in a fashion
similar to tomato bushy stunt virus PI9 suppressor, the Beet yellows virus P21 suppressor
blocks RNA silencing by directly binding siRNA and forming an octameric ring around the
siRNA to prevent access and processing by RISC machinery (Ye and Patel, 2005). The 14
kDa protein (PI4) that is encoded by Beet necrotic yellow vein virus (BNYW) RNA2 is a
cystine-rich protein (Zhang et al, 2005). The PI5 protein from Peanut clump virus (PCV)
delivers, through its peroxisome targeting motif, different components of RNA silencing in
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significant amounts into the peroxisome and inactivates this pathway (Dunoyer et al, 2002).
Furthermore, the suppression of RNA silencing has been shown in other types of pathogens,
Table 2 list of RNA silencing suppressor produced by plant virus (Bouarab and Vojnov
2008)
Viral family

Virus

Suppressor

Carmovirus
Cucumovirus

Turnip crinkle virus
Cucumber mosaic virus
Tomato aspermy virus
Beet yellow virus
Citrus tristeza virus
Cowpea mosaic virus
Barley yellow mosaic virus
Peanut clump virus
Beet western yellow virus
Cucurbit aphid-borne yellows virus
Potato virus X
Potato virus Y
Tobacco etch virus
Turnip yellow virus
Rice yellow mottle virus
Tomato bushy stunt virus
Cymbidium ringspot virus
Carnation Italian ringspot virus
Tobacco mosaic virus
Tomato mosaic virus
Turnip yellow mosaic virus
Tomato spotted wilt virus
Rice hoja blanca virus
African cassava mosaic virus
Tomato yellow leaf curl virus
Mungbean yellow mosaic virus

P38
2b

Clostrovirus
Comovirus
Hordeivirus
Pecluvirus
Polerovirus
Potexvirus
Potyvirus

Sobemovirus
Tombuvirus

Tobamovirus
Tymovirus
Tospovirus
Tenuivirus
Geminivirus

P21
P20
S protein
yb
P15
P0
P25
HcPro

PI
P19

P30
P69
NSs
NS3
AC2
C2
C2

such as Agrobacterium and P. syringae, by delivering bacterial suppressors of RNA silencing
(BSR) (Mosher and Baulcombe, 2008). It had been previously mentioned that plants can sense
modifications made to RNA silencing mechanisms by virus suppressor proteins (VSP). The
plant can reply by employing different strategies, including resistance protein-mediated
recognition of viral suppressor of RNA silencing (VSR) and enhancement of innate immune
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responses. Moreover, the plant can reply by transcriptional or post-transcriptional stimulation
of RNA silencing components or by the direct use of cellular sRNA as sensors or guards
against viral intrusions (Ruiz-Ferrer and Voinnet, 2009).
2.3. Fungal and oomycete suppressors of plant defenses
The understanding of plant defense suppression by viruses and bacteria is more established
and better documented compared to defence suppression by fungi and oomycetes (Bouarab et
al, 2002; Abramovitch et al, 2003; El Hadrami et al, 2009). Host susceptibility against
fungal pathogens is related to suppressors that work through the alteration of secondary
metabolism pathways, including those leading to phytoalexin production, suppression of other
defense-related genes, and interference with plasma membrane ATPases and transmembrane
signalling cascades (El Hadrami et al, 2009). A limited number of examples of effectormediated suppression have been described (Table 3). For example, the Avr3a gene from
Phytophthora infestans was shown to suppress cell death throught interaction with and
stabilization of Potato E3 Ubiquitin Ligase CMPG1 (Bos et al, 2006; de Jong and Van den
Ackerveken, 2009; Bos et al, 2010). Suppression of defense or induction of susceptibility has
been observed by transient expression of powdery mildew effectors Avr-alO and Avr-kl in
planta. Overexpression of these effectors in single cells by ballistic assays was found to
enhance infection success in susceptible host plants (Ridout et al, 2006; de Jong and Van den
Ackerveken, 2009). Biotrophic fungal and oomycete pathogens share some common
mechanisms for invading plants and retrieving nutrients. To suppress the plant immune
system, these pathogens secrete and translocate effector proteins and many of these proteins
are transported inside the host cell (de Jong and Van den Ackerveken, 2009). In 1974, Ouchi
et al. (1974) found evidence of induced host susceptibility against non-virulent isolates of
powdery mildew after infection with virulent isolates. Oomycetes have evolved protease
inhibitors to counteract plant proteases that are secreted in the apoplast as a plant defense
response. P. infestans EPI1 and EPI10 are two kazal-like proteins that interact and inhibit
pathogenesis-related tomato subtilisin-like ser-protease p69B (Tian et al, 2005; de Jong and
Van den Ackerveken, 2009). Fungal and oomycete effectors generally can be divided into
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either those that are found in the extracellular matrix, and secreted into the apoplast or xylem
of host, or those cytoplasmic effectors that are translocated inside the host cell (Bohnert. et al,
2004). The extracellular effectors suppress some extracellular plant defense response
including antimicrobial proteins, like PR proteins (van Loon et al, 2006).
Table 3. List of known fungal suppressors (EI Hadrami et al, 2009).
Pathosystem

Chemical nature of
the suppressor

Origin of the
suppressor

Potato x
P. infestans

Anionic and nonanionic
glucans / kazal-like
extracellular serine
proteases
Glucans

Germination
fluid and
hyphae

Glycopeptides

Germination fluid

Chickpea x
A. rabiei

Glycoprotein

Culture filtrate

Phytoalexin

Cultivar-race

Onion x
Botrytis sp.

Peptide

Germination fluid

Infection

Species /plasma
membrane

Kodama et al,
1989

Cucumber x
M. melonis
Soybean x P.
megasperma
f. sp. glycinea
Chrysanthem
umxM
ligulicola
Beanx
U. phaseoli

Glycopeptides

Germination

Infection

Species/ad.

Mannanglycoproteins/invertase

fluid
Culture filtrate

Phytoalexins

Cultivarrace/ad.

Oku et al,
1987
Ziegler and
Pontzen, 1982

Glycopeptides

Germination fluid

Infection

Species/ad.

Oku et al,
1987

ad.

Infection structures

Infection/silicon
deposits

Species/ad.

Heath et al,
1981

Tomato x
P. infestans
Peax
M. pinodes

Germination fluid

Suppressed
Specificity
mode of action
defense
responses
Superoxide/HR/p ^ultivarrace/NADPH
hytoalexin/host
proteases
oxidase/
inhibit host
proteases
HR/phytoalexin Cultivarrace/ad.
Species/ATPas
Phytoalexin/PRs
/Infection
e

Reference

Doke, 1975

Tian et al,
2004
Storti et al.,
1988
Kessmann and
Barz, 1986;
Oku et al,
1977;
Shiraishi et
al, 1992
Kessmann and
Barz, 1986

n.d. = not determined
Fungal effectors have a low degree of conserved sequences, even though they have common
features. Some are intracellular and are translocated into host cells by unknown mechanisms
(Ridout et al, 2006; Ioannis and Pierre, 2009). Others are extracellular effectors that need to
37

INTRODUCTION

be processed by plant or fungal proteases to yield mature active proteins. Extracellular
effectors and some of cytoplasmic effectors have multiple cysteine residues (Ioannis and
Pierre, 2009). Cysteine residues might be involved in disulfide bridge formation that provides
protein stability in the harsh protease-rich environment of the host apoplast. Some cytoplasmic
effectors like those of Melampsora lini possibly need proper folding and disulfide-bridge
formation outside the host before being taken up (Ioannis and Pierre, 2009).
3. Botrytis cinerea
Botrytis cinerea (teleomorph: Botryotinia fiickeliana; Figure 16) is a necrotrophic fungal pathogen
mat belongs to the phylum Ascomycota and the family Sclerotiniaceae. Necrotrophs secrete toxic
molecules and lytic enzymes that kill host cells, which are followed by decomposition of the plant
tissue and consumption by the pathogens for their own growth (Van Kan, 2006). Thus, B. cinerea
kills host cells at very early stages in the infection, causes extensive tissue damage, and produces a
variety of phytotoxins leading to host cell death (Glazebrook, 2005). Hyphal cells

Figure 16: B. cinerea as it would appear under high power on a light microscope:
a, conidiophore of B. cinerea bearing grapelike clusters of spores (conidia); b, sporulating tip
of a conidiophore; c, mature conidia (drawing by L. Gray, 2000 http://ipm.illinois.edu
/diseases/series900/rpd942/index.htmt). d, conidiophores and mature conidia of B. cinerea as
seen under light microscope (Williamson et al, 2006).
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in botrytis are multinucleate and,frequentlyheterokaryons, so that any change in nutrition or
environment leads to changes in morphological expression and production of different forms of
sclerotia, conidia, metabolic cabability, growth rate, and other morphological and physiological
features (Lorbeer, 1980).
3.1. Host range
Botrytis cinerea has more than 200 host plant species, including crops of differing economic
importance, ranging from protein, oil, fibre and horticultural crops (Shah et al, 2009). It is
able to infect plants over a wide range of temperatures in tropical and subtropical regions. It
can cause disease symptoms in all aerial plant parts, where it produces prolific grey
conidiophores and (macro) conidia. It can also infect fruits, both pre- and post-harvest
(Ernesto, 1998; Williamson et al. 2007). Concomitant with its wide host range, botrytis
exhibits high genetic diversity among different strains and shows a degree of specificity
against some hosts (Giraud et al, 1997; Albertini et al, 2002). Botrytis strains isolated from
tomato are more virulent on tomato leaves than strains isolated from grapes, as mentioned by
Derckel et al, (1999) and Cotoras and Silva (2005).
3.2. Pathogenicity and life cycle
Botrytis cinerea produces many different compounds that contribute to its pathogenicity such
as cell wall-degrading enzymes, toxins, and other low-molecular-weight compounds such as
oxalic acid. It has been suggested that the pathogen prompts the host to induce programmed
cell death as an attack strategy (Williamson etal. 2006). Compatible interaction begins with the
germination of conidia on the leaf surface, followed by formation of appressoria, which
facilitate hyphal penetration into the epidermal cells and the formation of haustoria within
these cells. Botrytis cinerea exploits different infection modes of entry; thus, tubes of
germinated conidia are able to penetrate through injuries, natural openings like stomata, or
intact, healthy plant tissues (Ernesto, et al, 1998). Once the pathogen has entered the cells,
haustoria are separated from the host cytoplasm by a host membrane that is contiguous with
the plasma membrane. Hyphae consequently grow throughout the leaf, penetrating mesophyll
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cells where they form additional haustoria (Glazebrook, 2005). With the progress of infection,
the fungus increases its biomass within the host tissue (Ernesto et al, 1998). After one week,
conidiophores emerge from the stomata, and mature conidia are formed (Glazebrook, 2005).
Under appropriate weather conditions, new infections start on the most susceptible plants.
Humidity and high temperature are highly favourable conditions for the spread of the disease,
but Botrytis can also infect plants over a wide range of weather conditions (Williamson et al,
2006). For some Botrytis spp., sclerotia develop in dead plant tissue and form the fungal
overwintering stage. Fungal mycelia can also last over winter in woody stem remains, where
they form sclerotia that will germinate in the spring. Conidia can be windborne or rain
splashed to cause new infections on susceptible host tissue (Agrios, 2005; Figure 17).

Figure (17) represents the life cycle of Botrytis gray mould diseases (Agrios, 2005).
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3.3. Disease Symptoms caused by B. cinerea
Botrytis cinerea uses many ways to affect its plant hosts in different life stages and in different
areal parts of the plants (Figure 18 b). By attacking the stem, it may cause damping-off and
collapse of the seedling, while it causes stem canker and crown rot in mature plants (Figure
18a). In the case of flowers, it causes blossom blight, followed by flower abortion and soft rots
of young fruit at the calyx end, and soft rots or ghost spot in both green and mature fruits. On
plant leaves, Botrytis causes white to dark brown watery spots. Symptoms start usually with
water-soaked spots, after which the infected tissue becomes soft and watery with the aid of
high humidity. Grayish-brown mould with a web of mycelium and thousands of spores
develops over the surface of damaged tissues (Figure 18c) (Pappas, 2000; Williamson et al,
2006).
3.4. Infection by enzymatic action
Kars and Van Kan (2004) were the first to mention that enzymatic activity is involved in
penetrating the intact plant surface. In addition to its ability to invade plants from damaged or
dead tissue, B. cinerea is able to invade plants through intact plant tissues. Upon landing on
the plant surface, conidia of this pathogenic fungus attempt to stick to it through interactions
between the conidia cell wall and the plant cuticle, and then attempt to cross it to penetrate the
leaf. Conidia encounter many barriers to penetration such as the wax layer, cuticle layer, and
plant cell wall. During Conidia germination (Figure 19), lipase is secreted to degrade the
hydrophobic wax layer, releasing fatty acid monomers. These monomers stimulate the
pathogen to massively produce cutinase, which will allow the dissolution of the cuticular
barrier (Van der Vlugt-Bergmans et al,

1997). Many enzymes involved in Botrytis

pathogenicity

such

have

endopolygalacturonase,

been

reported

exopolygalacturonase,

as
pectin

pectinases,
lyase

polygalacturonases,

and pectate

lyase,

and

rhamnogalacturonan hydrolase (Kars and Van Kan, 2004). Non-pectinolytic cell walldegrading enzymes, such as cellulases, xylanases and arabinases, are also produced. Other
enzymes potentially involved in pathogenesis are aspartic proteases and laccases
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Figure 18: Disease Symptoms on tomato plants caused by B. cinerea
(A) Botrytis cinerea causes diseases in tomato fruits when either green or mature. The
symptoms are ghost spots (A left panel), fruit rot (A middle panel) or gray mould (A right
panel). Botrytis also attacks stems and flowers (B), the symptoms are blossom blight and stem
cancker that can reach to the fruit and cause soft rots of young fruit (all B panels). On plant
leaves and leaf petioles, Botrytis causes white to dark brown watery spots with a web of
mycelium and conidia over the surface of damaged tissues (C).
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(Kars and Van Kan, 2004). Pectin hydrolysis by pectinases not only weakens the cell wall to
facilitate penetration and colonization of the host, but it also serve as a carbon source for
growth of the fungus, which seems to be crucial in the infection process of B. cinerea (Kars
and Van Kan, 2004)

Figure 19. Scanning microscope represents developmental stages taking place
throughout B. cinerea infection of plants:
a, appressorium; c, conidium; g, germ tube. Arrow heads indicate the demarcation of an area
around the site of contact (Van Kan, 2006)

3.5. Phytotoxins
Botrytis cinerea secretes nonspecific phytotoxins to kill cells across a large spectrum of plants.
The best known phytotoxin that it produces is the sesquiterpene botrydial. Botrydial is
produced during plant infection and induces chlorosis and cell collapse, which seems to
facilitate both penetration and colonization (Mathias et al, 2007). B. cinerea also produces a
wide range of secondary metabolites such as abscisic acid, and polyketide phytotoxins such as
botcinic acid that may play a role in its virulence (Collado et al, 2007)
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3.6. Polysaccharide
The exopolysaccharide (EPS) secreted by B. cinerea and called Cinerean is a P-(1,3)(1,6)-Dglucan. This EPS is used by the fungus as an adhesive on the plant surface. This EPS is
resistant to degradation by different types of P-(l-3) glucanases (Doss et al, 1993; Stahmann
et al, 1992). The results obtained by Cotoras and Silva (2005) suggest that early adhesion of
B. cinerea conidia would be an important factor in the virulence of this fungus. The EPS
might have multiple roles during plant disease such as adsorbing water from the surround
environment to facilitate the germination of the conidia, which need high humidity (Silipo et
al, 2010).
3.7. Botrytis cinerea activates hypersensitive response
Several elicitors and pathogens induce defense responses including the activation of the
hypersensitive response (HR), which is a type of programmed cell death (PCD, or apoptosis)
that occurs at or near the site of pathogen entry (Morel and Dangl, 1999; Heath, 2000). HR is
thought to confine the pathogen by stopping its spread from the site of attempted infection,
and is likely to involve active plant metabolism (Levine et al, 1996). Govrin and Levine
(2000) proposed that the cell death induced by B. cinerea is a form of HR, and that this
induction of cell death is an important component of virulence. Further support for the idea
that B. cinerea actively promotes a form of HR cell death has been provided by Dickman and
his colleagues (2001), they observed inhibition of HR cell death leads to enhanced resistance
to B. cinerea. El Oirdi and Bouarab (2007) tested whether or not B. cinerea activates the
plant-signalling pathways required for establishment of HR in order to restore disease. They
found that B. cinerea activates the expression of the two plant signalling components EDS1
and SGT1, which are required for HR-dependent resistance (Peart et al, 2002). EDS1- and
SGT1 -silenced plants are more resistant than control plants to B. cinerea. They also showed
that expression of the baculovirus antiapoptotic protein p35, which compromises the
establishment of HR, affects the disease caused by the necrotrophic pathogen. Thus, HR
seems to be one of the strategies used by B. cinerea to manipulate the immune system of the
plant and cause its disease.
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Aim and objectives
The tomato is the world's most popular fruit. More than 60 million tons of tomatoes are
produced annually. Bananas (44 million tons per year), apples (36 million tons per year),
oranges (34 million tons per year) and watermelons (22 million tons per year) are respectively
the third, fourth , fifth and sixth most pouplar fruits after tomato.Tomatoes are the primary
greenhouse-grown vegetable crop in all Canadian provinces. In Ontario, Quebec and British
Columbia, approximately 60% of total greenhouse vegetable production is devoted to
tomatoes (http://dsp-psd.pwgsc.gc.ca/collection_2009/agr/A118-10-24-2006E.pdf). B. cinerea
is one of the most commonly occurring disease-causing organisms in greenhouse crops. The
optimal conditions required for successful infection are similar to those required for optimal
production of tomato fruits. Consequently, great losses of tomato crops have resulted from B.
cinerea pre- and post-harvest infection. My study will help to understand how B. cinerea
causes disease in tomatoes and how this host can induce its immune system to combat this
pathogen. We are interested in understanding the molecular mechanisms involved in plantpathogen interactions and, specifically, in revealing the plant immune response that confers
resistance against necrotrophic pathogens. B. cinerea is an ideal candidate for the study of the
molecular interaction between necrotrophic pathogens and their hosts, and it has become an
important model for molecular studies for several reasons (Williamson et al, 2006). First, it is
one of the most comprehensively studied necrotrophic fungal plant pathogens (Van Kan,
2006), so that there is a great deal of information available regarding this organism. Second, it
has a wide range of host plants and is capable of infecting more than 200 species by using
multiple strategies to invade its hosts. Third, it is capable of infecting the host under a broad
range of environmental conditions. Fourth, many types of fungicides have failed due to the
high degree of genetic plasticity in B. cinerea. Finally, B. cinerea is suitable for molecular
genetic studies because of its ability to produce conidia, the availability of efficient
transformation protocols, molecular genetics tools, and EST databases (Williamson et al,
2006). Complete sequencing of its genome is now in progress
The previous findings of El Oirdi and Bouarab (2007) showed that the disease caused by the
plant necrotrophic pathogen B. cinerea was enhanced by two SA signalling components EDS1
and SGT1, which are important for HR-dependent resistance. As clearly described in the
introduction, SA can antagonize JA and vice versa. It has been shown that P. syringae
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manipulates the antagonistic effect between SA and JA to cause disease by producing an
analogue of JA (Brooks et al, 2005; Cui et al, 2005; Laurie-Berry et al, 2006). Any of the
necrotrophic pathogens studied until now are able to activate this antagonism between SA and
JA and to use it as a strategy to invade or promote disease in their hosts. These observations
led us to investigate whether or not B. cinerea overcomes host immunity and causes disease
by manipulating the antagonistic effect between SA and JA signalling pathways.
The objectives of this research were to study:
1: The importance of JA/SA cross talk in the interaction between B. cinerea and its tomato
host.
2: The role of SA in the establishment of the disease caused by B. cinerea at the molecular
level
We believe that this study will help in understanding how B. cinerea overcomes plant
immunity, which is one of the key steps in discovering new alternatives to the use of
pesticides.
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CHAPTER I
BOTRYTIS CINEREA MANIPULATES THE ANTAGONISTIC EFFECTS BETWEEN
IMMUNE PATHWAYS TO PROMOTE DISEASE DEVELOPMENT IN TOMATO
Plants have evolved a powerful and multi-layered defense system to fight infection by most
microbial organisms. Resistance against biotrophic pathogens usually requires salicylic acid
(SA) signalling, whereas the jasmonic acid (JA) pathway is needed to combat necrotrophic
pathogens. SA can antagonise JA signalling and vice versa. The article below gives evidence
that the necrotrophic pathogen Botrytis cinerea possesses a new specific virulence factor to
circumvent the JA-related defense pathway. The fungus manipulates the antagonistic effects
between SA and JA pathways as an important pathogenesis strategy to spread within the host.
Suppression of plant defense responses by manipulating the cross talk between their signalling
systems represents a sophisticated strategy used by B. cinerea to promote disease
development.
The results obtained in this work are presented in details in the next enclosed article. This
article was submitted to The Plant Cell.
El Oirdi M., Abd El Rahman T., Rigano L., El Hadrami A., Rodriguez M.C., Daayf F.,
Vojnov A., Bouarab K. (2011). Botrytis cinerea Manipulates the Antagonistic Effects
Between Immune Pathways to Promote Disease Development in Tomato.
Several authors contributed to the realization of this work. Their contribution is described
below; El Oirdi M., Bouarab K. and I designed the experiments, analysed the data and wrote the
manuscript. Together El Oirdi M., and I carried out all the experiments (I did the experiments
represented by the results shown in figure 6, supplemental figures 2 and 4 and qPCRs analysis
shown in figures 1 and 5 and El Oirdi M., did the rest), except the characterization of
exopolysaccharide EPS was done by Rigano L., Rodriguez M.C. and Vojnov. A. (Figure 3). The
quantification of JA and SA was done by El Hadrami A., and Daayf F., (Figure 5a and 7).
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ABSTRACT
Plants have evolved sophisticated mechanisms to sense and respond to pathogen attacks.
Resistance against necrotrophic pathogens generally requires the activation of the
jasmonic acid (JA) signaling pathway, whereas the salicylic acid (SA) signaling pathway
is mainly activated against biotrophic pathogens. SA can antagonise JA signalling and
vice versa. Here we report that the necrotrophic pathogen Botrytis cinerea exploits this
antagonism as a strategy to cause disease development. We clearly show that B. cinerea
produces an exopolysaccharide (EPS), which acts as an elicitor of the SA pathway. In
turn, the SA pathway antagonises the JA signalling pathway, thereby allowing the
fungus to develop its disease in tomato. Plants compromised in SA accumulation are
significantly less susceptible to B. cinerea than the wild type plants. We also showed that
the JA-signalling pathway required for tomato resistance against B. cinerea is mediated
by the systemin elicitor. These data highlight a new strategy used by B. cinerea to
overcome the plant's defense system and to spread within the host.
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INTRODUCTION
Plants fight microbial attacks using both constitutive and induced defenses which include
basal and highly specific resistance (Jones and Dangl, 2006). Basal resistance (PTI, for PAMP
Triggered Immunity) is very often mediated via the detection of pathogen-associated
molecular patterns (PAMPs). PAMPs include molecules that are associated with several
classes of pathogens, such as polysaccharides as well as bacterial flagellin (Jones and Dangl,
2006; Zipfel, 2009). However, adapted microbes express a suite of effector proteins that often
act to suppress these defenses. Plants have evolved other receptors (R proteins) that detect
these pathogen effectors and activate strong defenses called Effector Triggered Immunity
(ETI) (Jones and Dangl, 2006; Zipfel, 2009). The plant hormones salicylic acid (SA) and
jasmonic acid (JA) are major players in the regulation of signalling networks that are involved
in PTI and ETI (Jones and Dangl, 2006; van Loon et al, 2006; Bent and Mackey, 2007;
Zipfel, 2009) . In general, SA is required against biotrophic pathogens, while JA is effective
against necrotrophs which benefit from host cell death (Grant and Lamb, 2006). Cross talk
between SA and JA was reported to help the plant minimize fitness costs and create a flexible
signaling network that allows it tofine-tuneits defense responses against invaders (Mur et al,
2006; Koornneef and Pieterse, 2008). SA and JA signalling pathways can be either
antagonistic or synergistic, resulting in negative or positive functional outcomes (Mur et al,
2006; Koornneef et al, 2008; Koornneef and Pieterse, 2008). Pharmacological and genetic
studies show that both secondary messengers can be antagonistic (Spoel et al, 2003;
Glazebrook, 2005; Mur et al, 2006; Koornneef et al, 2008; Koornneef and Pieterse, 2008).
Induction of the SA response, either by pathogen infection or by exogenous application of SA,
strongly suppressed JA-responsive genes. It has been demonstrated recently that simultaneous
inoculation of Arabidopsis with a biotrophic and a necrotrophic pathogen resulted in impaired
resistance to the necrotrophic pathogen, demonstrating that the SA pathway that was activated
by the biofroph suppressed the level of JA-dependent resistance against the necrotroph (Spoel
et al, 2007). Conversely, JA signalling can act antagonistically on SA-dependent defenses
(Glazebrook, 2005). Pseudomonas syringae pv tomato (Pst) DC3000 produces the phytotoxin
coronatine, which functions as a JA-mimic and suppresses effectual SA-dependent defenses,
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thereby promoting susceptibility of the plant to this pathogen (Brooks et al, 2005; Cui et al,
2005; Glazebrook, 2005; Laurie-Berry et al, 2006). However, there are examples of
synergistic effects between SA and JA (Glazebrook, 2005; Beckers and Spoel, 2006).
Simultaneous activation of SA- and JA-dependent defense pathways results in enhanced
resistance to pathogenic P. syringae pv. Tomato (Pst) DC3000 compared to either defense
response alone (van Wees et al, 2000; O'Donnell et al, 2003). Application of low
concentrations of both SA and JA led to enhanced JA-response gene expression in the
combination treatment compared with JA alone (Mur et al, 2006).
The fungus Botrytis cinerea is a plant necrotrophic pathogen that colonizes senescent or dead
plant tissues, causes grey mould in vegetables and softening in fruits. Fungal hyphae can
penetrate plant tissues through wounds or natural openings and spread from previously
colonized dead tissues into healthy ones (El Oirdi and Bouarab, 2007). B. cinerea attacks
different plant tissues and has a broad host range of food crops including tomato, potato,
grapes, and strawberry and causes important economic losses, either in pre- or post-harvest
stages (Coley-Smith J.R. et al, 1980). Several virulence factors required for its pathogenicity
on different hosts have been previously described (Ferrari et al, 2003).
Successful pathogens have acquired multiple virulence factors to suppress host immunity for
their survival. Many pathogens inject a set of effector proteins into host cells through the type
III secretion system to interfere with host innate immunity (Hann et al, 2010). These effectors
and other virulence factors including exopolysaccharides have several targets for suppression,
including the hypersensitive response, expression of defense-related genes, cell wall-based
defenses, the plant proteasome system, stomatal closure and PAMP receptor (Bouarab et al,
2002; Abramovitch and Martin, 2005; Chisholm et al, 2006; Janjusevic et al, 2006; Nomura,
2006; Yun et al, 2006; Rigano et al, 2007; Hann et al, 2010). P. syringae pv tomato (Pst)
DC3000 manipulates the antagonistic effect between SA and JA to cause disease by producing
an analogue of JA (Brooks et al, 2005; Cui et al, 2005; Laurie-Berry et al, 2006). Any of the
necrotrophic pathogens studied until now are able to activate this antagonism between SA and
JA and use it as strategy to invade or promote their disease in their hosts. These observations
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led us to investigate whether B. cinerea overcomes host immunity and causes disease by
manipulating the antagonistic effect between SA and JA signalling pathways. Our findings
revealed that Botrytis cinerea possesses a virulence factor to circumvent the JA-related
defense pathway.
RESULTS
Botrytis cinerea-tomato interaction
Pathogenicity tests were carried out on tomato (Solanum lycopersicum Mill. cv. Moneymaker)
leaves inoculated with two isolates of B. cinerea, B191 and B8403. Detached leaves from
five-week-old tomato plants were inoculated with mycelium plugs (5-mm diameter) of either
isolates. Disease development was analysed four days post-inoculation. Inoculations of tomato
leaves with isolate B191 consistently yielded expanding disease lesions (Figure 1A). In
contrast, lesion expansion was not observed following inoculation of tomato leaves with the
B8403 isolate (Figure 1A). Disease severity was quantified by measuring the size of the
necrotic lesions. Isolate B191, but not B8403, induced highly necrotic lesions after four days
(Figure IB). We then tested whether or not absence of the disease in tomato leaves inoculated
with isolate B8403 was related to the activation of defense responses. Resistance to B. cinerea
has been known to be JA-dependent (Farmer and Ryan, 1992; Li et al, 2003; AbuQamar et
al, 2008). This led us to examine the expression levels of two JA-dependent genes, proteinase
inhibitors I and 77 (PI I and PI II). Interestingly, the B. cinerea isolate B8403 induced high
expression levels of JA-dependent genes, PI I and II (Figure IC). In contrast, expression of
these genes was lower in tomato inoculated with the virulent Bl91 isolate (Figure IC).
To further investigate the role of JA signalling in the resistance against B. cinerea isolate
B8403, we tested wild-type tomato cv. Castlemart and the jasmonate-deficient mutants defl
(Defenseless 1) and Spr2 (suppressor of prosystemin-mediated responses2) (Li et al, 2003).
Inoculation with the virulent isolate produced similar responses among wild-type plants, and
in defl and Spr2 mutants (Supplemental Figure 1 A and C). In contrast to wild-type tomato,
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Figure 1: Pathogenicity test in tomato leaves with two B. cinerea isolates
(A, B) Detached leaves from five-week-old plants were inoculated with 5-mm diameter plugs
of either B. cinerea B8403 or B191 isolates. Photographs were taken (A) and the lesion size
analysed (B), Four days post-inoculation (dpi). Error bars represent the standard deviation
from three independent experiments (n=45). Data sets marked with an asterisk are
significantly different from B8403-inoculated leaves as assessed by Student's Mest: *P <
0.001. (C) qPCR analysis of JA-dependent genes expression PI I and PI II. Five-week-old
plants were sprayed with either 106 spores/ml of B. cinerea B191 or B8403 isolate, or H 2 0;
samples were harvested for RNA extraction 0, 24 and 48 h after inoculation. qPCR was
carried out with specific primers for tomato PI I, PI II and Actin (control) as described in
Methods and supplemental table 2. Values represent means ± SD from three biological
replicates.
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defl and Spr2 tomato mutants were susceptible to the B. cinerea isolate B8403. The sizes of
lesions on leaves of the defl and Spr2 mutants inoculated with isolate B8403 were
approximately two-fold larger than those from wild-type plants (Supplemental Figure 1 B and
D). These results suggest that JA signalling is involved in tomato resistance to B. cinerea
isolate B8403, which is consistent with previous reports (AbuQamar et al, 2008).
Systemin is involved in tomato resistance against B. cinerea
The polypeptide systemin is a known elicitor of JA signalling in tomato (Farmer and Ryan,
1992; Li et al, 2003; AbuQamar et al, 2008). We evaluated whether or not systemin is
involved in tomato resistance to B. cinerea. Quantitative RT-PCR analysis showed that either
isolates induced expression of systemin in tomato (Figure 2 A). In contrast to wild-type
tomato, systemin antisense line (AS) was susceptible to isolate B8403. The lesion size on
leaves of the AS line inoculated with isolate B8403 were approximately two-fold larger than
those from wild-type plants (Figure 2 B). Interestingly, PI I and II expression levels induced
by isolate B8403 were systemin-dependent (Figure 2C), suggesting that resistance of tomato
to B8403 is systemin dependent.
B. cinerea secretes an exopolysaccharide that acts as a suppressor of JA signalling
pathway
B. cinerea has been shown to produce an exopolysaccharide (EPS) known as p -(1,3)(1,6)-Dglucan (Dubourdieu et al, 1981; Stahmann et al, 1995). EPSs are high molecular-weight
carbohydrates that are produced by several pathogenic fungi and bacteria. They have been
established as key virulence factors and some are involved in suppression of plant immune
responses (Yun et al, 2006; Rigano et al, 2007). We first purified the EPS from the virulent
isolate B191, as described in Methods. The EPS was first observed by atomic force
microscopy (Figure 3A). The results showed that the contour length of the EPS was between
6.5 to 9.67 A and the end-to-end distances of the molecules was between 0.9 to 1.26 urn,
demonstrating that the EPS is a high molecular weight polysaccharide (Figure 3A). To
determine the nature of this EPS, acid hydrolysis was performed and the products were
analysed by thin layer (TLC) and gas chromatography (GC). Pure glucose, galactose and
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B8403
WT

B191
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Figure 2: Systemin is involved in the interaction between tomato and B. cinerea
(A) qPCR analysis of systemin gene expression . Five-week-old plants were sprayed with
either 106 spores/ml of B. cinerea B191 or B8403 isolate and then 0, 6 and 12 h later leaves
were used to extract RNA. qPCR was carried out with specific primers for tomato prosystemin
and Actin (control) as described in Methods and supplemental table 2. Values represent means
± SD from three biological replicates.
(B) Tomato leaves expressing the antisense of prosystemin (AS) are susceptible to the isolate
B8403. Detached leaves from five-week-old wild type (WT) and prosystemin antisenseexpressing plants were inoculated with 5-mm diameter plugs of B. cinerea B8403.
Photographs were taken (B, left panel) and lesion size (B, right panel) analysed, 4 dpi. Error
bars represent the standard deviation from three independent experiments (n=45). Data sets
marked with an asterisk are significantly different from inoculated-WT leaves as assessed by
Student's Mest: *P < 0.001. (C) PI I and // expression levels induced by B8403 are systemindependent. Five-week-old WT and AS plants were sprayed with 106 spores/ml of B. cinerea
B8403 isolate and then 48 h later leaves were used to extract RNA. Expression levels of PI I
and PI II relative to Actin. qPCR was carried out with specific primers for PI I and // and
Actin (control) as described in Methods and supplemental table 2. Values represent means ±
SD from three biological replicates.
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Figure 3: B. cinerea secretes a p-(l,3)(l,6)-D-glucan (EPS)
(A-G) Characterisation of the EPS produced by B. cinerea. (A) Atomic Force Microscopy
image of the pure EPS. (B) Thin Layer Chromatography of the hydrolysed EPS (HEPS).
Glucose (Glc), mannose (Man) and galactose (Gal) are used as standards. (C) Gas
chromatography-mass spectrometry profiles of standards shown in B. (D) The sugar
derivatives from the hydrolysed EPS. (E) Heteronuclear ! H- 13 C chemical shift correlated
spectrum of the EPS. (F) 13C and JH NMR assignments of the EPS. Letters in brackets refer to
glucopyranose units shown in E. (G) A possible repeating unit for the EPS produced by B.
cinerea. A, B and C refers to letters in brackets shown in F. (H) Quantification of the EPS
amount (in u,g per mg dry weight) produced in PDB medium by B191 and B8403 isolates.
Error bars represent the standard deviation (n=3). The experiment was repeated at least three
times with similar results.
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mannose were used as controls. TLC and GC experiments showed that the main monomelic
constituent of the EPS was glucose (Figure 3B-D). Glycosidic linkages were determined by
two-dimensional nuclear magnetic resonance analysis (Figure 3E). The 13C HMQC analysis
showed signals indicating the presence of a p (l-3)-glucan backbone, namely 102.88 ppm (C1), 73.64 ppm (C-2), 87.09 ppm (C-3), 69.91 ppm (C-4), 76.67 ppm (C-5) and 60.84 (C-6). C1 signals at low field and H-l signals at high field indicated a P-configuration. There was an
additional signal corresponding to anomeric carbon at 102.92 ppm (Figure 3F). This, together
with the downfield displacement of the signal corresponding to C-6 at 68.56 ppm, indicates
some degree of substitution at the C-6 position by p-D-glucopyranosyl stubs on the main
backbone (Figure 3B-F). Signals at 72.42, 76.76 and 60.86 ppm can be respectively attributed
to C-2, C-3 and unsubstituted C-6 of the aforementioned 6-linked stubs. These data suggest
that the EPS produced by isolate B191 corresponded to the P-(l,3)(l,6)-D-glucan that has
been described previously (Dubourdieu et al, 1981; Stahmann et al, 1995) (Figure 2G).
Interestingly, we found that isolate B191, which causes disease in tomato, produces large
quantities of the EPS, whereas isolate B8403 produces much lower amounts (Figure 3H).
These results led us to investigate the role of this glucan in the disease caused by B. cinerea.
Tomato leaves were sprayed with 50 ug/ml of purified EPS 24 h before inoculation with
either B. cinerea isolate, B191 or B8403 (Figure 4). Remarkably, leaves of tomato pre-treated
with EPS showed disease symptoms in response to isolate B8403. However, mock-treated
plants were still resistant to B8403 (Figure 4A). The sizes of lesions recovered from B8403inoculated leaves of tomato plants that had been pre-treated with the EPS were approximately
two-fold larger than those of the mock-treated plants (Figure 4B). The symptoms and necrotic
lesions induced by the virulent isolate B191 in plants pre-treated with EPS were similar to the
mock-treated ones (Figure 4A and B).
We then examined five other B. cinerea isolates for EPS production and lesion development
on S. lycopersicum cv Moneymaker as described below. Results showed that the lesion areas
caused by B. cinerea isolates are correlated with the concentration of EPS that they produced
(Supplemental Figure 2A and B). This suggests that EPS plays an important role in the
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Figure 4: P-(l,3)(l,6)-D-glucan induces susceptibility of tomato to B. cinerea

by

suppressing JA signalling
(A-B) inoculation of tomato leaves with B. cinerea isolates B191 and B8403. Five-week-old
tomato plants were sprayed with H 2 0 or EPS; 24 h afterwards, detached leaves were
inoculated with 5-mm diameter plugs of either B. cinerea B8403 or B191 isolate. Photographs
were taken (A) and disease size was analysed, 4 dpi (B). Error bars represent the standard
deviation from three independent experiments (n=45). Data sets marked with an asterisk are
significantly different from inoculated mock-treated plant leaves according to Student's r-test
at *P < 0.001. (C) Expression levels of tomato PI I and PI II relative to Actin. Five-week-old
plants were sprayed with H 2 0 or EPS; 24 h after treatment, tomato plants were sprayed with
either 106 spores/ml of B. cinerea B191 or B8403 isolate, or H 2 0 ; 0, 24 and 48 h after
inoculations, samples were harvested for RNA extraction. qPCR was carried out with specific
primers for tomato PI I, PI II and Actin (control) as described in Methods and supplemental
table 2. Values represent means ± SD from three biological replicates.
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virulence of B. cinerea. As several EPSs are plant defense suppressors, (Yun et al, 2006;
Rigano et al, 2007) we then investigated if P-(l,3)(l,6)-D-glucan suppresses JA-dependent
defense markers (PI I and II) induced by isolate B8403 in tomato. Five-week-old tomato
plants were pre-treated with either water or EPS 24 h before inoculation, which was carried
out by spraying the plants with spores (106 spores/ml) of either isolate. The plants were then
incubated in a high-humidity growth chamber, with samples harvested at 0, 24, and 48 h postinoculation. Transcript levels of PI I and 77 were detected by qPCR. Significant reduction in
PI I and PI II expression was observed in inoculated leaves pre-treated with EPS, compared to
those pre-treated with water (Figure 4C). We conclude that the EPS permits B. cinerea growth
in tomato by compromising JA-dependent defenses. The minimal concentration of EPS
required to restore disease symptoms was 25 p-g/ml and the minimum time between EPS
treatment and inoculation that was required to observe the suppression effect was 12 h
(Supplemental Figure 3 A and B). We estimated the level of EPS produced by a 48-h culture in
PDB (Potato Dextrose Broth) medium of isolate B191 to be 160 ug/ml. This suggests that the
concentration of the EPS used in this study was physiologically relevant.
B. cinerea manipulates, through its EPS, the antagonism between SA and JA in order to
cause disease in tomato
P-glucans are also known to act as elicitors of plant immune responses, including SAdependent defense (Klarzynski et al, 2000). Since isolate B191 produced large quantities of
the EPS, we then tested whether or not this fungus and its EPS induce SA accumulation in
tomato. Five-week-old tomato plants were sprayed with water, or with 106 spores/ml of
isolates B191 or B8403. The accumulation of SA was quantified by HPLC 12 and 24 h after
inoculation. In contrast, five-week-old tomato plants were sprayed with either water or P(l,3)(l,6)-D-glucan (50 ug/ml) and samples were harvested 3 and 6 h after treatment for SA
quantification. Our experiments showed that, in contrast to water-treated and B8403inoculated tomato plants, those inoculated with isolate B191 and treated with the EPS
accumulated SA (Figure 5A).
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Figure 5: p-(l,3)(l,6)-D-glucan induces the accumulation of SA, which enhances
susceptibility of tomato to B. cinerea
(A-) SA accumulation in tomato in response to B. cinerea inoculations and the EPS treatment. Fiveweek-old tomato plants were sprayed with either 106 spores/ml of B. cinerea B191 or B8403 isolate,
(A, left panel) or EPS (A, right panel); water spray was used in both cases as a control; 12 and 24 h
after inoculation (A, left panel) or 3 and 6 h after EPS treatment (B, right panel), samples were
harvested for SA quantification. Error bars represent the standard deviation (n=3). Data sets marked
with an asterisk are significantly different from either mock-treated or B8403-inoculated plants as
assessed by Student's f-test at*P < 0.001. (B, C) SA induces susceptibility of tomato to B. cinerea.
Five-week-old tomato plants were treated with 0, 0.05, 0.5 or 2.5 mM of SA and detached leaves
from treated plants were inoculated with 5-mm diameter plugs of B. cinerea B8403 isolate.
Photographs were taken (B) and lesion size analysed (C), 4 dpi. Error bars represent the standard
deviation from three independent experiments (n=45). Data sets marked with an asterisk are
significandy different from mock-treated plants as assessed by Student's Mest: * P < 0.001. (D)
Expression levels of tomato PI I and PI II relative to Actin. Five-week-old plants were treated with
SA or sodium phosphate buffer (control); 24 h after treatment, tomato plants were sprayed with 10
spores/ml of B. cinerea B8403 isolate or H 2 0; 0, 24 and 48 h after inoculation, samples were
harvested for RNA extraction. qPCR was carried out with specific primers for tomato PI I, PI II and
Actin (control) as described in Methods and supplemental table 2. Values represent means ± SD
from three biological replicates
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Here we have shown that EPS induces tomato susceptibility to B. cinerea, suppresses
expression of the JA-dependent genes PI I and PI II, and induces the accumulation of SA
(Figures. 4 and 5). As it has been clearly established that SA can antagonise JA, we then
tested if SA itself induces susceptibility of tomato to the isolate B8403. Five-week-old tomato
plants were watered and sprayed with 0.05, 0.5 or 2.5 mM of SA, and 24 h afterwards,
detached leaves were inoculated with mycelium plugs of isolate B8403. As shown in Figure
5B, plants pre-treated with SA became susceptible to B8403 and this susceptibility varied with
the SA concentration. The lesion sizes recovered from SA-pre-treated leaves inoculated with
B8403 are significantly larger than those recovered from water-treated leaves (Figure 5C).
Interestingly, a significant reduction in PI I and PI II expression was observed in B8403inoculated leaves that had been pre-treated with SA, compared to those pre-treated with buffer
(Figure 5D). SA-deficient NahG plants (Brading et al, 2000) were also less susceptible to B.
cinerea (Figure 6).
In addition, EPS-induced tomato susceptibility to B. cinerea was affected in NahG plants,
suggesting that the EPS effect occurred through the SA pathway (Figure 6B and C). We then
tested whether EPS enhances susceptibility of JA-deficient mutant's defl and spr2 to B.
cinerea isolate 8403. Plants were pretreated with EPS (50 |ig/ml) and 24h later, detached
leaves were inoculated with isolate B8403 as described below. EPS did not enhance
susceptibility of defl and spr2 mutants to B. cinerea compared to mock treatment
(Supplemental Figure 4). These results clearly demonstrate that B. cinerea uses its EPS to
manipulate the antagonistic effect between SA and JA to enhance grey mould expression in
tomato. As the EPS induces accumulation of SA in tomato (Figure 5), we tested if it confers
resistance against the hemibiotrophic pathogen P. syringae pv. tomato (Pst) DC3000.
Interestingly, three days after inoculation with virulent P. syringae pv. tomato (Pst) DC3000,
plants pre-treated with EPS displayed an eight-fold lower bacterial titer compared to the
mock-pre-treated plants, confirming that the EPS induces the SA signalling pathway
(Supplemental Figure 5). To investigate whether both isolates regulate the JA signalling
pathway up- or downstream of JA synthesis, the accumulation of JA was assessed using
UPLC-MS-MS. Tomato plants were
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Figure 6: EPS-induced tomato susceptibility to B. cinerea occurs through SA.
(A) Detached leaves from wild type or SA-deficient NahG plants were inoculated with 5-mm
diameter plugs of either B. cinerea B8403 or B191 isolate and disease size was analysed 4 dpi
(B, C) Five-week-old tomato wild type and NahG plants were sprayed with H2O or EPS (50
ug/ml); 24 h after detached leaves were inoculated with 5-mm diameter plugs of either B.
cinerea B191 (B) or B8403 (C) isolate and disease size was analysed 4 dpi. Error bars
represent the standard deviation from three independent experiments (n=45). Within each
figure, letters above bars indicate statistical significance; bars not sharing letters represent
significant mean differences at P<0.001.
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sprayed with water, 106 spores/ml of isolates B191 or B8403. Samples were harvested for JA
quantification at 0, 12 and 24 hpi. Both isolates induced the accumulation of JA, about 9-fold
the mock-treated plants (Figure 7). These results suggest that the suppression of JA-dependent
PI I and PI II expression induced by the virulent isolate B191 but not B8403 is mainly
downstream of JA synthesis pathway.
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Figure 7: JA accumulation in response to B. cinerea inoculation
Quantification of JA after B. cinerea inoculation. Tomato plants were sprayed with water, or
with 106 spores/ml of isolates B191 or B8403. The accumulation of JA was quantified using
UPLC-MS-MS, 0, 12 and 24 h after inoculation. The data presented are the means of three
biological replicates and error bars represent the standard deviation.
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DISCUSSION
The intimate relationship between eukaryotes and microbial pathogens has led to co-evolution
of a number of complex strategies for attack and defense. Plants have evolved a powerful and
multi-layered defense system to fight infection by most microbial organisms. It has become
clear that different defense pathways are differentially effective against specific types of
invaders. In general, biotrophic pathogens that entirely depend on nutrients supply from the
host's live cells are more sensitive to SA-dependent responses, whereas necrotrophic
pathogens that benefit from host cell death usually are better controlled by JA-dependent
defense (Glazebrook, 2005). The role of SA signaling in plant resistance to B. cinerea is
complex. Although it contributes to resistance of Arabidopsis against B. cinerea, it does not
appear to play a major role (Glazebrook, 2005). Using JA-deficient mutants, it was shown
recently that additional pathways modulate A. thaliana-B. cinerea interactions (Rowe et al,
2010). Pharmacological and genetic experiments have revealed that SA- and JA-dependent
pathways are reciprocally antagonistic (Beckers and Spoel, 2006; Mur et al, 2006; Koornneef
et al, 2008; Koornneef and Pieterse, 2008). This antagonism has been shown to be SA- and
JA-dose dependent (Beckers and Spoel, 2006; Mur et al, 2006; Koornneef et al, 2008;
Koornneef and Pieterse, 2008). Cross-talk between SA and JA presumably reduces fitness
costs of inappropriate resistance and provides the plant with a regulatory potential to fine-tune
the defense reaction based on the nature of the pathogen. P. syringae produces the phytotoxin
coronatine, which functions as a JA analog. During the interaction with susceptible
Arabidopsis plants, coronatine suppresses SA-dependent defenses, thereby promoting
susceptibility to this pathogen (Brooks et al, 2005; Cui et al, 2005; Laurie-Berry et al,
2006). Silverleaf whitefly induces SA-based responses and suppresses otherwise effective JA
defenses. However, the mechanism by which this SA is accumulated is still unknown. (Zarate
et al, 2007). On the other hand, infection with biotrophic P. syringae, which induces SAmediated defense, rendered plants more susceptible to the necrotrophic pathogen Alternaria
brassicicola by suppression of the JA signalling pathway (Spoel et al, 2007). It has not been
previously demonstrated that a necrotrophic pathogen can itself activate this antagonism as a
strategy to cause disease. Our results clearly show that B. cinerea produces an EPS which
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activates the SA pathway. In turn, the latter antagonises the JA signalling pathway, thereby
allowing the fungus to enhance its disease in tomato (Figure 8). Soil bacteria belonging to
various genera of the order Rhizobiales (collectively called rhizobia) are able to invade
legume roots in nitrogen-limiting environments, leading to the formation of a highly
specialized organ, the root nodule (Soto et al, 2006; Jones et al, 2007). Bacterial
exopolysaccharide (EPS) is required for the establishment of the nitrogen-fixing symbiosis
between Rhizobium meliloti and its host plant, Medicago sativa (alfalfa) (Gonzalez et al,
1996). EPSs are involved in nodule invasion by Sinorhizobium meliloti (Niehaus et al, 1993;
Hoang et al, 2004; Jones et al, 2008). On the other hand some EPSsfromS. meliloti suppress
defense responses to optimize the symbiosis success (Niehaus et al, 1993; Hoang et al, 2004;
Jones et al, 2008).
Our results show that B. cinerea induces, through its EPS, the accumulation of SA which
suppresses the JA signalling pathway downstream of JA synthesis. Doares et al. (Doares
et al, 1995) provided evidence that exogenous application of SA to tomato plants strongly
inhibits the JA-induced expression of genes encoding PI I and II, suggesting that SA
targets the JA pathway downstream of JA biosynthesis. Recently, Leon-Reyes et al. (2010)
showed clearly that SA-mediated suppression of JA-responsive gene expression in
Arabidopsis is targeted downstream of the jasmonate biosynthesis pathway. NPRl
(nonexpresser of PR-1 genes) and the TGA-element binding protein family are very
important for the SA signalling pathway (Loake and Grant, 2007). These two regulators
are likely to play a role in the antagonism between SA and JA (Spoel et al, 2003; Yuan et
al, 2007). It was shown recently that Ethylene, another plant hormone, modulates the
antagonism between SA and JA that is mediated by NPRl (Leon-Reyes et al, 2009).
Overexpression of the SA-regulated glutaredoxin GRX480 was found to antagonize JAresponsive PDF1.2 transcription; this suppression requires NPRl and TGA transcription
factors (Ndamukong et al, 2007). B. cinerea may manipulate these factors to establish the
antagonism between SA and JA signalling, thus enhancing its disease in tomato, but
experimental evidence for this should be obtained in future studies. We also show that
systemin is involved in resistance of tomato to B. cinerea. Systemin is an 18-aa peptide
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Figure 8: Proposed model showing how B. cinerea manipulates the antagonistic
effects between SA and JA to spread in its host, tomato
Tomato resistance to B. cinerea requires the production of systemin, which leads to the
activation of JA signalling, including the accumulation of proteinase inhibitors I and II. B.
cinerea produces the exopolysaccharide |3-(l,3)(l,6)-D-glucan, which acts as an elicitor of
SA. SA inhibits JA signalling; consequently B. cinerea causes disease in tomato by
manipulating this antagonistic effect between SA and JA throughout P-(l,3)(l,6)-Dglucan.
that is derived from a 200-aa precursor called prosystemin, which is released from the
wound site, triggering defense responses (Ryan and Pearce, 2003). Systemin has been
shown to accumulate in members of the solanaceae family including tomato, potato, pepper
and tobacco (Constabel et al, 1998; Ryan and Pearce, 2003; Pearce et al, 2009; Heiling et al,
2010). The ability of B. cinerea to manipulate the antagonistic effect between SA and J A
pathways, through the EPS elicitor-induced SA, distinguishes it from all other fungi, which, as
far as we are aware, have not been reported to activate this antagonism and use it as a strategy
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to infect their hosts. It will be of interest to examine whether other necrotrophic pathogens are
able to exploit this antagonism between SA and JA to cause or enhance their plant diseases.
Our data present an important advance in understanding the strategies used by pathogens to
manipulate their hosts. An exciting future challenge will be the biochemical and genetic
elucidation of this suppression effect, which may have implications for our understanding of
the strategies used by necrotrophic pathogens to overcome plant defenses and subsequently
establish disease. This is a pre-requisite for further development of a solid knowledge-based
integrated strategy towards management of diseases caused by necrotrophic pathogens.

METHODS

Pathogen growth conditions
B. cinerea wild-type isolates B191, B8403, 10-0364, 2026, 2029 and B87 that were used in
this study were provided by the Canadian Collection of Fungal Cultures (Agriculture and
Agri-Food Canada) and MAPAQ (Quebec Ministry of Agriculture, Fisheries and Food).
These isolates were sub-cultured as previously described (El Oirdi and Bouarab, 2007; El
Oirdi et al, 2010).
Plant material
5". lycopersicum cv Moneymaker, S. lycopersicum cv Castlemart cultivars, Defl, prosystemin
antisense and Spr2 mutants were grown on soil in a growth chamber at 60% relative humidity
and under a long-day photoperiod consisting of a 16-h light regime with a photosynthetic
photon flux density of 150 umol photons-m~2-s~' at 23°C, followed by an 8-h dark period at
18°C.
Plant inoculations
Detached leaves from 5-week-old tomato plants were inoculated as previously described (El
Oirdi and Bouarab, 2007; El Oirdi et al, 2010).
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For glucan treatments, leaves of 5-week-old plants were sprayed with purified glucan (50
ug/ml) containing 0.02% Silwet L-77 to reduce surface tension. For SA treatments, plants
were watered with 0.05, 0.5 or 2.5 mM of salicylic acid (Sigma-Aldrich, St. Louis, MO) in 20
mM sodium phosphate buffer (pH 6.5) and sprayed with the same solution containing 0.02%
Silwet L-77. Control plants were watered with 20 mM sodium phosphate buffer (pH 6.5) and
sprayed with this buffer containing 0.02% Silwet L-77. Twenty-four hours later, detached
leaves from mock-, SA- and glucan-pre-treated plants were inoculated with B. cinerea as
previously described (El Oirdi and Bouarab, 2007; El Oirdi et al, 2010) . Disease lesion sizes
which correspond to the area of the lesion (mm2), were made by using AxioVision software
(V 4.6.3, 2007). For quantitative RT-PCR experiments, the inoculation tests were carried out
in planta; 5-week-old plants were sprayed with the spores (106 spores/ml) of B. cinerea
isolates B191 or B8403. The plants were then incubated in a growth chamber with high
humidity. The same experiment was done with mock-, SA- and glucan-pre-treated plants. The
samples were then harvested for RNA extraction.
For bacterial growth, tomato plants were vacuum-infiltrated with P. syringae pv tomato (Pst)
DC3000 (about 0.01 OD) suspended in 10 mM MgCl2 and 0.02% Silwet. Bacterial leaf
populations were measured from three leaves per plants and three plants per treatment, three
days after infiltration.
Characterisation of B. cinerea extracellular p-(l,3)(l,6)-D glucan (EPS)
106 spores/ml of isolates B191 or B8403 were cultivated in 80 ml of PDB (Potato Dextrose
Broth) medium and the EPS was purified and quantified at 0, 24, 48, 72 and 96 h postincubation, as previously described (Dubourdieu et al, 1981; Stahmann et al, 1995). The
major peak was pooled and lyophilised and re-suspended in water for further analysis. The
EPS was quantified 72 h post-incubation for 10-0364, 2026,2029 and B87 isolates.
Carbohydrate analysis of the EPS by thin layer chromatography (TLC) was performed after
hydrolysis of the sample in 1 M HC1 for 4 h at 100°C. The hydrolysed sample was subjected
to TLC on silica gel G in butan-1-ol/ethanol/water (5:5:4 v/v/v) with three developments.
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Carbohydrates were detected by spraying the plate with a solution of 5% (v/v) sulphuric acid
in ethanol, followed by heating at 120°C.
Monosaccharide composition of EPS was determined by gas chromatography (GC) after
hydrolysis in 2M TFA at 121 °C for 4 h and further derivatisation to alditol acetates. The
hydrolysed samples were then injected into a Hewlett-Packard 5890A GC equipped with a
flame-ionisation detector and fitted with a fused-silica column (0.25 nm i.d. x 30 m) WCOTcoated with 0.20-jam film of SP-2330. Chromatography was carried out at 220°C
isothermally. Nitrogen was used as carrier at a flow rate of 1 ml min"1. The split ratio was
80:1. The injector and detector temperatures were 240°C. Sugar assignment was confirmed by
GLC-MS carried out on a GCMS-QP 5050A gas chromatograph/mass spectrometer
(Shimadzu Corporation). Chromatography was performed on the SP-2330 capillary column
run isothermally as previously indicated. The He total flow rate was 4.4 ml min"1, the head
pressure 12 psi; the injector temperature 250°C, and the split ratio 10:1. Mass spectra were
recorded over a mass range of 30-600 atomic mass units (Daltons), using an ionisation
potential of 70 eV.
For NMR analysis,

13

C HMQC determinations were carried out using a Bruker AM 500

spectrometer provided with a 5 mm probe at room temperature. The polysaccharide sample
(15 mg) was dissolved in Me2SO-d6. Spectra were done at 25°C. Chemical shifts are
expressed in ppm (5) relative to resonance of MeaSO-ds at 5 39.70 (13C) and 2.40 (1H). The
major peak was pooled and lyophilised and re-suspended in water for further analysis.
For atomic force microscopy (AFM) imaging, the EPS was diluted to 1 ng/ui in milliQ water,
and 20 ul of the mix was deposited onto freshly cleaved muscovite mica. After 2 to 5 min, the
sample was gently washed with 0.5 ml milliQ water to remove molecules that were not firmly
attached to the mica and blown dry with nitrogen. Tapping-mode AFM was performed using a
Nanoscope III Multimode-AFM (Digital Instruments, Veeco Metrology, Santa Barbara, CA)
with a J-type piezoelectric scanner with a maximal lateral range of 120 urn. Microfabricated
silicon cantilevers of 125 um in length and a force constant of ~40 N m'1 were used
(NanoDevices, Veeco Metrology, Santa Barbara, CA). Cantilever oscillation frequency was
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tuned to the resonance frequency of the cantilever (280 to 350 kHz). After a period of 15 to 30
min of thermal relaxation, initial engagement of the tip was achieved at scan size zero to
minimise sample deformation and tip contamination. The images (512 by 512 pixels) were
captured with a scan size of between 0.5 and 3 um at a scan rate of 1 to 2 scan lines per s.
Images were processed by using Nanoscope software (Digital Instruments).
Quantitative RT-PCR (qPCR)
Total RNA was extracted from leaves using the RNeasy Plant mini kit according to the
manufacturer's recommendation (Qiagen, Maryland, USA). RNAs were treated with DNAase free
RNAase. First-strand cDNA was synthesized from 2 fig total RNA using Superscript II reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). Primers described in the supplementary table 2
were used for the amplification of the targets. The qPCR was performed using the Eva Green
method according to the manufacturer's recommendation (BioRad). Melting curves were
determined using the dissociation curve software SDS 2.2.2 to ensure that only a single
product was amplified. The ABI PRISM 7500HT sequence detection system (Applied
Biosystems) was used to detect the amplification level and was programmed with an initial
step of 10 min at 95°C followed by 40 cycles alternating between 15 s at 95°C and 1 min at
60°C. All reactions were run in technical triplicate for each biological replicate, and the
average values were used for quantification. The relative quantification of target genes was
determined using the A ACT method. Briefly, the Ct (threshold cycle) values of target genes
were normalized to an endogenous control gene (actin) (ACT = Cttarget- Ctactin) and compared
with a calibrator (AACT = ACtsampie- ACtcaUbrator)- Relative expression (RQ) was calculated
using the sequence detecion system SDS 2.2.2 software (Applied Biosystems) and the formula
RQ = 2" AACT.
SA and JA quantifications
Phenolic compounds were extracted and analysed using HPLC according to Daayf et al.
(Daayf et al, 1997). Further SA identity confirmation was carried out using UPLC-MS-MS
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(El Hadrami and Daayf, 2009), and quantification using HPLC. JA was extracted and
analyzed using UPLC-MS-MS as described previously (Segarra et al, 2006).
Statistical analysis
Statistical analysis was carried out using GLM procedure of the SAS 9.1 statistical package.
Our data was subjected to either one- or two-way ANOVA followed by a comparison of the
means according to an LSD test at P< 0.05 unless otherwise stated. Pairwise comparisons
with lower numbers of treatments were conducted according to Student's /-test at P< 0.001.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure 1: Resistance of tomato to B. cinerea B8403 isolate requires jasmonic
acid signalling.
Supplemental Figure 2. EPS production by different isolates of B. cinerea and disease
development on tomato leaves.
Supplemental Figure 3. Characterisation of susceptibility induced by B. cinerea EPS in
tomato.
Supplemental Figure 4: EPS-induced tomato susceptibility is not occurring in JA-mutants
defl and spr2.
Supplemental Figure 5: B. cinerea EPS confers resistance to P. syringae pv. tomato (Pst)
DC3000 in tomato.
Supplemental table 1. B. cinerea isolates used in this study.
Supplemental table 2: Primers used for qPCRs
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Supplemental Figure 1: Resistance of tomato to B. cinerea B8403 isolate requires
jasmonic acid signalling.
(A-D) Detached leaves from five-week-old plants with impaired jasmonate synthesis (spr2 in
A and B; defl in C and D) and their wild-type progenitor were inoculated with 5-mm diameter
plugs of either B. cinerea B19 lor B8403 isolate. Photographs were taken (A and C) and lesion
diameter (B and D) analysed, 4 dpi. Error bars represent the standard deviation from three
independent experiments (n=45). Data sets marked with an asterisk are significantly different
from inoculated WT leaves as assessed by Student's t-test: *P < 0.001.
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Supplemental Figure 2. EPS production by different isolates of B. cinerea and disease
development on tomato leaves.
A, Inoculation of tomato leaves with different isolates of B. cinerea. Detached leaves from
five-week-old tomato plants were inoculated with 5-mm diameter plugs of either B. cinerea
B8403, B191, 10-0364, 2026, 2029 or B87 isolate and lesions sizes were scored 4 dpi. Error
bars represent the standard deviation from three independent experiments (n=20). B,
Quantification of the EPS amount (in ug per mg dry weight) produced in PDB medium by B.
cinerea isolates described in A 3 days post culture. Error bars represent the standard deviation
(n=3). Within each figure (A and B), letters above bars indicate statistical significance; bars
not sharing letters represent significant mean differences at p<0.001.
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Supplemental Figure 3. Characterisation of susceptibility induced by B. cinerea EPS in
tomato.
(A) B. cinerea P-(l,3)(l,6)-D-glucan suppression effects are dose-dependent. Five-week-old
plants were sprayed either with different concentrations of B. cinerea p-(l,3)(l,6)-D-glucan
(25, 50 and 150 ug/ml) or with water, and then 24 h later leaves were detached and inoculated
with 5-mm diameter plugs of B. cinerea. Lesion diameters were assessed 4 dpi. Error bars
represent the standard deviation from three independent experiments (n=45). Data sets marked
with an asterisk are significantly different from control (water-pre-treated leaves) as assessed
by Student's t-test: *P < 0.001. (B) The minimal time necessary for B. cinerea p-(l,3)(l,6)-Dglucan suppressor to establish the susceptibility to the B8403 isolate. Five-week-old plants
were sprayed with either 50 u./ml of B. cinerea EPS or water and then 0-12-24-48 or 72 h later
leaves were detached and inoculated with 5-mm diameter plugs of B. cinerea. Lesion
diameters were assessed 4 dpi. Error bars represent the standard deviation from three
independent experiments (n=45). Data sets marked with an asterisk are significantly different
from control (water-pre-treated leaves) as assessed by Student's t-test: *P < 0.001.
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Supplemental Figure 4: EPS-induced tomato susceptibility is not occurring in JAmutants defl and spr2.
Five-week-old defl and spr2 tomato mutants were sprayed with H20 or EPS; 24 h afterwards,
detached leaves were inoculated with 5-mm diameter plugs of B. cinerea B8403 isolate.
Disease size was analysed 4 dpi. Error bars represent the standard deviation from three
independent experiments (n=30).
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Days after infection
Supplemental Figure 5: B. cinerea EPS confers resistance to P. syringae pv. tomato (Pst)
DC3000 in tomato.
Plants were sprayed with the EPS or water and 24 h later leaves were vacuum-infiltrated with
P. syringae DC3000 (about 0.01 OD). Bacterial numbers were measured immediately after
bacterial inoculation and at 3 days after inoculation. Bacterial numbers were reported in c.f.u.
(colony forming units) per mg of leaf fresh weight. Data presented are the means of four
biological replicates and error bars represent the standard deviation. The experiment was
repeated three times. Data sets marked with asterisks are significantly different from control
(water-pre-treated leaves) as assessed by Student's t-test (P < 0.001).
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Supplemental table 1: B. cinerea isolates used in this study. The name and source of all B.
cinerea isolates used in this study are provided, as well as collection host.

Isolate
B8403

Source
Host
C. Babcock, Agriculture and Agri-Food potato
Canada, Ottawa, ON, Canada

B191

C. Babcock, Agriculture and Agri-Food tomato
Canada, Ottawa, ON, Canada

B87

D. O'Gorman, Agriculture and Agri-Food apple
Canada, Summerland, BC, Canada

100364

G. Gilbert, MAPAQ-Laboratoire de tomato
diagnostic en phytoprotection, SainteFoy, QC, Canada
D. O'Gorman, Agriculture and Agri-Food grape
Canada, Summerland, BC, Canada
D. O'Gorman, Agriculture and Agri-Food tulip
Canada, Summerland, BC, Canada

2029
2026

region of isolation
collected
1983,
Charlettetown, Prince
Edward Island, Canada
Collected
1977,
Greenhouses at Carleton
University, Ottawa, ON,
Canada.
collected
1999,
Okanagan Valley, BC,
Canada
collected
2010,
Mauricie, QC, Canada
collected 1975, Ottawa,
ON, Canada
collected
1958,
Saanichton, BC, Canada

Supplemental table 2: Primers used for qPCRs
Gene

accession
number
K03290

Proteinase
inhibitor I
Proteinase K03291.1
inhibitor II
Prosystemin M84801
Actin
U60480.1

Forward primer

Reverse primer

5"-GAAACTCTCATGGCACGAA-3'

5"-CCTTCGCACATCAAGTTAGAG-3 ~

5'-CCTATTCAAGATGTCCCCGTTC-3 '

5 N-GGGCAATCCAGAAGATGG-3 *

5 *-GATGGAAGGGGAGGGTG-3 '

5 "-CGCTTTGATGGAGGTTTTG-3'

5 *-GGTGTGATGGTGGGTATGG-3'

5 % -GCTGACAATTCCGTGCTC-3'
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NECROTROPHIC PATHOGENS USE SALICYLIC ACID SIGNALING PATHWAY
TO PROMOTE DISEASE DEVELOPMENT IN TOMATO
Plants have developed a complex defense system as results of controversial assault by
pathogens. Pathogens, on the other hand, acquire strategies to defeat the defense system and
colonize host plants. The main defense signalling pathways include jasmonic acid (JA)
signalling pathway which is required for resistance against necrotrophic pathogen and salicylic
acid (SA) signalling pathway which is required for resistance against biotrophic pathogens.
SA is able to antagonize JA and vice versa. We show in chapter 1 that B. cinerea activates the
SA signalling pathway to colonize tomato plants. The nonexpressor of PRl gene (NPRl) is a
master regulator of SA signalling. NPRl interacts with TGA transcription factors in the
promoter of SA-dependent genes and leads to activate SA-dependent defense responses We
used gene silencing technology (VIGS) to test the importance of NPRl and TGAl.a in disease
caused by B. cinerea in tomatoes. Indeed NPRl and TGAl.a knockdowns are more resistant
than their control to B. cinerea. In addition, tomatoes overexpressing NPRl are more
susceptible to B. cinerea compared to their wild type plants. Interestingly, we found that the
two JA-dependent defense genes proteinase inhibitors I and / / (PI I and PI II), were
negatively regulated by NPRl and TGA la. Knockdown of PI I and // are more susceptible to
B. cinerea compared to wild type plants. Furthermore, this strategy to cause disease is used by
another necrotrophic pathogen Alternaria solani. This work highlights common strategy used
by necrotrophs to invade their host.
The results obtained in this work are presented in details in the next enclosed article. This
article will be submitted to Plant physiology.
Abd El Rahman T., El Oirdi M. and Bouarab K. Necrotrophic pathogens use salicylic acid
signaling pathway to promote disease development in tomato.
Three authors contributed to the realization of this work. Their contribution is described
below; El Oirdi M., Bouarab K. and I designed the experiments, analysed the data and wrote
the manuscript. I did all the experiments, except the qPCRs analysis shown in the figures 2A
and 3A).
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ABSTRACT

Plants use different known immune pathways to combat pathogens. The activation of
jasmonic acid (JA) signaling pathway is required for resistance against necrotrophic
pathogens, however to combat biotrophic pathogens the plants activate mainly the
salicylic acid (SA) signaling pathway. SA can antagonise JA signalling and vice versa. We
show here that, two necrotrophic pathogens Botrytis cinerea and Alternaria solani use SA
signalling pathway to promote their diseases in tomato. NPRl (non-inducible PRl) is
considered a master regulator of SA signaling. NPRl interacts with TGA transcription
factors, ultimately leading to the activation of SA-dependent responses. We report here
that NPRl and TGAl.a are required for disease development caused by B. cinerea and
A. solani in tomato. We also show that the two JA-dependent defense genes, proteinase
inhibitors I and II are important for resistance of tomato against these two necrotrophs
and their expression is negatively regulated by NPRl and TGAl.a. Finally we have
evidence that SA-enhanced susceptibility of tomato to these two necrotrophs occurs
through NPRl and TGAl.a. These data highlight how necrotrophs manipulate SA
signaling pathway to promote their disease in tomato.
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INTRODUCTION
Plants are able to defend themselves against attack by a variety of potential pathogens through
the deployment of both constitutive and induced defences (Jones and Dangl, 2006). The plant
hormones salicylic acid (SA) and jasmonic acid (JA) are major players in the regulation of
signalling networks that are involved in induced defence responses against pathogens (van
Loon et al, 2006; Ryan and Moura, 2002). Some plant defence responses are associated with
the activation of a SA-dependent signalling pathway which leads to the expression of certain
pathogenesis-related (PR) proteins thought to contribute to resistance (van Loon et al, 2006).
SA is required for both the local and systemic resistance (Durrant and Dong, 2004). SA effect
occur through the activity of the transcription coactivator NPRl

(nonexpressor of

pathogenesis-related (PR) genes), one of the well known regulators of plant immunity
(Despres et al, 2003; Glazebrook, 2005). Arabidopsis plants Failed to accumulate NPRl are
unable to respond to SA and are defective in local and systemic resistance, and consequently
are susceptible to several pathogens (Cao et al, 1994; Delaney et al, 1995 and Wang et al,
2006). NPRl interacts with several TGA transcription factors which bind to the promoter of
the SA dependent defence gene PRl and activates its expression (Durrant and Dong, 2004).
Some other plant defence responses are controlled by mechanisms dependent on JA that leads
to expression of defensin (PDF1) in Arabidopsis thaliana or proteinase inhibitors I and II in
tomato (Manners et al, 1998; Doares et al, 1995; Ryan and Moura, 2002).
It has thus become clear that different defensive pathways are differentially effective against
specific types of attackers (Chong et al, 2008). In general, biotrophic pathogens that
absolutely depend on nutrient supply from host live cells are more sensitive to SA-dependent
responses, whereas usually necrotrophic pathogens that benefit from host cell death are better
resisted by JA-dependent defence (Grant and Lamb, 2006). It is also well documented that
SA- and JA-dependent pathways are reciprocally antagonistic (Kunkel and Brooks, 2002;
Devoto and Turner, 2003; Lorenzo and Solano, 2005; Mur et al, 2006; Spoel et al, 2007;
Koornneef and Pieterse, 2008; Koornneef et al, 2008). JA-responsive genes were strongly
suppressed by induction of the SA response, either by exogenous application of SA or by
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pathogen infection. Moreover, Spoel et al (2007) showed that inoculation of Arabidopsis
plants with the biofroph render them susceptible to the necrotrophs through the activation of
SA which suppressed JA pathway. Conversely, JA signaling can act antagonistically on SAdependent defenses (Glazebrook, 2005). P. syringae pv tomato (Pst) DC3000 produces the
phytotoxin coronatine, which functions as a JA mimic and suppresses effectual SA-dependent
defenses, thereby promoting susceptibility of the plant to this pathogen (Brooks et al., 2005;
Cui et al, 2005; Glazebrook, 2005; Laurie-Berry et al, 2006). On the other hand, synergistic
effects between SA and JA occurs when the level of both SA and JA is low in the same time
(Beckers and Spoel, 2006; Mur et al, 2006). Simultaneous activation of SA- and JAdependent defense pathways results in enhanced resistance to pathogenic Pst DC3000
compared to either defense response alone (van Wees et al; 2000; O'Donnell et al, 2003). JAresponse gene expression was enhanced by application of low concentrations of both S A and
JA in the combination treatment but not by treatment with JA alone (Mur et al, 2006). SA and
JA cross-talk presumably reduces fitness costs of inappropriate resistance and provides the
plant with a regulatory potential to fine-tune the defence reaction depending on the type of
attacker encountered. This cross talk between SA and JA is modulated through NPRl in
Arabidopsis thaliana (Spoel et al, 2003). It is also shown recently that glutaredoxin 480
induced by SA through NPRl, interacts with a TGA transcription factor, which is already
bound to the PDF1 promoter region and suppresses its expression (Ndamukong et ah, 2007).
Glutaredoxins are small redox proteins which act on ribonucleotides through electron transfer
from NADPH via its disulfide (-SH) groups to deoxyribonucleotides, a process required for
DNA synthesis (Hoog et al, 1983; Holmgren, 1989).
Necrotrophic fungi are one of the most destructive pathogens of plant crops. Botrytis cinerea
and Alternaria solani are two necrofrophic plant pathogens that cause grey mould and early
blight diseases, in several crops including tomato and potato respectively (Mansfield, 1980;
Rotem, 1994; Thomma, 2003). Necrotrophic pathogens produce several common virulence
factors to invade their hosts which include toxins and cell wall-degrading enzymes (Thomma,
2003; Choquer et al, 2007). They penetrate through wounds, natural openings of the plant
tissue or even by direct penetration in the healthy tissue and colonize senescent or dead plant
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tissues and causes softening in fruits. (Thomma, 2003; Choquer et al, 2007; El Oirdi and
Bouarab, 2007). B. cinerea and A. solani cause important economic losses, in both pre- and
post-harvest crops (Mansfield, 1980; Rotem, 1994). Pathogens use different, sophisticated
strategies to overcome plant immune responses and invade their hosts (Bouarab et al, 2002;
Chisholm et al, 2006; Yun et al, 2006; Rigano et al, 2007; El Oirdi et al, 2010). We showed
recently that B. cinerea manipulates the antagonistic effect between SA and JA to promote its
disease development in tomato (El Oirdi et al, 2011). Indeed the fungus produces an
exopolysaccharide (EPS) known as p-(l,3)(l,6)-D-glucan, which acts as an elicitor of the SA
accumulation. In turn, SA antagonises the JA signalling pathway, thereby allowing the fungus
to develop its disease in tomato (El Oirdi et al, 2011). The suppression effect occurs at
downstream level of JA synthesis; however the molecular mechanism of this suppression
effect is not yet known. Doares et al. (1995) showed that SA inhibits the expression of JAdependent genes encoding PI I and PI II in tomato and this effect seems to be downstream of
JA biosynthesis; however, the mechanism by which this suppression occurs is still unknown.
Here we have evidence that two necrotrophic pathogens B. cinerea and A. solani use SA
signalling pathway to promote their disease development in tomato. This SA-promoted disease
development depends on the coactivator NPRl and the transcription factor TGAl.a, which
regulate negatively the expression of the JA-dependent genes PI I and // that are important for
resistance against B. cinerea and A. solani.
RESULTS
NPRl promotes disease caused by B. cinerea in tomato
We used two isolates of B. cinerea, B191 and B8403, as described previously (El Oirdi et al,
2011). Detached leaves from five-week-old tomato plants (Solanum esculentum cv
moneymaker) were infected with mycelium plugs (3 mm diameter) of both isolates.
Expression of the disease was analysed four days post-inoculation. Inoculations of tomato
leaves with B191 isolate consistently yielded expanding disease lesions (Figure 1A). In
contrast, lesion expansion was not observed following inoculation of tomato leaves with the
B8403 isolate (Figure 1 A). The severity of disease was quantified by measuring the area of the
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necrotic lesions. Isolate B191, but not B8403, induced highly necrotic lesions after four days
(Figure IB). We showed recently that SA is required for susceptibility of tomato to B. cinerea,
however the mechanism by which SA enhances tomato susceptibility to B. cinerea is not
known (El Oirdi et al, 2011). It is well known that SA effect occurs mainly through the
coactivator NPRl (Durrant and Dong, 2004; Pieterse and Van Loon, 2004). These
observations led us to test whether NPRl promotes disease caused by B. cinerea. We first
checked if B. cinerea regulates the expression of NPRl in tomato. Five weeks old tomato
plants were sprayed with spores (106 spores/ml) of both isolates. The plants were then
incubated in a growth chamber with high humidity and the samples were harvested at 0, 6 and

A

B

B8403

B191

B8403

B191

Figure 1: Infection of tomato leaves with two B. cinerea isolates
Detached leaves from five-week-old plants were inoculated with 3-mm diameter plugs of
either B. cinerea B8403 or B191 isolate. Photographs were taken (A) and lesion area analysed
(B), Four days post-inoculation (dpi). Error bars represent the standard deviation (n=60) from
three independent experiments. Data sets marked with an asterisk are significantly different
from B8403-infected leaves as assessed by Student's f-test: *P < 0.001.
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12 hours post infection. The expression of NPRl was tested by qRT-PCR. Interestingly, the
expression level of NPRl is much higher in tomato inoculated with the isolate B191 than the
isolate B8403 at 12 hour post inoculation (hpi). (Figure 2A). To test whether this regulation
has a biological significance in the interaction between B. cinerea and tomato, VIGS
experiments were carried out in which tomato plants were inoculated with a tobacco rattle
virus (TRV) vector containing ~ 300 bp of the cDNA of tomato NPRl (TRV.NPR1). Control
plants were inoculated with the TRV vector without cDNA insert (TRV: 00). After 3 weeks,
level of NPRl transcript was analysed in silenced plants by qRT-PCR. TRV.NPR1 silenced
plants showed a significant low level of NPRl compared to TRV:00 silenced plants (Figure
2B). Detached leaves from TRV-infected plants were then challenged with plugs (3 mm
diameter) of the virulent isolates of B. cinerea, B191. The disease was scored by the surface of
the necrotic area 4 days postinoculation (dpi). TRV:00-inoculated plants that had subsequently
been challenged with plugs of the isolate B191 showed disease symptoms resembling those
produced in wild-type plants (Figure IB and 2C). Interestingly, the necrosis disease was
significantly reduced on leaves of NPR1 -silenced plants compared to leaves from TRV: 00silenced plants (Figure 2C and D). Tomato is resistant to B8403 which explain why we did not
test the infection of B 8403 in NPRl -silenced plants. These results suggest that B. cinerea uses
NPRl to enhance its disease in tomato leaves. Transgenic tomato plants (Solanum esculentum
line CL5915-93D4-1-0-3) overexpressing the Arabidopsis NPRl has been described
previously (Lin et al, 2004). We used these plants to test whether the overexpression of NPRl
enhances diseases caused by B. cinerea. The levels of tomato and Arabidopsis NPRl in the
transgenic and wild type tomato plants were confirmed by semi quantitative RT-PCR as
described previously (Lin et al, 2004; Figure 2E). Then, detached leaves from five-weeks-old
wild type and transgenic plants were infected with mycelium plugs (3 mm diameter) of both
isolates. Leaves from plants overexpressing Arabidopsis NPRl were more susceptible to the
virulent isolate (B191) than leaves from the wild type plants (Figures 2F and G). In contrast to
the wild type plants, leaves from transgenic plants were susceptible to the isolate B8403
(Figure 2F and G). These data suggest strongly that NPRl promotes disease development
caused by B. cinerea in tomato.
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WT

Tomato
35S:At NPRl

WT

Tomato
35S:At NPR1

Figure 2: Silencing of NPRl affects tomato susceptibility to the virulent isolate of Botrytis
cinerea
(A) Expression pattern of tomato NPRl transcripts after B. cinerea infection. Five-week-old plants
were sprayed with either 106 spores/mL of B. cinerea B19l or B8403 isolate; 0, 6 and 12 h after
infections, samples were harvested for RNA extraction. qRT-PCR was carried out with specific
primers for tomato NPRl and Actin (control) as described in material and methods and supplemental
table 1. (B) NPRl transcript level in silenced plants. VIGS was carried out by using TRV vector.
Seedlings were inoculated with TRV:57 NPRl or empty vector as a control (TRV:00). Three weeks
after inoculation, RNA was isolated and qRT-PCR was carried out as below. Error bars represent the
standard deviation from three biological replicates (C) Tomato seedlings were silenced with the
indicated TRV construct as described in (B). Three weeks later, detached leaves were infected with
B. cinerea B191. Photographs were taken (C) and disease area was analysed, 4 dpi (D). Error bars
represent the standard deviation (n=60) from three independent experiments. Data sets marked with
an asterisk are significantly different from TRV:00-infected leaves as assessed by Student's Mest: *P
< 0.001. E-G, overexpression of A. thaliana NPRl enhances susceptibility to B191 isolate and
compromises resistance to B8403 in tomato. E, Expression levels of SI NPRl and At NPRl
transcripts in wild-type and transgenic tomato plants (S. esculentum line CL5915-93D4-1-0-3)
expressing the Arabidopsis NPRl. Actin was used as a control. (F-G) Detached leaves from fiveweek-old wild-type and transgenic tomato plants (S. esculentum line CL5915-93D4-1-0-3)
expressing the Arabidopsis NPRl were infected with either B. cinerea B191 or B8403. Photographs
were taken (B, left panel for B191 and right panel for B8403) and disease area was analysed, 4 dpi
(C, left panel for B191 and right panel for B8403). Error bars represent the standard deviation (n=60)
from three independent experiments. Data sets marked with an asterisk are significantly different
from wild type-infected leaves as assessed by Student's Mest: *P < 0.01 for B191 and 0.0002 for
B8403.
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TGAl.a transcription factor is required for disease caused by B. cinerea in tomato
In addition to the importance of NPRl in SA-signaling pathway, TGA transcription factors are
also involved in the regulation of the expression of SA-dependent genes. NPRl interacts with
TGAs and binds to the promoter of the SA-dependent PR 1 gene and regulates its expression
(Despres et al, 2003; Glazebrook, 2005). Pta-mediated resistance against the biotrophic
pathogen P. syringae carrying Avrpto was compromised by silencing of TGAl.a and TGA2.2
genes (Ekengren et al, 2003). This resistance is SA and NPRl dependent (Ekengren et al,
2003). These observations led us to test if TGAl.a and TGA2.2 are involved in the SAenhanced susceptibility of tomato to B. cinerea. We tested whether B. cinerea regulates the
expression of TGAl.a and TGA2.2 in tomato. The kinetic of infections and qRT-PCR
experiments were carried out as described above. In contrast to the isolate B8403, the virulent
isolate of B. cinerea, B191 induced the expression levels of both TGAl.a and TGA2.2 genes at
6 and 12 hpi (Figure 3A for TGAl.a and and Supplemental figure 1A for TGA2.2). To check
whether, as NPRl, TGAl.a and TGA2.2 were involved in the susceptibility of tomato to B.
cinerea, the silencing of these genes was done through TRV vector as described above.
Transcript levels of TGAl.a and TGA2.2 from silenced plants were analysed by qRT-PCR.
Results showed that both genes TGAl.a and TGA2.2 were highly silenced in tomato
TRV.TGAl.a and TRV.TGA2.2 plants respectively compared to TRV:00 plants (Figure 3B for
TGAla and Supplemental figure IB for TGA2.2). Interestingly, leaves from TRV.TGAl.asilenced plants were significantly less susceptible to the virulent isolate B191 compared to
leaves from TRV:00-silenced plants (Figure 3C and D). However, The disease caused in the
leaves from TRV:rGy42.2-silenced plants was comparable to the one observed in TRV:00 silenced plants (Supplemental figure IC and D). These data suggest that in contrast to TGA2.2,
TGAl.a transcription factor promotes disease development caused by B. cinerea B191 in
tomato.
SA-enhanced susceptibility of tomato to B. cinerea is NPRl and TGAl.a dependent
We showed previously that S A promotes diseases development caused by B. cinerea in tomato
(El Oirdi et al, 2011). We also showed that EPS produced by B. cinerea promotes disease
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B
100-1

Figure 3. TGAl.a enhances tomato susceptibility to the virulent isolate of B. cinerea.
(A) Expression pattern of tomato TGAl.a transcripts after B. cinerea infection. Five-week-old
plants were sprayed with either 106 spores/mL of B. cinerea B191 or B8403 isolate; 0, 6 and
12 h after infections, samples were harvested for RNA extraction. qRT-PCR was carried out
with specific primers for tomato TGAla and Actin (control) as described in material and
methods and supplemental table l.(B) TGAla transcript level in silenced plants. VIGS was
carried out by using TRV vector. Seedlings were inoculated with TRV:5/ TGAla or empty
vector as a control (TRV:00). Three weeks after inoculation, RNA was isolated and qRT-PCR
was carried out as in B. (C) Tomato seedlings were silenced with the indicated TRV construct
as described in (B). Three weeks later, detached leaves were infected with B. cinerea B191.
Photographs were taken (C) and disease diameter was analysed, 4 dpi (D). Error bars represent
the standard deviation (n=60) from three independent experiments. Data sets marked with an
asterisk are significantly different from TRV:00-infected leaves as assessed by Student's ttest:*P< 0.001.
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development in tomato through SA (El Oirdi et al, 2011). The results described above showed
clearly that both of NPRl and TGAl.a enhance disease caused by B. cinerea in tomato
(Figures 2 and 3). However, we need to know whether SA-enhanced susceptibility to B.
cinerea occurs through NPRl and TGAl.a. To answer this question, we sprayed TRV:00-,
7RV.NPR1- and TRV:rG^i.a-silenced plants with SA (0.05 mM) and 24 hours later detached
leaves were inoculated with plugs of either B8403 or B191 isolate. SA concentration used in
this study was already shown able to promote disease caused by B. cinerea in tomato (El Oirdi
et al, 2011). As controls, TRV-infected plants were sprayed with the buffer and water that
was used to dissolve SA and EPS, respectively. Plants treated with SA or EPS are not more
susceptible to the virulent isolate B191 than mock treated plants (Supplementary figure 2A
and B). This might be explained by the fact that the virulent isolate, but not B8403 isolate,
produces itself high amounts of EPS and induces the accumulation of S A in tomato (El Oirdi
et al, 2011). On the other hand, SA or EPS were not able to rescue the disease phenotype in
leaves from TRV.NPR1- and TRVTG^i.a-silenced plants (Supplementary figure 2A and B).
As expected, B8403 was not able to infect leaves from TRV:00 plants and these infection was
significantly higher after pre-treatment with either SA or EPS compared to mock-treated
plants (Figure 4A and B). Remarkably either SA or EPS was not able to induce susceptibility
to B8403 in TRV:NPR1- and TRV:7/a4i.a-silenced plants (Figure 4A and B). These results
suggest clearly disease promoted by either EPS or SA occurs through NPRl and TGAl.a.
NPRl and TGAl.a regulate negatively the expression of JA-dependent genes PI I and 17.
We showed previously that in contrast to the isolate B8403, B191 produces high amounts of
the EPS P (1,3)(1,6) glucan which act as an elicitor of SA which in turn SA antagonizes JA
signaling pathway and suppress the expression the expression of JA-dependent genes, PI I and
II (El Oirdi et al, 2011). On the other hand, either SA or EPS regulates negatively the
expression of PI I and // induced by B8403 (El Oirdi et al, 2011). We first showed that B8403
induced high expression of PI I and II at 24 and 48 hours post inoculation compared with
mock freatment and B191 inoculation (Figure 5A); this is consistent with previous report
published by El Oirdi et al. (2011). As previously described, SA and EPS
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Figure 4: SA- and EPS-induced tomato susceptibility to B. cinerea B8403 occurs through
NPRl and TGAl.a.
Five-week-old TRV:00-, TRV: SI NPRl- and TRV:S/ TGAla- silenced plants were sprayed
either with SA 0.05 mM (A) or B. cinerea EPS (B)(50 ug/mL, B) and then 24 h later leaves
were detached and inoculated with 3-mm diameter plugs of B. cinerea B8403. Water and
sodium phosphate buffer were used as mocks for the EPS and SA treatment, respectively.
Lesion areas were assessed 4 dpi. Error bars represent the standard deviation (n=60) from
three independent experiments. Within each figure, letters above bars indicate statistical
significance; bars not sharing letters represent significant mean differences at P<0.01.
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Figure 5: NPRl and TGAl.a modulate negatively the expression of PI I and//.
(A) Expression levels of PI I and PI II after B. cinerea inoculation of tomato plants. Fiveweek-old plants were sprayed with either 106 spores/mL of B. cinerea B191 or B8403 isolate,
or H2O; samples were harvested for RNA extraction 0, 24 and 48 hours after infection. qRTPCR was carried out with specific primers for tomato PI I, PI II and Actin (control) as
described in material and methods and supplemental table 1. Error bars represent the standard
deviation from three biological replicates. (B) Expression levels of PI I and PI II after B.
cinerea isolate B191 inoculation of tomato-silenced plants. TRV:00-, TRV:S7 NPRl- and
TRV:S7 TGAla- silenced plants were sprayed with 106 spores/mL of B. cinerea B191; samples
were harvested for RNA extraction 0,24 and 48 hours after inoculation. qRT-PCR was carried
out as described in A. Error bars represent the standard deviation from three biological
replicates.
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suppressed the expression of PI I and PI II. We also showed that the effect of SA and
EPS on disease development caused by B. cinerea occurs through NPRl and TGAl.a.
We then tested whether low expression levels of PI I and PI II observed in tomato plants
infected by B191 compared to B8403-inoculated plants is due to TGAl.a and NPRl.
TRV:00-, TRY-.NPR1- and TRV:rG^i.a-silenced plants were sprayed with 106 spores of
B. cinerea isolate B191, and, 0, 24 and 48 hours post infection. The effects of TGAla
and NPRl knockdowns on PI I and PI II expressions were analyzed by qRT-PCR. In
contrast with TRV:00, activation of PI I was already observed in the absence of any
inoculation in TRY-.TGAl.a and TRV:NPR1 knockdowns (Figure 5B). The activation of
PI II expression was also observed in TRV:NPRl -silenced plants without any treatment
(Figure 5B). However, the expression of both genes PI I and PI II was significantly
induced in TGAla and NPRl knockdowns in response to B191 inoculation compared to
control (TRV:00) (Figure 6B). These results suggest that TGAl.a and NPRl suppress
directly or indirectly the expression of the JA-dependent genes PI I and PI II,
PI I and PI II are required for tomato resistance against B. cinerea
The fact that TGAla and NPRl induce tomato susceptibility to B. cinerea and regulate
negatively the expression of the JA-dependent genes PI I and PI II led us to investigate
whether PI I and PI II are required for tomato resistance to both pathogens. TRV:00,
TRV:iV /- and TRV:P7 //-silenced plants were generated as described in the material and
methods, level of PI and PI II were checked in those plants by qRT-PCR. PI I and PI II
transcript level was lower in TRY.PI I- and TRY.PI II- silenced plants, respectively,
compared to TRV:00 plants (Figure 6A). The silencing of PI I did not affect the
expression of PI II and vice versa (Figure 6A). Detached leaves were then inoculated
with plugs of either B. cinerea B191 or B8403. TRY.PI I- and TRV:P///-silenced leaves
were more susceptible than TRV:00-silenced plants to either B191 or B8403 (Figure 6B
left and right panels). These results suggest that PI I and PI II are important for tomato
resistance against B. cinerea.
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Figure 6: PI I and PI II are important for tomato resistance against B. cinerea.
(A) Transcript levels of PI I and PI II in tomato-silenced plants. Seedlings were inoculated
with TRV:5/ PI I, TRY.Sl PI II or empty vector as a control (TRV:00). Three weeks after
inoculation, tomato leaves silenced with the indicated TRV construct were infiltrated with
water to induce SI PI I and SI PI II expressions. Samples were collected 60 min after
wounding due to water infiltration, and RNA was isolated for qRT-PCR. (B) Detached leaves
from TRV:00-, TRV:S7 PI I- and TRY.Sl PI II- silenced plants were inoculated with 3-mm
diameter plugs of either B. cinerea (B, left panel for B191 and right panel for B8403). Lesion
areas were assessed 4 dpi. Error bars represent the standard deviation (n=60) from three
independent experiments. Data sets marked with an asterisk are significantly different from
TRV:00-infected leaves as assessed by Student's /-test: *P < 0.001
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Figure 7: SA signaling pathway enhances disease caused by A. solani in tomato
Five-week-old tomat plants were sprayed with SA 0.05 mM and then 24 h later leaves were
detached and inoculated with 3-mm diameter plugs of A. solani. Sodium phosphate buffer was used
as a mock. Photographs were taken (A, left panel) and disease area was analysed (A, middle panel),
7 dpi. A, right panel, Detached leaves from wild type or SA-deficient NahG plants were inoculated
with 3-mm diameter plugs of A. solani and disease size was analysed 7 dpi. Error bars represent the
standard deviation (n=60) from three independent experiments. Data sets marked with an asterisk are
significantly different from infected-mock treated leaves as assessed by Student's Mest: *P < 0.001.
(B) Detached leaves from TRV:00-, TRV: SI NPRl- and TRY.Sl TGAla- silenced plants were
inoculated with 3-mm diameter plugs of A. solani. Lesion areas were assessed 7 dpi. Error bars
represent the standard deviation (n=45) from three independent experiments. Data sets marked with
an asterisk are significantly different from TRV:00-infected leaves as assessed by Student's Mest: *P
< 0.001. (C) Detached leaves from wild type (WT) and tomato overexpressing Arabidopsis NPRl
plants were inoculated with 3-mm diameter plugs of A. solani. Lesion areas were assessed 7 dpi.
Error bars represent the standard deviation (n=45) from three independent experiments. Data sets
marked with an asterisk are significantly different from WT-infected leaves as assessed by Student's
Mest: *P < 0.001. (D) TRV:00-, TRV: SI NPRl- and TRV:S7 TGAla- silenced plants were sprayed
with SA 0.05 mM and then 24 h later leaves were detached and inoculated with 3-mm diameter
plugs of A. solani. Sodium phosphate buffer was used as a mock. Lesion areas were assessed 7 dpi.
Error bars represent the standard deviation (n=45) from three independent experiments. Within each
figure, letters above bars indicate statistical significance; bars not sharing letters represent significant
mean differences at P<0.01. (E) PI I and PI U confers resistance of tomato to A. solani. Detached
leaves from TRV:00-, TRV: SI PI I- and TRV:5/ PI II- silenced plants were inoculated with 3-mm
diameter plugs of A. solani. Lesion areas were assessed 7 dpi for A. solani. Error bars represent the
standard deviation (n=60) from three independent experiments. Data sets marked with an asterisk are
significantly different from TRV:00-infected leaves as assessed by Student's Mest: *P < 0.001.
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SA signaling pathway enhances tomato susceptibility to another necrotrophic pathogen
A. solani
As SA signaling pathway is used by the necrofrophic pathogen B. cinerea to invade its host
tomato Figures 2 to 5), we tested whether this strategy is specific to B. cinerea or it can be
exploited by other necrotrophs. To test this hypothesis we used A. solani which causes early
blight in several plant crops including tomato and potato (Rotem, 1994; Thomma, 2003). Fiveweek-old tomato plants were treated with 0.05 mM of SA as described in material and
methods, and 24 h afterwards; detached leaves were inoculated with mycelia plugs of A. solani
(3 mm of diameter). As shown in Figure 7A (left and middle panels), A. solani causes disease
in WT tomato, however tomato plants pre-treated with SA became more susceptible to A.
solani. The lesion sizes recovered from SA-pre-freated leaves infected with A. solani were
significantly larger than those recovered from mock-treated leaves. SA-deficient NahG plants
were used to test the importance of SA in the disease development caused by A. solani
(Brading et al, 2000; El Oirdi et al, 2011). Interestingly leaves from SA-deficient NahG
plants were less susceptible to A. solani compared to wild type plants (Figure 7A,rightpanel).
This suggested that SA is used by A. solani to promote its disease development in tomato. We
then tested whether NPRl and TGAla are important for disease development caused by this
fungus in tomato. Detached leaves from TRV: 00-, TRV: NPRl- and TRV: 7/04/a-silenced
plants were used for infection as described below and in material and methods. As shown in
the figure 7B (left panel), disease caused by A. solani in leaves from TRY.NPR1- and
TRV:/G^7.a-silenced plants were significantly lower than the one observed in leaves from
TRV:00-silenced plants. Tomato plants overexpressing Arabidopsis NPRl were also tested as
described below. Lesion areas caused by A. solani were significantly higher in leaves of plant
overexpressing NPRl compared to the corresponding wild type plants (Figure 7 C). We also
tested whether disease promoted by SA occurs through NPRl and TGAla as shown with B.
cinerea, experiment was made as described below and plugs of A. solani were used for leave
inoculations described below. As in B. cinerea-tomato model, SA was not able to promote
disease development cause by A. solani in NPRl and TGAl.a knockdowns (Figure 7D). These
results suggest that as in B. cinerea-tomato interaction, SA enhance disease cause by A. solani
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through NPRl and TGAla. Interestingly, TRY.PI I- and TRV PI //-silenced plants are more
susceptible than TRV.OO-silenced plants to this fungus (Figure 7B-C). Thus, PI and PI II are
required for tomato resistance against these fungi. Interestingly, A. solani is able to produce an
EPS. Its characterisation will give us indications whether it is closely related to the B. cinerea
one and whether it is able to promote disease caused by this fungus. An exciting experiment
will be then to test whether A. solani EPS promotes disease caused by B. cinera and whether
the EPS of B. cinerea enhances disease caused by A. solani. This will help us to understand
how one pathogen can promote disease of other necrotrophs.. Our results show clearly that SA
signalling pathway is used by both necrotrophic pathogens to enhance their diseases in tomato.
DISCUSSION
The intimate relationship between eukaryotes and microbial pathogens has led to the coevolution of a number of complex strategies for attack and defense. Plants have evolved a
powerful and multi-layered immune system to defend against infection by most microbial
organisms. Resistance against biotrophic pathogens requires SA signalling but to combat
necrotrophic pathogens, plants need to activate JA pathway. Cross-talk between SA- and JAdependent signaling pathways allows a plant to finely tune its response to the attacker
encountered. SA can antagonise JA signalling and vice versa.
For a pathogen to colonize a host successfully, it must develop mechanisms either to evade
detection or, failing that, to subvert the defense responses. Several strategies are used by
mainly biotrophic pathogens to suppress plant immune system and invade theirs hosts (Maria
et al, 2006)
Targets for suppression include the hypersensitive response, expression of defence-related
genes, cell wall-based defences, and proteasome pathway (Li et al, 1999; Bouarab et al,
2002; Hauck et al, 2003). It is also shown that the biotrophic pathogen P. syringae is able to
manipulate the cross talk between SA and JA in order to cause disease in plants (Brooks et al,
2005). Indeed, the phytotoxin coronatine (COR) produced by P. syringae is required for full
susceptibility to these bacteria in both Arabidopsis and tomato (Uppalapati et al, 2007). It is
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believed that one of the roles of COR is to mimic JA and promote disease symptom
development of P. syringae biotrophic pathogen by down-regulating SA-inducible defence
response pathways via a SA/JA antagonism (Ausubel, 2005). It is also shown that silverleaf
whitefly is able to induce SA defenses and suppresses otherwise effective JA defenses (Zarate
et al, 2007). On the other hand, infection with biotrophic P. syringae, which induces SAmediated defense, rendered plants more susceptible to the necrotrophic pathogen Alternaria
brassicicola by suppression of the JA signalling pathway (Spoel et al, 2007). We showed
recently that the necrotrophic pathogen also uses this antagonism to cause disease in tomato
(El Oirdi et al, 2011). The fungus secrets a |3 (1,3)(1,6) glucan which induces the
accumulation of SA, leading to the suppression of JA-dependent signalling pathway; and
consequently the development of B. cinerea disease in tomato (El Oirdi et al, 2011). Here we
show that two necrotrophic pathogens B. cinerea and A. solani use SA signalling pathway
through NPRl and TGAla to suppress the expression of PI and II which are important for
resistance against this pathogens (Figure 8).
Pharmacological experiments with Arabidopsis revealed that transcription of JA-responsive
marker genes, such as PDF1.2, is highly sensitive to suppression by exogenous application of
SA. NPRl was shown to be a key regulator of SA-mediated suppression of JA signaling
(Spoel et al, 2003). Nuclear localization of NPRl, which is essential for SA-mediated defense
gene expression (Kinkema et al, 2000), is not required for the suppression of JA-responsive
genes, indicating that the antagonistic effect of SA on JA signaling is modulated through a
function of NPRl in the cytoplasm (Spoel et al, 2003). It is also shown that the glutaredoxin
GRX480 and the transcription factor TGAl were important players in SA/NPR1-dependent
suppression of JA-responsive PDF1 gene expression (Ndamukong et al, 2007). It is shown
recently that ethylene, another plant hormone, modulates the antagonism between SA and JA
that is mediated by NPRl (Leon-Reyes et al, 2009)
Our results suggest that TGAl.a and NPRl regulate directly or indirectly the expression of the
two JA-dependent PI I and // genes. TGA transcription factors recognizes TGACT, TACGTA,
AACGA, AACGTG, GACTTTTGAGT and ACGTAT elements in the promoters of a variety
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of plant genes including those regulating the expression of Arabidopsis and tobacco PR-1
(Izawa et al, 1993; Spoel et al, 2003; Dong, 2004; Blanco et al, 2005; Fobert and Despres,
2005). Within around 700 bp of the SI PI I (accession number: M13938.1) and 1000 bp of the
SI PI II (accession number: AY129402.1) sequences upstream of the transcriptional start site,
several TGA binding motifs are found in both promoters (Supplementary figure 3). Thus,
TGAl.a might directly regulate negatively the expression of PI I and II through its binding to
their promoters and NPRl might have a role in this binding. Experimental evidences for this
should be obtained in the future studies.
Necrotrophic pathogens
B. cinema and A. solani

SA

I
Pll and PI II

I

I

Disease

Resistance

Figure 8: Proposed model showing how B. cinerea and A. solani use SA signalling
pathway to promote their disease development in tomato
The two necrotrophic pathogens B. cinerea and A. solani use SA signalling pathway through
NPRl and TGAla to promote their disease development in tomato. NPRl and TGAla
suppress the expression of PI and II which are important for resistance against these two
pathogens
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CONCLUSION
Our data showed clearly that two necrotrophic pathogens B. cinerea and A. solani use NPR1and TGAl.a- dependent SA signaling pathway to promote their disease development in
tomato by suppressing the expression of the two JA-dependent defence genes, PI I and / / that
are important for resistance against these two pathogens (Figure 8). Our data elucidate an
important advance in understanding the strategies used by necrotrophic pathogens to
overcome plant immune systems and subsequently establish disease. This is a pre-requisite for
further development of a solid knowledge-based integrated strategy towards management of
diseases caused by necrotrophic pathogens.
MATERIALS AND METHODS
Pathogen growth conditions
B. cinerea wild-type isolates MEE B191 and MEE B8403 that were used for this study were
provided by the Canadian Collection of Fungal Cultures (Agriculture and Agri-Food Canada /
960 Carting Avenue, Ottawa, Ontario, Canada, K1AOC6). Alternaria solani was provided by
MAPAQ (Laboratoire de diagnostic en phytoprotection, Complexe scientifique du Quebec,
Sainte-Foy, QC. Canada, G1P 3W8). The fungus isolates were sub-cultured as previously
described (El Oirdi and Bouarab, 2007, El Oirdi et al, 2011).
Plant growth and inoculation conditions
S. lycopersicum cv Monomayker and SA-deficient NahG seeds were germinated and grown as
previously described (El Oirdi et al, 2010). Wild-type and transgenic tomato plants (S.
lycopersicum line CL5915-93D4-1-0-3) expressing the Arabidopsis NPRl has been described
previously (Lin et al, 2004) were grown in the same manner.
For pathogenicity tests, detached leaves from five-week-old tomato plants were laid on Petri
dishes containing two blotting filter papers (Whatman, Schleicher & Schuell, Ottawa, Canada)
wetted with sterile water, then spotted with 3-mm-diameter agar plugs containing actively
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growing hyphae of B. cinerea or A. solani (3 days old). Petri dishes were then incubated at
22°C at high humidity in glass trays covered with polyethylene wrap. The disease caused by
B. cinerea and A. solani was assessed in detached leaves 4 and 7 days post-inoculation (dpi),
respectively, by measuring the necrosis area induced by the mycelium plugs. All plant
inoculations involved a minimum of 30 leaves and each experiment was carried out at least
three times. Disease lesion sizes which correspond to the area of the lesion (mm2), were made
by using AxioVision software (V 4.6.3, 2007)
For quantitative and semi quantitative RT-PCRs experiments, the infection tests were carried
out in planta; wild type and silenced plants were sprayed with the spores (106 spores/ml in
Tween 0.01%) of either B. cinerea isolates B191 or B8403. The plants were then incubated in
a growth chamber with high humidity. The samples were then harvested for RNA extractions.
EPS and SA treatments
For EPS treatments, TRV:00-, TRY.NPR1- and TRV-.TG^ia-silenced plants were sprayed
with purified glucan (50 ug/mL) containing 0.02% Silwet L-77 to reduce surface tension. For
SA treatments, silenced plants were watered with 0.05 mM of salicylic acid (Sigma-Aldrich,
St. Louis, MO) in 20 mM sodium phosphate buffer (pH 6.5) and sprayed with the same
solution containing 0.02% Silwet L-77. Control plants were watered with 20 mM sodium
phosphate buffer (pH 6.5) and sprayed with this buffer containing 0.02% Silwet L-77.
Twenty-four hours later, detached leaves from mock-, SA- and glucan-pre-treated plants were
infected with either B. cinerea or A. solani as described below and previously (El Oirdi et al,
2011).
TRV-Based VTGS in S. lycopersicum
A 300-bp fragments from tomato NPRl, TGAla, TGA2.2, PI I and PI II cDNAs were PCR
amplified using the primers described in the supplementary table 1. The fragments were cloned
in the Smal site of pTRV-RNA2 vector (Liu et al, 2002). As a control, the pTRV-RNA2
empty vector was used (TRV:00). Agrobacterium cultures (O.D. 1) containing either TRV:00,
TRY-.NPR1, TRY:TGAla,TRY:TGA2.2

TRY.PI I or TRV:P/ // were mixed with those
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containing pTRV-RNAl (O.D. 1) in a 1:1 ratio before agroinfiltration. S. lycopersicum
seedlings were infiltrated with the mixture and three weeks later the level of targeted
transcripts was analysed by qRT-PCR by using the primers described in the supplementary
table 1.

Quantitative and semi-quantitaive PCRs
Total RNA was extracted from leaves using the RNeasy Plant mini kit according to the
manufacturer's recommendation (Qiagen, Maryland, USA). RNAs were treated with DNAase free
RNAase. First-strand cDNA was synthesized from 2 ug total RNA using Superscript II reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). Primers described in the supplementary table 1
were used for the amplification of the targets. qPCR was performed using the SYBR Green
method. SYBR Green PCRs were performed using 2 uL of cDNA samples (50 ng), 5 nL of the
Fast SYBR Green Master Mix (Applied Biosystem), and 10 pmol of each primer in a total
volume of 10 uL. Melting curves were determined using the dissociation curve software SDS
2.2.2 to ensure that only a single product was amplified. The ABI PRISM 7500HT sequence
detection system (Applied Biosystems) was used to detect the amplification level and was
programmed with an initial step of 10 min at 95°C followed by 40 cycles alternating between
15 s at 95°C and 1 min at 60°C. All reactions were run in technical triplicate for each
biological replicate, and the average values were used for quantification. The relative
quantification of target genes was determined using the AACT method. Briefly, the Ct
(threshold cycle) values of target genes were normalized to an endogenous control gene (actin)
(ACT = CWget - Ctactin) and compared with a calibrator (AA.CT = A C t ^ e - ACtcaisbrator)Relative expression (RQ) was calculated using the sequence detecion system SDS 2.2.2
software (Applied Biosystems) and the formula RQ = 2~AACT. Semi quantitative PCRs were
done to confirm the levels of SI NPRl and At NPRl in tomato transgenic plant previously
published by using specific primers described in the supplementary table 1 (Lin et al, 2004).
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Statistical analysis
Statistical analysis was carried out using GLM procedure of the SAS 9.1 statistical package.
Our data was subjected to either one- or two-way ANOVA followed by a comparison of the
means according to the Least Significant Range test (LSR) at P< 0.05 unless otherwise stated.
Pairwise comparisons with lower numbers of treatments were conducted according to
Student's t-test.
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Supplemental Figure 1: TGA2.2 does not induce tomato susceptibility to B. cinerea.
(A) Expression level of tomato TGA2.2 after 5. cinerea infection. Five-week-old plants were
sprayed with either 106 spores/mL of B. cinerea B191 or B8403 isolate; 0, 6 and 12 hours after
infections, samples were harvested for RNA extraction. qRT-PCR was carried out with
specific primers for tomato TGA2.2 and Actin (control) as described in material and methods
and supplemental table 1. (B) TGA2.2 transcript level from tomato-silenced plants. VIGS was
carried out by using TRV vector. Seedlings were inoculated with TRY.Sl TGA2.2 or empty
vector as a control (TRV:00). Three weeks after inoculation, RNA was isolated and qRT-PCR
was carried out as in A. (C) Tomato seedlings were silenced with the indicated TRV construct
as described in (B). Three weeks later, detached leaves were infected with B. cinerea B191.
(D) Disease areas were analysed, 4 dpi., Error bars represent the standard deviation (n=60)
from three independent experiments. Data sets marked with an asterisk are significantly
different from TRV:00-infected leaves as assessed by Student's Mest: *P < 0.001.
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Mock

EPS

Supplemental Figure 2: Effect of SA and EPS on disease caused by the virulent B.
cinerea B191 isolate on silenced plants.
Five-week-old TRV:00-, TRV: SI NPRl- and TRV:5/ TGAla- silenced plants were sprayed
either with SA 0.05 mM (A) or B. cinerea EPS (B) (50 ug/mL, B) and then 24 h later leaves
were detached and inoculated with 3-mm diameter plugs of the virulent B. cinerea B191
isolate. Water and sodium phosphate buffer were used as mocks for the EPS and SA
treatment, respectively. Lesion areas were assessed 4 dpi. Error bars represent the standard
deviation (n=60) from three independent experiments. Within each figure, letters above bars
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indicate statistical significance; bars not sharing letters represent significant mean differences
at P< 0.01.
PI I promoter (716 bp)
GAATTCACTTCAAAACATAAACATATTTTTTTTCCTTATCTTCAAATTGTTCAACATCTGGTT
GTTAGACACAATTAATATGTAGTACCTCACTACAATGAAGGACAAAAAACTGAATAGTTTAAG
ACCAAAACCGATCAATAGATCAAAAATCGATAAAAAATGTCTTGTTGATTTAACATATTTAAA
AATAAAAAATTAATAATTCAAATTGATAATACATAAAATCAAACTGAATCGACTGATACATAC
CCCTATCTAAATCCACTTATATCTTCAATTTCTTTAAAAAAATGAGCTTACAAATCCTACAAG
TATTTTATATATTTATAAATCTTCTATGTTATTTTCTAACAATATCACACAAAATAAAATTAT
AAAAAACCTATAAAACTAAAAAAAAATATTTATAAACGACTATAAAATCAAATCTCCCGCTTC
GCCCTTATCCAATTCATAATATAGAGATTAATGGTAGTAATATGTGTCCTCCACACACATTAC
ACGTCCATTCAATTTTCATTGTCCCTCTCACTTCTCGTATATCAAAACATGATATTTTTTTTC
CTTTATCTTCAAATTGTTCAACGTGTGGTTGTTAGACACCACTAGTACGTAGTATCTCACTAC
AATGAAGGCAACCTTTGCCTATAAATTTGTGTGGTGCACTCTTACAAATTCACTCAATTCCTT
CTACTCTTTACAACTAAAACAA

PI II promoter (994 bp)
GAGAAAAATATTTTAATAATTGTATAACGGTTTAGCATCTATACAAATCGATAATCAATAAGT
CAAATCGATAAACTTTAAAACCAAACCGATCGATACGTAATCCGCAAGTTAATACCTCAGATG
GTCACTCAACTATGCACTCTTCTCTCAGAAAGTCACTCAACTTTCAATTTTCACTCAAAAGTC
ACTCAACTATGCACTTTTTTCTCAGAAAGTCACTCAACTTTGAATTTTAACTCAAAAGTCATT
CAACTATCCACTCTTTCCTCAGAAAGTCACTCAATCTATTATATTATTTTTTAATTAAAATTT
ATTGATATTAATTATTTATATAACAAACCAAAAATTTTTAAAAATTAATTAAATCATTTAGTT
ATCCACCCACCTAATCCGACCCATTAAAAAATATGATATGACCCATTTTATTTTATCTTTAAT
CCTAAATTAATCCCTCTCTTTAAACCTTGAATTAGGATTAAGGACAAAATAAAATGGGTCATA
TCATGTTTTTTTATGGGTCGGGTTACGTGGGTGGATCACTAAATGGTTTAAATGGTATTTTTA
TTTTTAAAAAATTTTGATTTGTTATATAAATAATTAATATCAACAAATTTTAGTTAAAAAACT
TTCTGAGGAAAGAGTGGATAGTTGAGTGATTTTTGAGTTAAGATTCAAAGTTGAGTGACTTTT
CTGAGAAAAAAGTGCATAGTTGAGTGACTTTTGAGTTAAAATTGAAAGTTGAATGACCTTTCT
GAGAGAAGAGTGCATAGTTGAGTGACCATATGAGGTATTAACTCCCGTAATTCGCAAACATAA
CTTTTTTTTCTTTTTTATCAATTAACAAAAATAATATATACTAATATGAAGAAACAAAAGTTT
TATTTTGCTCTCTTTTTTTATCACTCGTTTGCTATAAACAGGTGGAGGAGGACTGACACTCTT
CACCCCAAAACTAAAAGAAGACAAGGTACTAGTAATCAATT
ATCCAT
Supplemental Figure 3: Promoter sequences of PI I and PHI.
700 bp of the 5/ PI I (accession number: Ml3938.1) and 1000 bp of the SI PI II (accession
number: AY 129402.1) sequences upstream of the transcriptional start site are analyzed and
several TGA binding motifs are found in both promoters (bold and underlined sequences).
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Supplemental table 1: Primers used in this study.
Gene
TGAla

NPRl

NPRl
PI I

PHI

TGA2.2

Actin

Accession
number
SGNU228136

AY640378

NM
105102.2
K03290

K03291.1

SGNU318626

U60480.1

Source

Primer

Note

S.
lycopersicum

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

VIGS

S.
lycopersicum

A. thaliana
S.
lycopersicum

S.
lycopersicum

S.
lycopersicum

S.
lycopersicum

5 - -AGTTGGGATGGTTGCACA-3"
5"-CCATCCTTCTCGAGGCAA-3"
5 - -GGCATGTGGGATGATTTC- 3 "
5"-CATCATCGGTATCTGGTCCT-3"
5"" - GACTTCTTCGCTGATGCTAAGC - 3 "
5 " - GACCACGGCATCAAAACTCACC - 3 "
5 " - GGGAAAGATAGCAGCACG - 3 "
5 - -GTCCACACAAACACACACATC-3"
5"-CCGCACTCATGATCGCAA-3"
5 --CAGTGAGACGGTCAGGCTCG-3 "*
5"-ATGGAGTCAAAGTTTGCTCACATCATTGTT-3"
5 "* - TTAAGTCACCACAGGCATTTGTACAACAAA - 3 "
5 " - GAAGTAATTAAGCAGCCACAATATG - 3 *"
5 - -GCCCCCCTTATTTTTTCC-3*"
5"-GAAACTCTCATGGCACGAA-3"
5 *" - CCTTCGCACATCAAGTTAGAG - 3 "
5"-ATGGCTGTTCACAAGGAAGTTAATTTTGTC-3"
5"-TCACATTACAGGGTACATATTTGCCTTGGG-3 5"-CCTATTCAAGATGTCCCCGTTC-3"
5 - -GGGCAATCCAGAAGATGG-3"
5"-CTGTGTGCCGTAGCTTCTGATGG-3"
5"-GCGAAGTTCAGCATCACCAGC-3"
5 *" - CCGATGGTTGGAAGAGCAG - 3 "
5 v - CCGCATCCCCCTTTATC - 3 *"
5 - -GCAGGACGTGACCTCA-3 v
5 v-GGAAGGTGCTGAGGGAA-3"
5 *" - GGTGTGATGGTGGGTATGG - 3 "
5"-GCTGACAATTCCGTGCTC- 3 "

qRT-PCRs: Kinetics and
VIGS tests
VIGS
qRT-PCRs : Kinetics
and VIGS tests
Semiquantitative PCR
VIGS
qRT-PCRs : VIGS tests
qRT-PCRs : Kinetics
VIGS
qRT-PCRs : Kinetics
and VIGS tests
VIGS
qRT-PCRs : Kinetics
and VIGS tests
Semiquantitative RTPCR
qRT-PCRs
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Botrytis cinerea, like any other plant phytopathogen, needs to establish successful
pathogenicity within the host plant. Plants defend themselves, in turn, by applying multiple
and sophisticated defense mechanisms, including pre-existing and induced immunity. The
diversity of mechanisms, the complexity of signalling, and the coordination that is required
among the various processes are truly astounding. These constant interactions form the basis
of the ongoing evolutionary "arms race" between pathogen and host plant. Through this
continual process of attack and response, the plant "learns" how to manage its strategies of
defense by activating the best defense pathway against the attacker. By activating the SA
signalling pathway, the plant becomes resistant against biotrophic pathogens. In contrast, the
JA signalling pathway is required for resistance against necrotrophs. These two defense
signalling pathways communicate with each other in order to fine tune plant defense against
the attacker. The pathways can act synergistically or antagonistically; their response depends
in part upon the concentrations of SA and JA. In turn, the pathogen "knows" how to
manipulate this antagonistic effect between signalling pathways to restore disease; P. syringae
is an example of a hemibiotrophic pathogen that can co-opt the signalling pathways. Indeed,
P. syringae produces a phytotoxin (coronatine) that mimics JA and activates the antagonistic
cross talk with SA, which consequently compromises the efficient defense pathway that had
been previously raised against this bacterium. However, no previous evidence has been
similarly found that supports the use of this strategy by necrotrophs. According to the findings
of El Oirdi and Bouarab (2007), two SA signalling components EDSl and SGTl that are
important for the FIR defense response were activated in Nicotiana benthamiana plants by
infection with the necrotrophic pathogen B. cinerea. Moreover, the silencing of these two
plant defense signalling components enhances N. benthamiana resistance to B. cinerea. In
other words, the activation of the HR response, which is SA-dependent, and the S A signalling
components EDSl and SGTl are important for virulence of B. cinerea. This evidence
highlights the manner in which B. cinerea attacks plants via the SA signalling pathway and,
furthermore, this evidence prompted us to uncover one of the strategies that is used by B.
cinerea to restore disease in the plants.
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In this study, we established that the necrotrophic pathogen B. cinerea restores its disease on
tomato plants by manipulating the antagonistic effect between SA and JA signalling pathways
and, furthermore, we determined exactly where this antagonism can occur through these two
signalling pathways. In the first part of this study, we investigated whether or not the strategy
that is used by Botrytis to cause disease in tomato plants involved manipulating the
antagonistic effect between SA and JA signalling pathways. The second part of this study
clarified the role that SA plays in the disease caused by B. cinerea on tomato plants.
Tomatoes showed differential responses against different isolates of B. cinerea that were used
in this study. Tomato plants were very sensitive against the majority of the isolates tested in
our laboratory (5 among 6). However, the plants exhibited a resistant phenotype against isolate
B8403 (El Oirdi et al, 2011). Different behaviours of tomato plants against B. cinerea were
related to a compound referred to as EPS, which is produced by these isolates. Tomato was
very sensitive against isolates that produced high quantities of EPS, while the plant was
resistant against isolates that produced low quantities of EPS. Pretreatment of tomato plants
with EPS compensated for the shortage of EPS in the isolate B8403; the consequence is that
tomato plants became sensitive against the isolate B8403. B. cinerea manipulated the
antagonistic effect between SA and JA defense signalling pathways through its EPS. The
antagonistic effect of SA on JA signalling is downstream of the JA signalling pathway. The
effect of EPS and SA in stimulating tomato sensitivity against necrotrophic pathogens
proceeded through NPRl and TGAl.a. JA-dependent PI I and II repression was the final goal
for botrytis in restoring disease in tomato. Interestingly we found that NPRl and TGAl.a
regulate negatively the expression of PI I and PI II. The silencing of PI I and PI II
compromises disease resistance against B. cinerea. Thus, B. cinerea hijacks plant SA
signalling pathway through NPR1 and TGA 1. a to suppress the expression of PI I and PI II and
consequently to invade tomato plant. To our knowledge this the first evidence showing a
necrotroph using this cross talks between SA and JA in its advantage. These results led us to
see whether other necrotrophs are able to use this strategy to cause disease. Remarkably
Alternaria solani, another necrotroph uses SA signalling pathway to invade tomato plant.
Work with two necrotrophic pathogens, B. cinerea and A. solani, suggest that there is
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commonality or agreement in the manner in which different necrotrophic pathogens suppress
the plant immune system.
It is important to know how TGAl.a and NPRl suppress the expression of PI I and PI II.
Analysis of the promoters of PI I and PI II show that they contain several targeted sequences
for the TGAla transcription factor which are important for the function of this transcription
factor. The interaction between NPRl and several TGA proteins were demonstrated
previously in planta (Subramaniam et al, 2001). These results encouraged us to investigate if
the NPRl-TGA la interaction occurs in our system and whether TGAl.a binds to the promoter
of PI I and PI II. Chromatin immune precipitation (ChIP) will be used to answer these
questions. We will use TGAl.a antibodies that we are generating to immunoprecipitate NPRl,
if there is any interaction in response to B. cinerea, and in the same time to precipitate the
promoter regions where the binding might occur in response to the infection. We also have
NPRl antibodies that will be used to detect NPRl. To test whether the binding of NPRl to
TGAl.a is important for the binding of TGAl.a to the promoter of PI I and PI II, knockdown
of NPRl will be used for ChIP experiment as above.
Further work needs to be done on tomato genes that are manipulated by botrytis and which
have been revealed in the microarray analysis of the tomato-botrytis interaction that I did but
need further experiments (such as VIGS and qRT-PCR) to confirm the expression level of the
targets. The preliminary microarray results showed some promising candidates that are
manipulated in tomato plants in response to attack by B. cinerea. Some common genes are
upregulated upon infection by the virulent isolate of botrytis B191 or by SA treatment,
followed by infection with the isolate B8403. Such genes included tomato ripening associated
membrane protein (TRAMP), some Pathogenesis related proeins ex. PR5 and the
hypersensitive response assisting gene (HR gene, accession no. SGN-U213772). Silencing of
this gene significantly diminished the sensitivity of tomato plant against the virulent botrytis
isolate B191. Moreover, HR protein has ribonuclease activity similar to S-like ribonuclease
PD1 (gene of almond Prunus dulcis), which might implicate its involvement in RNA
degradation of mRNA of defense genes. Expansin 1 gene (EXP1 gene accession no. SGNU215711) is another example of tomato gene that was upregulated by either infection of
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tomato with virulent isolate of Botrytis B191 or by SA treatment of tomato, followed by
infection with isolate B8403. Expansin 1 protein induces cell wall loosening, which might be
required for sensitivity of tomato against botrytis. Indeed expansins promote disease caused by
necrotrophs in rice (Ding et al, 2008).
On the other hand common tomato genes that are down regulated upon infection by the
virulent isolate of botrytis B191 or by SA treatment, followed by infection with the isolate
B8403, included some JA-dependent gene (different proteinase inhibitors genes such as
Proteinase inhibitor I precursor), some enzymes such as pectate layase, antimicrobial
metabolites such as thirodoxin, cellulose synthase-like cl2 (ATCSLC12 gene, accession no.
SGN-U217866) and many others targets. Cellulose synthase had been shown to promote
disease in Arabidopsis. Alteration of secondary cell wall integrity by inhibiting cellulose
synthesis leads to activation of defense that contributes to resistance against pathogens
(Hernandez-Bianco et al, 2007). We can speculate that the down-regulation of cellulose
synthase-like cl2 by B. cinerea is used by tomato to restrain Botrytis invasion..Further
investigation of promising targets arising from the microarray analysis will help in more fully
understanding other mechanisms which might be used by phytopathogens to attack host
plants.
Revealing the manner in which necrotrophic pathogens cause disease in host plants will
improve our general knowledge regarding the behaviour of the necrotrophic pathogen against
the host and aid us in finding a way to activate the plant immune system as an alternative to
using pesticides.
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CROSS TALK BETWEEN INDUCED PLANT IMMUNE SYSTEMS

This chapter constitute a review summarizing cross talk between plant defence pathways.
The reference of this chapter is:
Gonzalez-Lamothe R, El Oirdi M, Abd El Rahman T, Sansregret R, Bathily H and
Bouarab K. (2009). Cross talk between induced plant immune systems. Plant-Microbe
interactions (Editors, K Bouarab, N. Brisson and F Daayf). Book Publisher CABI Nosworthy
Way, Wallingford, Oxfordshire, OX10 8DE, United Kingdom. ISBN 9781845935740. 163178.
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Abstract
Plants possess different mechanisms to defend themselves against the continuous exposure to
pathogenic attacks. The most elaborate defence responses are those that involve the activation
of several specific anti-microbial reactions once the pathogen is detected. Thus, detection of a
pathogen's component through plant receptors will unleash a defence response that will
ultimately stop the pathogen spreading. Plants generally react to necrotrophic pathogens
through the activation of jasmonate-dependent pathways, whereas defence responses to
biotrophic pathogens are salicylic acid-dependent. Another plant immune pathway has been
shown against viruses, in which the plant activates a virus-RNA degrading mechanism (RNA
silencing) that is independent of the presence of receptors. To better understand the plant
immune system, it is important to know how each of the previous defence mechanisms
interacts with the other ones. Thus, salicylic acid-dependent pathway regulates jasmonicdependent defence pathways and vice versa. Also, recent studies showed that detection of a
pathogen through a plant receptor can induce RNA silencing of certain plant genes. This
chapter will discuss the cross-talk among some of the known plant defence pathways.

Introduction
How plants defend themselves from pathogenic attacks has been a subject of research
for years. Plant hosts can avoid pathogenic invasions by lacking the nutrients needed by the
pathogen to survive and by the presence of physical and chemical pre-existing barriers.
However, plants also possess an active immune system by which they detect potential
damaging invaders and induce specific defence mechanisms to stop the spreading of the
intruder (Hammond-Kosack and Jones, 1996). This active plant-defence response can be
achieved by different pathways, specifically activated by a more or less restricted group of
pathogens, giving a response tailored to the nature of the attacking organism (Jones and Dangl,
2006). Thus, an immune response is activated against biotrophic pathogens after detection of
pathogen elicitors by the host receptors. As a consequence, a signalling pathway is triggered
that will result into the activation of some effector proteins. Plants can recognize pathogen
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general elicitors through transmembrane patterns' recognition receptors (PRRs). These general
elicitors are also called pathogen associated molecular patterns (PAMPS) because they are
found in a broad range of microorganisms and they are often recognized by all members of a
host "genus" (Gordon, 2002). Plants can also detect specific elicitors or their activity through
the NB-LRR receptors encoded by resistance (R) genes. This defines what is called "gene-forgene" resistance (Bent and Mackey, 2007). The specific elicitors or avirulence (avr) genes are
often found in only one strain of the microorganism, while the R gene is present only in certain
varieties of the host. As a result of the recognition of an avr gene by an R protein, the plant
will induce a cell death, so-called hypersensitive response (HR), to stop the spreading of the
pathogen. The signalling and effector molecules can be the same for general elicitors- and
avirulence protein-activated pathways, but in general, the response produced after recognition
of avirulence proteins is faster and stronger than the one induced by general elicitors, resulting
in a more efficient resistance. Resistance induced by both general and specific elicitors is
triggered against biotrophic pathogens and involve mainly salicylic acid as a signalling
molecule.
Necrotrophic pathogens induce a different defence response that is less understood
than the one triggered against biotrophs. Up to date, no receptors have been shown to be
required for resistance against necrotrophic pathogens, but the nature of the signalling- and
some effector molecules were identified. Thus, resistance against necrotrophs involves
jasmonic acid (JA), and in some cases ethylene (ET), as another signalling molecule. These
phytohormones are also involved in response to wounding and insect feeding. R genemediated HR is not produced by the host in response to necrotrophic pathogens, but, on the
contrary, some necrotrophes like Botritys cinerea induce an HR-like response in the host to
facilitate its colonization (Govrin et al; 2000; El Oirdi and Bouarab, 2007). Although it is
now generally accepted that plant defence is mediated by SA against biotrophic pathogens and
JA/ET against necrotrophic ones, it should be kept in mind that the reality is more complex, as
indicated by exceptions to this rule.
A different defence mechanism not involving the detection of an elicitor by specific
plant receptors is triggered in plants against certain viruses through RNA-silencing. RNA128

ANNEXE

silencing mechanisms are mediated by short RNAs (sRNAs) resulting from the cleavage of
double-stranded RNAs (Baulcombe, 2004). In this defence response, plant RNAselll-like
protein Dicer can recognize viral double-stranded RNA and activate the silencing mechanism.
As a result, virus-derived small interfering RNAs (viRNAs), which target viral RNA for
degradation, are produced (Ding and Voinnet, 2007).
Although the first step to study a plant defence pathway requires analysis of the
receptor, signalling and effector components, specific plant resistance pathways should not be
considered as isolated mechanisms, but as components of the immune system network, where
they extensively interact and regulate each other. Therefore, a complete understanding of the
plant immune system requires knowledge of the interactions among the different pathways.
In this chapter, we will review the SA- and JA-dependent defence mechanisms both as
independent pathways and as interacting responses that regulate each other. Description of
antiviral silencing mechanism is presented in the chapter 1 of this book. However, we will
analyze the cross-talk between receptor mediated- and silencing mediated-defence responses.
1-SA and JA: Their independent effects and cross talk
1.1- Role of JA in plant resistance against necrotrophic pathogens.
JA is a cyclopentanone derivative which acts as a growth inhibitor, senescence-promoting
substance. JA is synthesized from alpha-linolenic acid, a CI8 poly-unsaturated fatty acid
present in the plant plasma membrane, by enzymes similar to lipase. Key enzymes involved in
the JA synthesis pathway include lipoxygenase, allene oxide synthase, and allene oxide
cyclase (Agrawal et al, 2004). JA synthesis is induced by some elicitors like systemin, and in
response to wounding and attack by insects and necrotrophic pathogens (Ryan, 2000). Plants
can also accumulate methyl jasmonate (MeJA) in response to elicitors or infection. MeJA and
JA modulate the expression of several defence genes including PDF1 (protein defensin) in
Arabidopsis thaliana or PI-I (proteinase inhibitor I) and PI-II (proteinase inhibitor II) in
tomato (Farmer and Ryan 1990; Pieterse and Van Loon, 1999; Karban et al, 2000; Baldwin et
al, 2002; Pozo et al, 2005). JA plays a key role in defence against necrotrophic pathogens.
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Mutants affected in the JA synthesis or its signalling pathway are more susceptible to
necrotrophic pathogens compared to wild type plants (Vijayan et al, 1998; Browse and Howe,
2008). For example, the JA-insensitive mutant coil (coronatine insensitive gene 1) shows
enhanced susceptibility to the necrotrophic fungi Alternaria. brassicicola and B. cinerea
(Thomma et al, 1998).
Coil is necessary for the activation of JA-dependent defence genes (Kemal and Manners,
2007). On the other hand, overexpression of a JA carboxyl methyl transferase increased
endogenous levels of MeJA what leads to higher resistance against B. cinerea (Seo et al,
2001;Xiao-Yie/a/.,2007).
1.2- Role of SA in plant resistance against biotrophic pathogens.
SA is a phenolic compound synthesized through the shikimic acid pathway. In
Arabidopsis, it was shown that it can be synthesized through two pathways in both of which
chorismate, can be converted into SA, involving phenylalanine or isochorismate . In the first
pathway, Phenylalanine ammonia lyase (PAL) catalyzes the first metabolic step, in which
phenylalanine is converted to trans-cinnamic acid. The latter is subsequently converted into
benzoic acid. A benzoic-acid-2- hydroxylase (BA2H) catalyzes the final step, where benzoic acid
is converted into SA (Shah, 2003). In the second pathway, SA is produced from chorismate
through two steps that involve isochorismate synthase and isochorismate pyruvate lyase (Ogawa et
al, 2005).
SA plays a key role in the signal transduction pathway leading to resistance against
biotrophic pathogens. SA regulates the expression of several defence genes including PRl
(Shah, 2003). The role of SA in resistance against pathogens has been confirmed by using
transgenic tobacco plants that express the nahG gene, encoding for salicylate hydroxylase, a
SA-metabolizing enzyme (salicylate hydroxylase) from Pseudomonas putida.

Those

transgenic plants showed little or no accumulation of SA after infection with several types of
pathogens including bacteria, viruses and fungi and they displayed higher levels of infection in
comparison to wild type plants (Chen et al, 1995; Iris et al, 1996). Plants can also accumulate
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methyl salicylate (MeSA) and conjugated SA in response to elicitors or infections. Finally, SA
plays an important role in the induction of SAR (Durrant and Dong, 2004).
1.3- The cross talk between SA and JA
Plants often respond to attacks by insect herbivores and necrotrophic pathogens with induction
of jasmonate-dependent resistance traits, but respond to attack by biotrophic pathogens with
induction of salicylate-dependent resistance traits (Traw et al, 2003). Equally, it has been
suggested that the relative concentrations of SA and JA are important in determining the
expression levels of different defence-related genes (Luis et al, 2006).
Cross talk between SA- and JA-dependent defence signalling is the cornerstone in the
plant pathogen interaction. The term cross talk is used in many cases to explain how two or
more signalling pathways communicate (Taylor et al, 2004). In some cases, different defence
signal transduction pathways cooperate and enhance resistance against a pathogen attack
(Spoel et al, 2003).
Several studies have shown that SA antagonises JA and vice versa (Xu et al, 1994;
Maleck and Dietrich, 1999; Jennifer et al, 2002; Kunkel and Brooks, 2002; Spoel et al, 2003;
Traw et al, 2003; Andrea et al, 2004; Pieterse and Loon, 2004; Pozo et al, 2005; Richard,
2005; Peng et al, 2007; Vidhyasekaran, 2008). This antagonism provides the plant with an
elaborate regulatory potential that leads to the activation of the most suitable defence against
the invader. The antagonism between SA and JA was initially discovered using Arabidopsis
mutants. Arabidopsis plants unable to accumulate SA produced higher levels of JA and
showed enhanced expression of the JA-responsive genes in response to infection by
Pseudomonas syringae pv tomato DC3000. On the other hand, mutants affected in JA
synthesis accumulate higher levels of SA and display higher resistant to biotrophic pathogens
(Enrique et al, 2003; Spoel et al, 2003; Pieterse et al, 2004).
1.4- Factors controlling cross talk between SA and JA signalling pathways
1.4.1- NPRl
NPRl (nonexpresser of PRl genes) is a co-transcription factor that regulates the plant defence
responses downstream of the SA signalling pathway. Working with nprl mutant revealed that
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NPRl is a central regulator of plant defence responses including SAR (Systemic Acquired
Resistance), ISR (Induced Systemic resistance) and SA/JA cross-talk (Durrant and Dong,
2004).
NPRl contains an ankyrin-repeat domain, which is known to mediate protein-protein
interactions, as demonstrated by mutations in this domain (Shah, 2003). Members of the TGAelement binding protein (TGA) family of basic-leucine-zipper (bZIP) DNA-binding proteins
interact physically with NPRl in yeast-two-hybrid assays (Shah, 2003). The complex NPR1TGA seems to be important in the regulation of the expression of several genes including PRl
(Durrant and Dong, 2004).
Nuclear localization of NPRl, which is essential for SA-mediated defence gene
expression, is not required for the suppression of JA signalling, indicating that cross-talk
between SA and JA is modulated through a novel function of NPRl in the cytosol (Spoel et
al, 2003). The cytosolic function of SA-activated NPRl in modulating cross-talk between
SA- and JA-pathways is also redox-regulated. However, how SA induces changes in the
cellular redox status, and which redox mediators are involved, is largely unknown (Pieterse
and Loon, 2004). The way NPRl coordinates these different responses and how the signalling
network works downstream of NPRl in each case, need more investigation before it is fully
understood (Durrant and Dong, 2004).
1.4.2- Mitogen-activated protein kinases (MAPK)
Signalling mechanisms and cellular responses acting downstream of the recognition of largely
unrelated elicitors are believed to be similar, and are known to include medium alkalinization,
release of Ca2+, generation of signalling phospholipids and activation of mitogen-activated
protein kinases (MAPKs). The MAPK family consists of three types of protein kinases,
MAPK, MAPK kinase (MAPKK) and MAPKK kinase (MAPKKK) (Takahashi et al, 2007)
and comprise a family of ubiquitous proline-directed, protein-serine/threonine kinases. The
extracellular stimuli mitogen is responsible of activation of MAPKs which in turn participate
in signal transduction pathways that control intracellular events, including acute responses to
hormones and major developmental changes in organisms such as gene expression, mitosis
and differentiation (Person et al, 2001; Miki et al, 2006).
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Recent studies showed that some MAPKs are involved in the control of the cross talk
between SA and JA. Arabidopsis MPK4 leads to the activation of the JA pathway while
suppressing the SA pathway (Petersen et al, 2000). In addition, mpk4 knockout plants exhibit
constitutive activation of SA-dependent defences, but fail to induce JA defence marker genes
in response to JA (Brodersen et al, 2006).
1.4.3-WRKY transcription factors
WRKY proteins are a superfamily of transcription factors, whose name comes from the
conserved amino acid sequence WRKYGQK at the N-terminal end, together with a novel
zinc-finger-like motif of the WRKY domain in the 60 amino acid region that is highly
conserved among most of the family members (Thomas et al, 2000). WRKY transcription
factors are important regulators of SA-dependent defence responses (Wang et al, 2006) and
some of the WRKY members are involved in the cross talk between S A and JA (Koornneef
and Pieterse 2008), such as WRKY70 (Li et al, 2006) which acts as a valve between SA and
JA signalling events during plant defence (Li et al, 2004). WRKY70 controls the cross talk
between defence pathways, acts downstream of NPRl in an SA-dependent signal pathway and
acts as a repressor of JA-inducible genes (Li et al, 2004).
In addition to WRKY70, other WRKYs including WRKY62, WRKY 11 and WRKY
17 play many roles in regulating the cross talk between SA and JA pathways (Koornneef and
Pieterse, 2008). However, the clear mechanism behind the control of the cross talk by WRKY
proteins is still not well understood.
1.4.4- Glutaredoxin
Glutaredoxin is another factor in the regulation of signalling pathways cross talk and it is
involved in the redox-dependent regulation of protein activities (Koornneef and Pieterse
2008). Glutaredoxin belongs to the same superfamily of small redox proteins (Hoog et al,
1983) and at least 31 glutaredoxin genes are present in Arabidopsis thaliana (Rouhier et al,
2004). Glutaredoxins are small enzymes (about one hundred amino-acid residues) which are
similar to thioredoxins and possess a typical glutathione-reducible CxxC or CxxS active site.
They use glutathione as a cofactor (Rouhier et al, 2004). The function of glutaredoxin is the
reduction of ribonucleotides through electron transfer from NADPH via its -SH groups to
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deoxyribonucleotides, a process required for DNA synthesis (Hoog et al, 1983; Holmgren,
1989).
As described below, TGA interacts with NPRl in the plant nucleus in order to induce
the expression of a SA-dependent pathogenesis-related gene 1 (Shah, 2003; Spoel et al,
2003). Glutaredoxin 480 induced by SA interacts with a TGA transcription factor, which is
already bound to PDF1 promoter region and suppresses its expression (Ndamukong et al,
2007). Glutaredoxin 480 constitutes then another protein involved in the antagonistic cross
talk between SA and JA (Ndamukong et al, 2007).
2-RNA-silencing as a response after pathogen elicitor recognition
RNA-silencing mechanisms are mediated by cleavage of double stranded RNA (dsRNA) into
small RNAs (sRNA), the molecule that confers the specificity of the silencing reaction. There
are several classes of sRNAs based on their origin and function (Baulcombe, 2004). In order
to clarify the discussion below, we will briefly describe the two best characterized classes of
sRNA, microRNA (miRNA) and small interfering RNA (siRNA). miRNA originate from the
imperfect intramolecular matches found in the secondary structure of primary miRNA
transcripts (pri-miRNA). pri-miRNA are processed into precursor miRNAs and then converted
into miRNA (Ding and Voinnet, 2007). They are encoded in the genomes of multicellular
eukaryotes and unicellular plants and in plants and animals they are grouped in families based
on sequence similarity (Chapman and Carrington, 2007). siRNA originate from perfectly
matched dsRNA. The origin of dsRNA can be multiple: transcription of loci containing
inverted or direct repeat sequences, or as discussed below, transcription from opposite
promoters. siRNA production can be amplified through dsRNA synthesis by cellular RNAdependent RNA polymerases, resulting into secondary siRNA accumulation (Chapman and
Carrington, 2007).
The origin of the silencing-initiator dsRNA can be endogenous or exogenous. The
former regulates different plant-processes as developmental programs, response to external
stimuli or hormone signalling. The later includes the production of virus induced siRNAs
(viRNAs) as a defence mechanism against the attack of some viruses. Until recently the
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activation of RNA-silencing as a defence response seemed to be specific of viral pathogens,
since they (but not fungus or bacteria) need to produce dsRNA to survive inside the host cell.
Nevertheless, since RNA-silencing can be triggered by endogenous dsRNA in response to
external stimuli it was not surprising to find that plant pathogens other than virus can also
activate a host defence mechanism that involve the RNA-silencing pathway (Navarro et al,
2006; Katiyar-Agarwal et al, 2006 and 2007, Pandey and Baldwin, 2007). We will describe
here the publications that report the involvement of RNA-silencing in the defence response
triggered by different pathogens.
Navarro and collaborators published the first work showing the activation of the RNAsilencing pathway after detection of a pathogen elicitor. These authors demonstrated how
treated Arabidopsis with a peptide, derived from the general elicitor flagellin, induces a
microRNA (miRNA), which turns off the expression of several auxin-receptors mRNAs,
rendering the plant more resistant to bacterial infections. Three well-supported lines of
evidence demonstrate the hypothesis of the authors:
1. Three auxin-receptor F-box proteins (TIR1, AFB2 and AFB3) are targets of
regulation by miRNA after flg22 treatment. The targets of miRNA were identified by
its higher accumulation in silencing-suppressor overexpressing plants, in comparison with
wild type, after flg22 treatment. Two of the F-box mRNAs were previously identified as
targets of the miR393 (TIR1,fromTransport Inhibitor Response 1 and AFBX, from Auxin
signalling F-Box X; Jones-Rhoades and Bartel, 2004; Sunkar and Zhu, 2004) while the
authors indentified a sequence that perfectly matched with this miRNA in the third F-box
mRNA (AFBY). Both mRNA and protein levels of the F-box TIR1 were reduced after
flg22 treatment, while miR393 accumulated under the same conditions. Promoter fusion
analysis of the precursor of miR393 with eGFP also indicated an induction of the
expression of eGFP after flg22 treatments.
2. Flg22 treatment leads to down regulation of the auxin-signalling pathway. Auxinsignalling is a relatively simple and well known plant pathway. The F-box proteins TIR1,
AFB1, AFB2 and AFB3 are auxin receptors and they are part of the ubiquitination
complex sCFmi/AFB1/AFB2/AFB3. After reception of the hormone, this complex will induce
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the degradation of the Aux/IAA proteins, which are transcription factors that negatively
regulate auxin-signalling (Gray et al, 2001). Based on this model, Navarro and
collaborators showed the impact of flg22 in the auxin signalling pathway, by
demonstrating an increase in the stability of LAA/Aux proteins and a decrease in the
expression of the auxin-signalling genes after the general elicitor treatment.
3. Auxin signalling activation enhances disease resistance. Finally, repression of the auxin
signalling pathway by flagellin elicitation suggests a role of this pathway in conferring
disease susceptibility. This has been probed by different ways. First Pseudomonas
syringae experiments were performed in tir-1 mutant plants that overexpress AFB1. This
F-box is an auxin-receptor partially resistant to miR393. Therefore, after flg22 treatment,
the auxin signalling pathway cannot be downregulated and the plants are more susceptible
to infection in comparison with the wild-type. In a second experiment, Arabidopsis plants
were engineered to constitutively express At-mi393a, therefore resulting into lower TIR
levels. Infection experiments showed higher resistance in the transgenic plants compared
to the wild-type, which confirmed the role of TIR and auxin signalling in disease
susceptibility.

After this work, activation of RNA-silencing after recognition of an avr gene by an R
gene has also been shown (Katiyar-Agarwal et al, 2006; 2007). Elicitation of Arabidopsis
plants carrying the R gene RPS2 with P. syringae carrying the avr gene avrRpt2 induced a
recently discovered class of siRNA called natural antisense transcript-siRNA or nat-siRNA.
nat-siRNA are originated from the overlapping region of a pair of natural antisense
transcripts or NATs (Borsani et al, 2005). Thus, certain conditions can specifically induce
the expression of one NAT pair transcript that will trigger, after pairing with the already
expressed antisense transcript, the nat-siRNA formation. The so called nat-siRNAATGB2
comes from the overlapping between the mRNA of a GTP-binding gene (ATGB2) with the
mRNA of a pentatricopeptide repeat protein-like (PRRL) gene and it is strongly activated
after infection of Arabidopsis RPS2 plants with P. syringae pathovar tomato (Pst) avrRpt2.
Since the sequence of this nat-siRNA complements with the 3'UTR region of the antisense
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gene PPRL, a possible dowregulation of PPRL by nat-siRNAATGB2 was suggested. In fact,
it was shown in this work that both the induction of the nat-siRNAATGB2 and the
dowregulation of PPRL transcript depend on the expression of the NAT component A TGB2.
More interestingly, several components of the RNA-silencing pathway, as well as the RPS2mediated resistance pathway are shown to be essential for both the production of natsiRNAATGB2 and the downregulation of PPRL mRNA, indicating that the two defencerelated pathways are involved in producing the same response. Also, mutation of two
different components of the RNA-silencing pathway increases bacterial susceptibility,
providing direct evidence of the role of RNA-silencing in this specific defence response.
Finally, the question why PPRL mRNA needs to be downregulated after avrRpt2 recognition
is answered by showing that PPRL-overexpressing lines are more susceptible to Pst avrRpt2,
which means that this gene mediates disease susceptibility.
The two previous studies showed the role of two different classes of sRNA (miRNAs
and nat-siRNA) in regulating responses against different pathogens. This suggests that the
control of plant defence responses by sRNA is a general mechanism that may probably
involve all the known classes of sRNAi. Moreover, a new class of siRNA, the so called long
siRNA (IsiRNA), has been found to be induced after a pathogen attack (Katiyar-Agarwal et
al, 2007). IsiRNAs are 30- to 40-nucleotide siRNA generated from protein-coding genes
that can be induced by specific developmental conditions. They can be originated from
NAT, as is the case of the AtlsiRNA-1, which was characterized by Katiyar-Agarwal et al.
(2007). Three main questions were addressed by these authors toward understanding the role
of AtlsiRNA-1: (i) how it is generated, (ii) how it mediates silencing of their targets, and (iii)
how it regulates the defence response.
AtlsiRNA-1 is derived from the overlapping region between a putative leucine-rich
repeat receptor-like protein kinase (RLK, also called here small RNA-generating RLK or
SRRLK) and an expressed protein containing a putative RNA-binding domain, RAP (RNAbinding domain abundant in Apicomplexans) domain or AtRAP. The sequence of
AtlsiRNA-1 complements the 3' UTR of AtRAP, suggesting that the later is the target of
degradation. This is supported by transcription analysis showing that the expression of both
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SRRLK and the AtlsiRNA-1 is induced by Pst (avrRpt2) infection, and it correlates with a
reduction in AtRAP mRNA. Moreover, the authors identified some of the proteins involved
in the biogenesis of AtlsiRNA-1 by checking the Pst (avnf?/rt2)-dependent induction of this
siRNA in the different small RNA pathway mutants, and they observed a negative
correlation between the levels of AtlsiRNA-1 and AtRAP in those mutants. Additional
confirmation of the regulation of AtRAP mRNA levels by AtlsiRNA-1 is obtained by
generation of transgenic plants carrying a fusion of either wild type or mutated 3' UTR
region of AtRAP fused to the YFP gene under the control of the constitutive 35S promoter.
Infection of those transgenic plants with Pst (avrRptl) leads to diminution of YFP levels
fused to the wild type 3'UTR AtRAP , whereas no changes in expression were observed
under the same conditions when the reporter gene is fused to the mutated 3'UTR. The
authors then investigate if the AtlsiRNA-1-dependent degradation of AtRAP depends on the
expression of SRRLK gene. As expected knock-out of SRRLK expression by T-DNA
insertion led to a lack of induction of the siRNA.
The second question was answered by showing that mRNA decapping is the mechanism
that leads to AtlsiRNA-1-dependent AtRAP degradation. This is interesting since, in plants,
sRNAs mainly direct mRNA degradation through endonucleolytic cleavage, and although in
animals small RNA-induced mRNA instability is well known (Valencia-Sanchez et al,
2006), this is the first report of such a mechanism in plants.
Finally, the authors analyzed the role of AtRAP gene in resistance. Infection of AtRAP
knock-out mutants showed higher resistance to both virulent and avirluent (avrRpt2) Pst,
indicating that this gene is also involved in basal resistance. On the contrary, knock-out of
SRRLK gene did not show any differences in terms of infection. Why knocking-out SRRLK
does not affect the defence response even when AtlsiRNA-1 is not induced was not
elucidated. If this sRNA is responsible for the degradation of AtRAP, what leads to higher
resistance to Pstl It should be expected that SRRLK mutant lines displayed a lower
resistance to Pst (avrRpst2) infection.
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The previous mechanisms differ from the classical virus-induced RNA silencing
response in that they are initiated by the recognition of a pathogen elicitor (other that
dsRNA) by a plant receptor, and that the silencing mechanism is triggered by an endogenous
dsRNA. There are also important differences among the above described elicitor-activated
silencing mechanisms as the nature of the sRNA (miRNA, nat-siRNA and AtlsiRNA) that is
produced, the origin of the sRNA (expression of miRNA precursor or NAT transcription for
nat-siRNA and AtlsiRNA) and the silencing mechanisms directed by the sRNA (endogenous
cleavage or mRNA instability by decapping). This variety in the defence-related silencing
mechanisms suggests that the regulation of the plant immune system by RNA-silencing is a
complex process that we are only starting to understand.
Although the cross-talk between pathogen-response and silencing mechanisms has been
deeply analyzed only for bacterial pathogens, there is also some evidence that indicates that
resistance to herbivore insects also involves the production of dsRNA and hence the RNAsilencing pathway (Pandey and Baldwin, 2007). Virus-induced gene silencing of three
Nicotiana attenuata RNA-directed RNA polymerase (RdR), followed by a herbivore
susceptibility screen, led to the identification of RdR 1 as an essential protein in the defence
response of this host plant to the attack by Manduca sexta. RdR proteins are the enzymes
responsible for the production of some forms of dsRNA, the molecule common to all the
RNA silencing mechanisms (Pickford and Cogoni, 2003). RdR are also involved in the
spread of the silencing target within a single RNA strand. This process starts in plants with
the recruitment of RdR by a long-single stranded RNA targeted with two primary siRNAs or
miRNAs. The RdR will produce dRNA followed by the cleavage by Dicer with the
consistent generation of secondary siRNAs (Baulcombe, 2007). Pandey and Baldwin
confirmed the role of RdR-1 in defence to herbivore attacks by stable silencing of this gene
in N. attenuata (Pandey and Baldwin, 2007). To identify putative defence mechanisms that
are regulated by RdR, the authors performed microarray analyses. Their results showed that
several alkaloid biosynthesis genes are downregulated in the RdR 1-silencing plants after
infection, suggesting that the mutant plants possess an altered nicotinic biosynthetic
pathway, which was already shown to be an essential defence response (Steppuhn et al,
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2004). The authors then proposed that herbivore attacks activate RdRl, which will perform
the amplification of siRNAs that will target repressors of nicotine biosynthesis.
A deeper analysis of the defence mechanisms regulated by sRNA in N. attenuata, after
infection with M. sexta, has been performed (Pandey et al, 2008). In this work, the sRNA
franscriptome was compared between WT and RdR-1 mutants both before and after a
herbivore attack. After identification of some miRNAs that are differentially regulated in the
previous situations, the authors searched for putative targets of regulation by this miRNA.
Since, as mentioned above, silencing of RdRl leads to a diminution of nicotine biosynthesis
(Pandey and Baldwin, 2007) and the control of this defence response by phytohormones is
well established (see bellow), the authors looked for targets of regulation by sRNA in the
genes involved in phytohormone signalling, specifically JA and ethylene. The attack by M.
sexta elicits a JA burst in N. attenuata that is essential for the defence response to be
produced, since silencing of the JA-signalling cascade genes compromises host resistance to
this herbivore (Halitschke et al, 2003; Paschold et al, 2007). The defence response,
specifically the JA-dependent production of nicotine, is also negatively regulated by an
ethylene burst triggered by M. sexta attack (Winz and Baldwin, 2001). Sequence analysis
revealed that several of the sRNA might potentially target the hormone-signalling pathway,
and qPCR analysis confirmed that six JA-related and 2 ethylene-related signalling and/or
biosynthesis genes are differentially expressed in WT and RdRl mutants after herbivore
attack. One interesting result revealed from this work is the possibility that sRNA can also
activate gene expression. Thus, some of the genes identified as putative targets of the sRNAs
show higher transcriptional levels in RdRl- silencing plants. This activity of sRNA as
positive regulators of transcription has already been shown in humans where targeting of a
promoter with dsRNA increases its transcriptional activity (Li et al, 2006).
By similarity with the work of flagellin and auxin singnalling (Navarro et al, 2006)
Pandey and collaborators proposed that the F-box COI-1 (Coronatine Insensitive-1),
involved in JA-perception (Li et al, 2004), might be the target of regulation by sRNA. But
analysis of the transcription levels of the F-box COI-1 in WT and RdRl plants showed no
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differences, indicating that if this F-box is regulated by sRNA it is done posttranscriptionally.
The transcriptional differences found in the hormone-related genes correlate with
lower production of JA in RdRl-silenced plants after a herbivore attack, in comparison with
the WT, while the production of ethylene is higher in the mutant. Moreover, the exogenous
application of JA restores the resistance of N. attenuata to M. sexta, suggesting that the
lower level of JA in the RdRl-silenced plants is responsible of the higher sensitivity of the
mutant to herbivore attacks. This work provided a direct evidence of the role of sRNA in
controlling the defence response to herbivore attacks. Another possibility not tested in this
work is that RdRl is involved in the production of sRNA in the host plant to target genes
that are essential for the herbivore's development. Thus, after feeding, the insect will
incorporate the sRNA, the expression of the target genes (possibly essential for the infection
to be successful) will be altered and the plant will be resistant. The capacity to modulate the
gene expression in an herbivore by incorporating sRNA from the host plant by feeding has
been already shown in cotton (Mao et al, 2007). The herbivore Helicoverpa armigera needs
the enzyme cytochrome p450 (CYP6AE14) to attack cotton plants. This enzyme will
metabolize gossypol to levels that can be tolerated by the herbivore. Infection of genetic
engineered cotton plants producing dsRNA against CYP6AE14 delay the larvae growth
(Mao et al, 2007). Nevertheless, if this mechanism exists in nature, it is still to be shown.
Recently, Navarro et al. (2008) have identified P. syringae effectors that suppress
transcriptional activation of some PAMP-responsive miRNAs or miRNA biogenesis,
stability, or activity. These results provide evidence that, like viruses, bacteria have evolved
to suppress RNA silencing to cause disease. These data are novel and may help discover
several targets of bacteria effectors on the RNA silencing pathway.
Concluding remarks
Considerable progress has been made during the last few years in our understanding of how
JA antagonizes SA and vice versa. However, few studies have elucidated the cross talk
between RNA silencing and the immunity induced by elicitors. RNA silencing is involved in
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the resistance against viruses and viral suppressors of RNA silencing have been discovered
many years ago. Remarkably, RNA silencing has been recently discovered to be important in
the resistance against bacteria and nematodes. On the other hand, bacterial suppressors of
RNA silencing have recently been identified too (Mosher and Baulcombe, 2008). However,
there is no evidence for the involvement of RNA silencing in resistance against fungi. So the
rapid development of new technologies that is taking place in biochemistry and genomic
research will help not only to identify new targets involved in the cross talk between these two
pathways, but also the possible involvement of RNA silencing in plant resistance against fungi
and other pathogens.
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