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ABSTRACT
The resistance of plants to necrotrophic fungi is genetically complex and depends on the
interplay of different signalling pathways. To get further insights on the mechanisms controlling plant
defence to this type of pathogens, we have explored the relevance of additional, uncharacterized
molecular components of Arabidopsis thaliana. Thus, we have demonstrated that A. thaliana
secondary cell wall is not just a structural defensive barrier, but is also an important component of
specific signalling in defence responses. The broad spectrum resistance of irx1 and irx5 mutants,
impaired in the Cellulose Synthases (CESAs) required for the synthesis of cellulose of secondary cell
wall (Hernandez-Blanco et al., 2007), was found to depend on the constitutive accumulation of
antimicrobial peptides, such as LTP3, LTP4 and thionins, and tryptophan-derived metabolites, as
demonstrated by genetic, transcriptomic and metabolomic analyses of these mutants. The in vitro
antimicrobial activity of some tryptophan-derived compounds (indol-3-ylmethylamine and 4-methoxy
indol-3-ylmethylamine) was demonstrated, further supporting their role in defence against
necrotrophic pathogens. Moreover, analysis of the susceptibility to adapted P. cucumerina isolates of
Arabidopsis mutants impaired in the synthesis (cyp79B2 cyp79B3), activation (pen2, cyp81F2 and

pad2) or delivery (pen3) of indole-derived compounds corroborated that these metabolites are
essential for basal resistance. Interestingly, we also found that the accumulation/delivery of indolederived metabolites, which is blocked or impaired in cyp79B2 cyp79B3, pad2, or pen3 mutant lines,
was required for full Arabidopsis resistance to nonadapted P. cucumerina isolates. These data
corroborated the relevant contributions of antimicrobials in Arabidopsis resistance to both adapted
and nonadapted necrotrophic pathogens. The irx-mediated resistance was found to be independent of
the ethylene (ET), salicylic acid (SA) and jasmonic acid (JA) mediated pathways, but seemed to depend
on abscisic acid (ABA) signalling, based on the constitutive, enhanced accumulation of this homone in

irx mutants. We have explored, using genetic and transcriptomic tools, the function of ABA signalling
on plant resistance to necrotroph. ABA biosynthetic (aba1, aba2 and aba3) and signalling (abi1)
mutants were found to be more resistant to P. cucumerina. Transcriptomic analysis of aba1 revealed
that its enhanced resistance was probably due to a constitutive, up-regulation of defence-related
genes, since it was observed a high overlap between the constitutive gene expression pattern of aba1
mutant and that of wild-type plants upon P. cucumerina inoculation. The transcriptomic analysis also
revealed a complex crosstalk between ABA and other defence signalling pathways, and allowed the
identification of gene clusters relevant for resistance as evidenced by genetic analysis.
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RESUMEN
La resistencia de las plantas a hongos necrotrofos es genéticamente compleja y depende de la
activación de distintas rutas de señalización. Para conocer con más detalle los mecanismos de
defensa para el control de este tipo de agentes patógenos, se ha estudiado la importancia de otros
componentes moleculares de Arabidopsis thaliana aún por caracterizar. Se ha demostrado que la
pared celular secundaria de A. thaliana no es sólo una barrera defensiva estructural, sino que
también es un componente importante de la señalización en las respuestas de defensa. Así, la
resistencia de amplio espectro de los mutantes de las celulosa sintasas (CESAs) de la pared celular
secundaria irx1 e irx5 (irx, irregular xylem; Hernández-Blanco et al., 2007), se debe parcialmente a
un alto contenido de péptidos antimicrobianos, como LTP3, LTP4 y tioninas, y de derivados del
triptófano, tal y como se demostró mediante los análisis genético, transcriptómico y metabolómico de
dicho mutante. Algunos de estos compuestos (3-metilaminoindol, 4-metoxi-3-metilaminoindol)
presentan actividad antimicrobiana in vitro frente a patógenos necrotrofos lo que manifiesta su papel
en defensa. Además, el análisis de la susceptibilidad de mutantes de síntesis (cyp79B2 cyp79B3), de
activación (pen2, cyp81F2, pad2) y de transporte (pen3) de los compuestos derivados del triptófano
a los aislados de P. cucumerina incapaces de infectar al ecotipo silvestre demostró la relevancia de
los compuestos derivados del triptófano en la respuesta no-huésped de A. thaliana a hongos
necrotrofos. Por otro lado, la resistencia mediada por IRX es independiente de las rutas del etileno
(ET), ácido salicílico (SA) y ácido jasmonic (JA); sin embargo, parece depender de la señalización
mediada por el ácido abscísico (ABA), debido a un mayor contenido constitutivo de dicha hormona
en los mutantes irx. Por ello, se analizó la función del ABA en la resistencia de la planta a
necrotrofos, utilizando herramientas genéticas y transcriptomicas. Los mutantes de síntesis (aba1,

aba2 y aba3) y de señalización (abi1) del ABA presentan una mayor resistencia a P. cucumerina que
se explica por una expresión constitutiva de genes de defensa, puesto que existe un alto solapamiento
entre el patrón de expresión del mutante aba1 y el de la infección con el patógeno en plantas
silvestres. El análisis transcriptómico también evidenció la existencia de interacciones entre la ruta
mediada por ABA y otras rutas de señalización de defensa, y permitió la identificación de los grupos
de genes esenciales para la resistencia como lo demuestra el análisis genético.
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1. INTRODUCTION

Introduction

In the natural environment, plants are exposed to several stresses, including pathogen
challenge, insect attack, water deprivation, cold or heat. As they are sessile organisms, plant ability to
survive depends on the capacity to perceive and respond to a stimulus rapidly and adequately. Upon
microbial infection, both the capacity of the plant to impede the damage produced by the infectious
process and the ability of the pathogen to overcome the plant defence mechanism define the outcome
of the disease process (Agrios, 1997). If a pathogen is not able to successfully complete the infectious
process on a plant genus, it is considered to be a nonhost pathogen for that genus (Heath, 2000). In
order to successfully complete an infection, a potential pathogen has to overcome several plant
defence mechanisms (Thordal-Christensen, 2003). In the first stage, the microbe recognizes the plant
as a potential host and initiates the infectious process. Next, the microbe has to overcome pre-formed
barriers, such as the cell wall and antimicrobial compounds (Garcia-Olmedo et al., 1998; SchulzeLefert, 2004; Bednarek and Schulze-Lefert, 2008) and induced resistance responses (Jones and
Dangl, 2006). This resistance response is triggered upon pathogen recognition by plant receptors,
which are able to recognize general elicitors, known as PAMPs (Pathogen-Associated Molecular
Patterns), or specific avirulence (avr) factors. Induced resistance entails fitness cost, therefore plants
possess complex regulatory mechanisms that coordinate the suitable defence responses. The
phytohormones salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) are well-known to play an
important role in regulating disease resistance through a complex regulatory signalling network that
results in the appropriate defence response depending on the pathogen (Thomma et al., 1998;
Glazebrook, 2005). Moreover, this complex network presents frequent crosstalk with abiotic stress
signalling and with pathways mediated by other phytohormones such as abscisic acid (ABA), auxin
and giberellin (Asselbergh et al., 2008; Bari and Jones, 2008).

1.1. Structural barriers
barriers
Plant surface is the first line of defence that pathogens must overcome, as they must adhere to
it and, in some cases, penetrate it. Some structural defences are present in the plant surface even
before the pathogen comes in contact with it. Such pre-formed barriers include the cuticle that covers
the epidermal cells, the epidermal cell walls, the stomata and the lenticels.
A. Cuticle
The outermost epidermal layer of nearly all aerial parts of terrestrial plants is the plant cuticle
that forms a hydrophobic coating and is the interface between plant and environment. Cuticle is
composed of waxes, of the polymer cutin, and of polysaccharides. It has an important role in
protecting the plant from water loss, chemicals, biotic stress and irradiations and is involved in the
delimitation of organs during development (Nawrath, 2006).
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The cuticle constitutes a barrier for invading pathogens, however little data is yet available
about this defensive funciton (Reina-Pinto and Yephremov, 2009). Evidence is provided for a direct
protective role of the cuticle against invaders. The Arabidopsis thaliana mutant lines att1 (aberrant
induction of type three genes 1) and lacs2 (long-chain acyl-CoA synthetase) possess a reduced cutin
content and are more susceptible to virulent and avirulent isolates, respectively, of the bacterial
pathogen Pseudomonas syringae, suggesting that cuticle plays a positive role in plant defence
mechanisms (Xiao et al., 2004; Tang et al., 2007). Cuticle has also been reported to have a function
in pathogenicity. It is known that epiphytic bacteria can increase the permeability of Hedera helix and

Prunus laurocerasus cuticle, improving bacteria fitness (Schreiber et al., 2005). Moreover, plant cutin
monomers induce the germination and appressorium formation of Magnaporthe grisea (Gilbert et al.,
1996) and the formation of the appressorial tube in Blumeria graminis (Francis et al., 1996).
Moreover, cutin monomers are also known to induce resistance in barley and rice, providing
resistance against the powdery mildew fungus Blumeria graminis (Schweizer et al., 1996; Schweizer et
al., 1996). Additionally, Arabidopsis plants overexpressing fungal cutinase, (Sieber et al., 2000) and
the cuticular mutants bodyguard (bdg), lacerata (lcr), hothead (hth) and lacs2 are more resistant to
the necrotrophic pathogen Botrytis cinerea (Bessire et al., 2007; Chassot et al., 2007), probably due
to an increased permeability of the cuticle that leads to a higher perception of fungal elicitors on plant
cell surface (Chassot et al., 2008). Therefore, the cuticle constitutes a mechanical barrier, but also is
a reservoir of signalling compounds that are released upon pathogen challenge.
B. Plant cell wall
Plant cells are surrounded by a rigid cell wall that confers shape and structure and is involved
in cell differentiation, growth and in environment interactions. Plant cell walls can be classified as
primary and secondary walls. Primary cell wall is present in all the plant growing cells while secondary
walls are deposited in specialized cells once the cell enlargement has been completed. Plant cell walls
are formed by a complex composite of polysaccharides and proteins. The leaf cell walls of a dicot
species such as those of A. thaliana contain three major classes of polysaccharides: cellulose,
hemicelluloses, and pectins. Cellulose is the main polysaccharide and is present as long unbranched
fibrils composed of approximately 30 to 36 hydrogen-bonded chains of β-1,4-glucose, which act as a
framework for the deposition of other wall components. Hemicelluloses are branched polysaccharides
containing backbones of neutral sugars that can form hydrogen bonds to the surface of cellulose
fibrils. Pectins are characterized by the presence of uronic acids as major components. The simplest
pectin is homogalacturonan (HG). Rhamnogalacturonan I (RGI) has recently been suggested to
function as a scaffold to which other pectins, such as rhamnogalacturonan II (RGII) and HG, are
covalently attached as side chains (Somerville et al., 2004). Secondary cell walls are different to
primary cell walls in the composition and structure. In addition to the components mentioned,
secondary cell walls sometimes contain lignins that are aromatic polymers that confer mechanical
strength to the cell and reduce susceptibility to pathogen attack (Boerjan et al., 2003).
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Remarkably, little is known about the enzymes involved in the synthesis of cell wall
polysaccharides. Cellulose is synthesized at the plasma membrane by hexameric cellulose synthase
(CESA) complexes that are associated with microtubules (Paredez et al., 2006; DeBolt et al., 2007).
Each CESA complex is formed by 6 CESA subunits, each of them involved in the synthesis of one β1,4-glycan that form the microfibril. Arabidopsis has 10 CESA genes, of which CESA1, 3 and 6 and

CESA4, 7 and 8, are required for cellulose biosynthesis during primary and secondary cell wall
formation, respectively. Most noncellulosic polysaccharides are synthesized in the Golgi apparatus
and covalently linked in the wall to larger polysaccharides (Carpita and McCann, 2000; Mutwil et al.,
2008).
Cell walls are involved in plant-pathogen interactions. At a first level, the wall provides a
physical barrier for pathogen entry into the plant cell. In addition, they are dynamic reservoirs of
proteins and secondary metabolites with antimicrobial activity. Pathogens release enzymes such as
polygalacturonases and pectate lyases that degrade cell wall polysaccharides; consequently some of
these wall degradation products can elicit defensive responses in plants (De Lorenzo and Ferrari,
2002; Thomma et al., 2002; Vorwerk et al., 2004). Pathogen penetration attempts are often met with
the formation of cell wall apposition (CWA) or papilla. Callose, a β-1,3 glucan, is a major
component of CWAs and plays a central role in preventing invasion of bacterial, fugal and oomycete
pathogens (Aist, 1976) (Hardham et al., 2007). However, several lines of genetic evidence have
implicated cell wall polysaccharide composition in disease (Vorwerk et al., 2004). Specific depletion
of papillary callose in Arabidopsis (Arabidopsis thaliana) pmr4 / powdery mildew resistant 4) mutant
plants, which lack one of 12 callose synthase-like family members, enhances salicylic acid (SA)dependent resistance responses to the powdery mildew fungi Erysiphe cruciferarum and

Golovinomyces orontii (Jacobs et al., 2003) (Nishimura et al., 2003). This indicates the existence of
an unexpected negative feedback system between particular papilla components and plant defence
signalling.
The pmr5 and pmr6 Arabidopsis mutants display alterations in pectin content and composition
and were found to be highly resistant to powdery mildew. In addition, mutations in CESA of primary
and secondary cell wall led to increased resistance to several pathogens. The constitutive expression

of VSP 1 (cev1)/ isoxaben resistant 1 (ixr1) Arabidopsis mutant impaired in a CESA3 required for
primary cell wall formation was idenitified in a screening for constitutive activation of the jasmonate
pathway, and was subsequently found to have enhanced resistance to powdery mildew, but not to the
necrotrophic pathogen Plectosphaerella cucumerina (Ellis et al., 2002; Ellis et al., 2002; HernandezBlanco et al., 2007). Also, recent work in the laboratory has demonstrated that mutations in genes
encoding CESAs required for secondary cell wall biosynthesis (irregular xylem 1 [irx1], irx3 and irx5
mutants) confer enhanced resistance to P. cucumerina, Ralstonia solanacearum and powdery mildew
fungus (Hernandez-Blanco et al., 2007). These results indicate that genetic variation in cell wall
polysaccharide composition can result in altered disease responses. Many aspects of this effect remain
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unknown as the mechanism underlying the effects and the degree to which naturally occurring
variation in cell wall polysaccharide structures might have similar effects.
Cell walls can be altered by different types of biotic and abiotic stresses. Currently, it is not well
understood how changes in wall integrity might be perceived by the plant cell. In yeast, some receptor
and cell wall sensors have been demonstrated to perceive the change produced in the wall by
environmental stresses (Philip and Levin, 2001). In plants, a similar mechanism has been suggested to
exist based on the identification of the1 mutants (Hematy et al., 2007; Humphrey et al., 2007). The

the1 (theseus1) mutant is a suppressor of the developmental alterations caused in the primary cell wall
by the cellulose-deficient mutants cesa6. THE1 encodes a receptor like kinase (RLK) that may act as a
cell wall integrity sensor (Hematy et al., 2007). Additional RLKs from the wall-associated kinase (WAK)
protein family may also serve as cell wall sensors controlling cell growth and plant responses to
pathogen-induced cell wall alterations (Anderson et al., 2001; Hematy and Hofte, 2008; Xu et al.,
2008). A specific function of ERECTA (ER) RLK in regulating cell wall-mediated disease resistance has
been proposed recently. Mutations in ER gene led to altered cell wall composition and increased
disease susceptibility to the necrotrophic pathogen P. cucumerina (Llorente et al., 2005). Suppresors
of er (ser) mutants were selected because they displayed resistance levels similar to those of wild-type
plants and, interestingly, they were shown to partially restore the cell wall alterations in er mutant to
wild-type phenotype (Sanchez-Rodriguez et al., 2009). In fact, a positive correlation was found
between uronic acid content in the cell wall of these genotypes (er, ser and wild-type) and their
resistance phenotype to pathogen P. cucumerina, indicating that alteration of the cell wall is a
resistance determinant (Sanchez-Rodriguez et al., 2009). Therefore, these data suggest that some
RLKs may be involved in the detection of pathogen- or developmental-related perturbations of cell
wall integrity (Hématy and Höfte, 2008; Xu et al., 2008; Sanchez-Rodriguez et al., 2009)

1.2. Antimicrobial compounds
Plants synthesized an array of compounds with antimicrobial activity against pathogens. They
have been described to be involved in both, preformed barriers and induced responses. These
compounds are referred to as antimicrobial peptides/proteins and phytoanticipins, which are present
in healthy plants, or phytoalexins, synthesized upon pathogen challenge.

1.2.1. Antimicrobial peptides
Antimicrobial peptides are potent and broad spectrum antibiotics that are important
components of innate immunity system (Garcia-Olmedo et al., 1998; Silverstein et al., 2007).
Antimicrobial peptides are usually short, positively-charged, amphipathic and sulphur-rich peptides
characterised by a globular structure due to disulfur-bonds. They are mobilized shortly after infection
as part of the innate immunity and act rapidly to neutralize a broad range of microbes (Garcia-
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Olmedo et al., 1998; Shai, 2002). The main antimicrobial mechanism of these peptides consists in
disruption of the membrane of the pathogen via both specific and non-specific electrostatic and
hydrophobic interactions with cell surface (Zasloff, 2002; Brogden, 2005). Thionins, defensins and
lipid transfer proteins (LTPs), have been demonstrated to have a role in defence mechanisms against
pathogens, as (i) they have in vitro antimicrobial activity against phytopathogenic bacteria and fungi
(Caleya et al., 1972; Terras et al., 1992; Molina et al., 1993; Titarenko et al., 1997; GarciaOlmedo et al., 1998; Wang et al., 2004); (ii) overexpression of the encoding genes led to an
increased resistance to pathogens (Holtorf et al., 1995; Terras et al., 1995; Caaveiro et al., 1997;
Epple et al., 1997; Gao et al., 2000; Regente et al., 2005); (iii) expression pattern of the genes is
consistent with their antimicrobial role; (iv) there is a correlation between pathogen tolerance to the
compound and virulence in planta (Titarenko et al., 1997; Lopez-Solanilla et al., 1998).

1.2.2. Phytoalexins and phytoanticipins
Some of the plant secondary compounds are constitutive, existing in healthy plants in their
biologically active forms or as inactive precursors which are activated upon tissue disruption or
pathogen challenge. These compounds are known as phytoanticipins, to distinguish them from
phytoalexins, which are accumulated and synthesized in response to pathogen attack. Selection
pressure exerted by insects and microorganisms shapes the diversity of plant secondary metabolites,
leading to genetic adaptations enabling or restricting interactions with other organisms. Tryptophanderived compounds, including indole glucosinolates and camalexin, are well known antimicrobials
involved in resistance mechanisms of Arabidopsis (Osbourn, 1996; Bednarek and Schulze-Lefert,
2008) and, therefore, successful pathogens should be able to tolerate these compounds in order to
infect the plant (Osbourn, 1996; Grubb and Abel, 2006).
The biosynthesis pathway of indole glucosinolates and camalexin (3-Thiazol-2-yl-indole) is shown
schematically in Figure 1.1. The first step catalyzed by CYP79B2 and CYP79B3 is shared with auxin
biosynthesis and consists on the oxidation of tryptophan to indole-3-acetaldoxime (IAOX; Zhao et al.,
2002). The next steps are specific for each compound. In the case of indole glucosinolates, the final
product is indol-3-ylmethylglucosinolate (I3G) (Grubb and Abel, 2006), which is converted to
4-methoxyindol-3-ylmethylglucosinolate (4MI3G) by the activity of CYP81F2 (Bednarek et al., 2009;
Clay et al., 2009; Pfalz et al., 2009). Camalexin is synthesized by the action of CYP71A13 that
catalyzes the conversion of IAOx to indole-3-acetonitrile (IAN) (Nafisi et al., 2007). The final step
consists in the synthesis of camalexin from dihydrocamalexic acid by PAD3 (Phytoalexin deficient
3/CYP71B15) (Zhou et al., 1999; Schuhegger et al., 2006).
Indole glucosinolate content are dependent on the developmental stage and on biotic or
abiotic factors, such as pathogen challenge, herbivore damage, mechanical wounding or altered
mineral nutrition. The major plant hormones associated with defence response, SA, JA and ET,
regulate the synthesis of glucosinolates. JA treatment leads to increased concentrations of I3G, but
not of 4MI3G (Brader et al., 2001; Kliebenstein et al., 2002; Mikkelsen et al., 2003). However, the
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signalling network that regulates the synthesis of these compounds is still under study. Several
transcription factors have been found to regulate the glucosinolate biosynthetic pathway. ATR1, a Myb
transcription factor, specifically regulates genes involved in the synthesis of tryptophan and indole
glucosinolates, such as ASA1, CYP79B2, CYP79B3 and CYP83B1, and regulates the levels of indole
glucosinolates but not of aliphatic glucosinolates. Mutants on CYP83B1 gene, had higher expression
levels of ATR1, suggesting that there is a feedback inhibition of ATR1 expression by indole
glucosinolates or their intermediates (Smolen and Bender, 2002; Celenza et al., 2005). AtDof1 and
HIG1/MYB51 transcription factors positively regulate the expression levels of ATR1 and of indole
glucosinolate biosynthesis genes, CYP79B2, CYP79B3 and CYP81F2 (Skirycz et al., 2006;
Gigolashvili et al., 2007). Interestingly, JIN1/MYC2 transcription factor negatively regulates JAmediated indole glucosinolate synthesis, probably through the negative regulation of positive factors,
such as HIG1/MYB51 (Dombrecht et al., 2007). Posttranslational modifications, such as protein
phosphorylation and redox regulation are also involved in controlling glucosinolate metabolism (Yan
and Chen, 2007).
The role of glucosinolates in defence mechanisms against pathogens has been demonstrated.
The myrosinase-mediated breakdown product of glucoraphanin, 4-methylsulphinylbutyl isothiocyanate
was found to have antimicrobial activity in vitro to a wide range of fungi and bacteria (Tierens et al.,
2001). Putative functions of glucosinolates in plant defence responses were tested by exposing
Arabidopsis transgenic lines producing novel types of glucosinolate structure to pathogens (Brader et

al., 2006). More recently, the role of indole glucosinolates in defence mechanisms against pathogens
was demonstrated. The double mutant cyp79B2 cyp79B3, which lacks the tryptophan-derived
metabolites, is susceptible to B. graminis f.sp. hordei and to E. pisi (Bednarek et al., 2009),
suggesting a role in defence against powdery mildew of these metabolites. Indeed metabolite
profililing of pen2 mutant, impaired in resistance to penetration by these two pathogens, led to the
finding that some tryptophan-derived metabolites were not synthesized in pen2 plants. PEN2 was
demonstrated to be an atypical myrosinase (a type of β-thioglucoside glucohydrolase) for antifungal
defence. In contrast to the passive activity of other previously characterised myrosinases after
pathogen attack, PEN2 accumulates, upon pathogen challenge, in the cell periphery at infection sites,
where it hydrolyses indole glucosinolates and releases antimicrobial compounds (Bednarek et al.,
2009). PEN2 acts on indole glucosinolates; however, 4MI3G seems to be the specific and
biologically active substrate of PEN2, as PEN2 and CYP81F2 were genetically demonstrated to be
involved in the same resistance pathway (Figures 1.1 and 1.2). Interestingly, the products released by
PEN2 activity were different to the glucosinolate end products generated after insect attack. This is due
to the conjugation of the glucosinolate hydrolyzed product, isothiocianate, with glutathione, which is
synthesized by PAD2 (γ-glutamylcysteine synthetase) (Bednarek et al., 2009). The final products
identified were raphanusamic acid (RA), indol-3-ylmethylamine (I3A) and 4-methoxy indol-3ylmethylamine (4MI3A; Figure 1.2). These products may be recruited for defence against pathogen
infection. The role of IGs in plant-pathogen interaction was also demonstrated by the fact that
treatment with Flg22 induced the expression of IGs biosynthetic genes (Clay et al., 2009). However,
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I3G levels were reduced after Flg22 treatment probably due to the activation of I3G hydrolisis in
order to release the antimicrobial products (Clay et al., 2009). In addition, Flg22-triggered callose
response in Arabidopsis seedlings was demonstrated to require the concomitant induction of ethyleneand MYB51-dependent I3G biosynthesis; CYP81F2-dependent 4-methoxylation of I3G; and the
PEN2-mediated hydrolysis of 4-methoxy-I3G (Clay et al., 2009). Therefore, these results indicate that
indole glucosinolates, previously identified as important components in avoiding damage by
herbivores, are also required as for plant defence response against microbial pathogens.

Tryptophan
CYP79B2
CYP79B3
CYP71A13

PAD3

N

S

Camalexin

IAOX

N
H

GSH
PAD2
GSH
NH2

OH
S

PEN2

N
H

I3G

+

C
S

I3A
GSH

CYP81F2

O

O
N
H

RA

CH3

OH

NH2
S

PEN2

4MI3G

N
H

+

C
S

4MI3A

O
N
H

RA

Figure 1.2. Biosynthesis of the tryptophantryptophan-derived metabolites required for Arabidopsis defenc
defence against powdery
mildews.
Tryptophan (Trp) is the precursor of indole-3-acetaldoxime (IAOx), which is the substrate for the synthesis of
camalexin and indol-3-glucosinolate (I3G). The combined action of PEN2, PAD2 and CYP81F2 enzymes resulted
in the production of raphanusamic acid (RA), indol-3-ylmethylamine (I3A) and 4-methoxy indol-3-ylmethylamine
(4MI3A), which are required for Arabidopsis resistance to fungi (Bednarek et al. 2009).

Camalexin (3-Thiazol-2-yl-indole) is a phytoalexin produced upon pathogen challenge
(Glawischnig, 2007). High camalexin concentrations were observed at the pathogen contact sites of

Alternaria or Botrytis, while leaf areas that did not show disease symptoms lacked camalexin
accumulation, suggesting the occurrence of a spatial metabolic reorganization upon infection directed
toward camalexin synthesis (Kliebenstein et al., 2005); (Schuhegger et al., 2007). Camalexin is known
to have a role in resistance against different pathogens, including A. brassicicola and Leptosphaeria

maculans (Glawischnig, 2007); however, camalexin was shown to be unessential for defence against
P. syringae, although upon bacteria infection its accumulation was triggered (Glazebrook and
Ausubel, 1994). Probably, this is due to the fact that the concentration reached at infection sites after
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the bacteria challenge was not sufficient to inhibit microbial growth (Rogers et al., 1996). The
camalexin role in Arabidopsis ressitance to B. cinerea has been shown to be highly dependent on the
fungal isolate tested. Different fungal isolate have distinct toleration degrees to camalexin and only
those isolates highly sensitive to camalexin were shown to be more virulent on camalexin-deficient
mutants than on wild-type plants (Kliebenstein et al., 2005). Supporting this hypothesis, an ABC
transporter from B. cinerea was demonstrated to be a virulence factor that increased tolerance of the
pathogen towards camalexin (Stefanato et al., 2009). Similarly, some isolates of the root rot fungus

Rhizoctonia solani were able to degrade camalexin via formation of an oxazoline derivative (Pedras et
al., 2000). In the case of powdery mildew fungi, camalexin function in resistance was demonstrated to
be relevant just in the absence of PEN2-derived compounds (Bednarek et al., 2009), suggesting the
relevance of indole glucosinolates PEN2-derived antimicrobials in pre-invasion resistance and of
camalexin in post-invasive defences to powdery mildew fungi (Bednarek et al., 2009).

1.3. Pathogen recognition
After overcoming preformed defence barriers, pathogens face the plant induced resistance
mechanisms. Like animals, plants have developed an innate immune system with receptors that
recognize a broad range of pathogens. However, plants do not have a circulating system and
therefore recognition and defence responses occur at the cell level, and all the plant cells contain
autonomous innate immune system. Plant immune system is triggered upon recognition by plant
pattern recognition receptors (PRR) of pathogen-associated molecular patterns (PAMPs) or pathogen
effectors/avirulent proteins (Jones and Dangl, 2006).

1.3.1. PAMP triggered immunity (PTI)
PAMPs are conserved and essential structural elements of a molecule produced by
microorganisms but not by their potential hosts. Therefore they are good targets to be recognized and
to trigger plant defence mechanisms. Several PAMPs have been identified, such as the bacterial
flagellin, the lipopolysaccharide (LPS) and elongation factor Tu (EF-Tu) from Gram-negative bacteria,
chitin and β-glucans from fungi and oomycetes (Zipfel and Felix, 2005; Dumas et al., 2008). In
addition to PAMPs, plants can activate immune defence mechanisms in response to perception of host
molecules that have been modified by pathogen effectors. For example, pathogen-secreted or
endogenous polygalacturonases or pectate lyases cause enzymatic degradation of plant cell wall
pectin, releasing oligogalacturonides (OGAs), which act as signals that trigger defence responses
(Aziz et al., 2004; Ferrari et al., 2007). The intramembrane pattern-recognition receptors, PRRs,
specifically recognize PAMPs and trigger a signalling cascade that leads to the induction of a defence
response, known as PAMP-triggered immunity (Jones and Dangl, 2006). Some of the PRRs identified
in plants belong to the receptor-like kinase family (RLK) which in Arabidopsis comprise over 400

11

Introduction

members (Shiu et al., 2004; Morillo and Tax, 2006). A well characterized member of the RLK family is
the Flagellin Sensitive2, FLS2 (Bauer et al., 2001). FLS2 is able to specifically recognize flg22, a 22amino acid peptide from flagellin, the main component of the flagellum of Gram-negative bacteria
(Gomez-Gomez and Boller, 2000). Flg22-treatment induces resistance to the bacterial pathogen

P. syringae pv. tomato in wild-type Arabidopsis plants but not in fls2 mutants, which are more
susceptible to this virulent bacteria (Zipfel et al., 2004). Another member of the LRR-RLK family is EFR
that recognizes elf18, a peptide of 18 amino acids from EF-TU (Zipfel et al., 2006). Although FLS2
and EFR recognize different PAMPs the response mechanisms triggered are similar (Zipfel et al.,
2006). Extracellular alkalinization, production of reactive oxygen species (ROS), MAPK cascade
activation and similar changes in transcriptional regulation were observed in both cases indicating
that different PRRs converge to the same signalling cascade and defence responses.

1.3.2. Effector triggered immunity
immunity (ETI)
Pathogens have developed strategies to overcome PTI that consist in the releasing of effectors.
These effectors have different functions as PTI suppression, nutrient release or pathogen dispersal
promotion. These effectors can be specifically recognized by de plant R (Resistance) proteins, and be
named avirulent (avr) factors (Flor, 1971; Jones and Dangl, 2006; de Wit, 2007). R proteins
recognize avirulent factors either directly or indirectly, consistently with the guard hypothesis (Van der
Biezen and Jones, 1998). In indirect recognitions, pathogen effectors target and modify host proteins
in order to suppress defence responses or gain nutrients. An R protein guards particular host proteins
and perceives modifications induced by the effector (Avr), thereby triggering defence activation
(Mackey et al., 2002). Recognition of avr factors by R proteins leads to the so called effector triggered
immunity, a rapid and strong defence response (Feys and Parker, 2000; Glazebrook, 2005). This
response causes at the infection site a rapid production of reactive oxygen species (ROS), which may
have a direct antimicrobial role or be a signal for other defence responses; the hypersensitive
response (HR), a controlled plant cell death around the infection site, which is preferentially active
against biotrophic pathogens as it limits their water and nutrient uptake (Greenberg and Yao, 2004);
and finally the expression of several pathogenesis related (PR) genes (Durrant and Dong, 2004).
Subsequently, in uninfected leaves, an increased expression of PR genes and a long-lasting enhanced
disease resistance to future pathogen attack is induced. This resistance is known as Systemic Acquired
Resistance (SAR) and is effective against a broad range of pathogens and depends on SA-signalling
pathway (Durrant and Dong, 2004).

1.4. Signalling pathways
Since a plant recognizes the attack of a pathogen, a defence response is activated. This
process is regulated by several signalling pathways that are mainly mediated by hormones, ROS and
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NO. The main hormones involved in plant-pathogen interactions are SA, JA and ET. However, other
hormones, such as ABA, gibberellins and auxin, have been also implicated in defence responses
(Robert-Seilaniantz et al., 2007; Bari and Jones, 2008; Koornneef and Pieterse, 2008). Plant
hormone signalling pathways are not isolated but rather interconnected with a complex regulatory
network involving various defence signalling pathways and developmental processes. This crosstalk
between signalling pathways allows the plant to activate the appropriate defence response according
to the pathogen type and, in the case of the presence of more than one stress, it allows prioritizing
one response over the other. In addition, as a virulence strategy, some pathogens affect hormonal
signalling networks in order to interfere with host defences. Although interaction between several
signalling pathways has been well described, the molecular mechanisms that modulate them are still
not well understood (Robert-Seilaniantz et al., 2007; Bari and Jones, 2008; Spoel and Dong, 2008).

1.4.1. Salicylic acid
SA is a benzoic-derived hormone that is involved in defence signalling. SAR and defence
mechanisms against biotrophic and hemibiotrophic pathogens are mainly mediated by SA. The
importance of SA in the regulation of plant defence became evident through experiments with
transgenic Arabidopsis and tobacco plants overexpressing NahG gene. NahG codifies a salicylate
hydroxylase that converts SA into catechol (Gaffney et al., 1993; Delaney et al., 1994). NahG plants
are more susceptible to several pathogens, including bacteria, viruses, fungi and oomycetes (Delaney

et al., 1994). Pathogen-derived SA is synthesized from isochorismate by isochorismate synthase1
(ICS1/SID2) in plants. The SA-induction deficient (sid2) mutant of A. thaliana is impaired in systemic
and local resistance after pathogen challenge (Wildermuth et al., 2001).
Transduction of SA signalling pathway to activate PR genes requires the function of NPR1 (nonexpressor of pathogenesis-related genes 1) (Cao et al., 1994; Delaney et al., 1995; Shah et al.,
1997). The mutation of NPR1 gene leads to the suppression of PR-1 gene expression after SA
production and to reduced resistance to several pathogens suggesting that NPR1 is a key component
in SA signalling (Cao et al., 1994; Delaney et al., 1995; Glazebrook et al., 1996; Cao et al., 1997;
Ryals et al., 1997; Shah et al., 1997). Under unchallenged condition, NPR1 is present in an oligomer
state. Upon SA treatment or SAR induction by pathogen infection, NPR1 is reduced to a monomeric
form and is translocated to the nucleus (Mou et al., 2003). In the nucleus, NPR1 interacts with several
TGA transcription factors, which act as positive and negative regulators, in order to increase their
binding to SA-responsive promoter elements in the Arabidopsis PR genes, such as PR-1 (Zhang et al.,
1999; Despres et al., 2000; Zhou et al., 2000; Fan and Dong, 2002; Johnson et al., 2003). In
addition to TGA, a whole genome transcriptional profiling work led to the finding that eight WRKY
transcription factors were induced after translocation of NPR1 monomers to the nucleus (Wang et al.,
2006). WRKY transcription factors function as both positive and negative regulators of transcription of

PR genes upon induction of SAR, further contributing to the complexity of NPR1-signalling network
(Wang et al., 2006).
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1.4.2. Jasmonate (JA)
The plant hormone jasmonate (JA) display regulatory functions in abiotic and biotic stress and
in development. Jasmonates are oxylipins (oxygenated fatty acids) that originate from linolenic acid
upon wounding, insect or pathogen attack (Wasternack, 2007). The synthesis is initiated in the
chloroplast, where linolenic acid is converted to 12-oxo-phytodienic acid (OPDA) by the sequential
action of lipoxygenase (LOX), allene oxide synthase (AOS) and allene oxide cyclase (AOC) (Turner et

al., 2002; Wasternack, 2007). Then, JA is biochemically modified to generate several derivatives that
differ in their biological activities. Among the main JA metabolic modifications are methylation, amino
acid conjugation and hydroxylation. OPDA, jasmonic acid, methyl-jasmonate and JA-Ile are
considered bioactive forms because they are able to elicit a physiological response in plants but not in

coi1 (coronatine insensitive 1) mutant. Jasmonoyl-isoleucine (JA-Ile) has a relevant role in
development and defence responses mediated by JAs, as jar1 (jasmonic acid resistant 1) mutant,
impair in the conjugation of JA to isoleucine is more susceptible than the wild-type plants to several
pathogens, such as Pythium irregulare (Staswick et al., 1998; Staswick and Tiryaki, 2004; Kang et al.,
2006).
JA, together with ET, is involved in resistance against necrotrophic pathogens. Downstream
target genes of JA-signalling pathway include defence-related genes, such as PDF1.2 and Thi2.1, and
genes required for the biosynthesis of JA. The core signal transduction pathway linking JA synthesis to
induce changes in gene expression consists of four elements: JA, COI1, jasmonate ZIM-domain (JAZ)
repressor proteins and transcription factors that regulate the expression of JA-responsive genes.
Mutants in COI1 display resistance to JA inhibition of root growth, male sterility, accumulation of
anthocyanins, altered senescence and increased susceptibility to several necrotrophic and biotrophic
pathogens and pests (Feys et al., 1994; Penninckx et al., 1998; Thomma et al., 1998; Berrocal-Lobo
and Molina, 2004; Reymond et al., 2004; Zarate et al., 2007). COI1 encodes an F-box protein that
is part of an E3 ubiquitin ligase complex involved in ubiquitin-mediated degradation (Xie et al.,
1998). It targets JAZ proteins that have been found to be negative regulators of JA responses (Xie et

al., 1998; Devoto et al., 2002; Chini et al., 2007; Thines et al., 2007; Yan et al., 2007). In cells
containing low JA levels, JAZ proteins physically interact with MYC2, a positive regulator of
transcription of JA-related genes, and suppress its activity (Chini et al., 2007; Melotto et al., 2008).
MYC2 positively regulates the expression levels of JA-responsive genes such as VSP2 (Vegetative
Storage Protein 2) and LOX2 (Anderson et al., 2004; Lorenzo et al., 2004). Stimulation of JA
signalling pathway promotes the detection of JA-Ile by COI1 that subsequently interacts with JAZ
proteins and promotes their degradation. Consequently, MYC2 transcription factor is released and
transcription of JA-related genes takes place (Chini et al., 2007; Santner and Estelle, 2007; Thines et

al., 2007; Yan et al., 2007; Katsir et al., 2008; Melotto et al., 2008).
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1.4.3. Ethylene (ET)
Ethylene is a gaseous hormone with different roles in plant development. It has functions in
seed germination, leaf senescence, fruit ripening, abscission and responses to biotic and abiotic
stresses. The first precursor of the ET biosynthetic process is methionine and the rate-limiting step in
this process is the

biosynthesis of 1-aminoyclopropane-1-carboxilic acid (Facchini and St-Pierre)

catalysed by ACC synthase (ACS) (Wang et al., 2002).
ET induces the expression of several defence-related genes, including genes codifying
hydroxyproline-rich glycoproteins, involved in cell wall strengthening, and several PR genes, such as

PR-2 (β-1,3-glucanase2), PR-3 (basic chitinase), PR-4 (hevein-like) and PR-12 (PDF1.2) (Adie et al.,
2007). Ethylene is perceived by a family of ethylene receptors that have an N-terminal ethylene
binding domain and a hystidine kinase domain (Chang et al., 1993; Rodriguez et al., 1999; Wang et
al., 2006). In Arabidopsis, five ethylene receptors have been identified, that are endoplasmic-located
and form homodimers (Chen et al., 2002). These ethylene receptors are negative regulators of ET
signalling (Hua and Meyerowitz, 1998). In the absence of ET, receptors repress downstream ethylene
responses through the protein kinase CTR1 (Kieber et al., 1993). CTR1 negatively regulates the
positive regulator EIN2 (Ethylene insensitive 2; Alonso et al., 1999), by an unknown mechanism that
could be mediated by a MAPK cascade. Mutations in EIN2 gene lead to a complete insensitive to ET
(Alonso et al., 1999). Therefore, it is a positive regulator that triggers a signalling cascade that
includes the EIN3 and the EIL (EIN3-Like) transcription factors (Solano et al., 1998). These
transcription factors induce the expression of other genes, including that encoding ERF1 transcription
factor, which binds to the GCC-box element which is present in the promoters of many ET-related
genes, including PDF1.2 (Solano et al., 1998).

1.4.4. Abscisic acid (ABA)
A. Abscisic acid biosynthesis
Abscisic acid (ABA) is involved in several aspects of plant development such as seed
maturations, including seed storage of proteins and lipids, promotion of seed desiccation tolerance
and dormancy, and inhibition of the phase transitions from embryonic to germinative growth and from
vegetative to reproductive growth (Finkelstein et al., 2002). ABA is known to play a key role in
response to abiotic stress, and it has been recently implicated in the regulation of plant response to
biotic stress (Mauch-Mani and Mauch, 2005; Asselbergh et al., 2008).
The major steps of the ABA biosynthesis in plants have been described (Figure 1.3). The first
step in ABA biosynthesis occurs in the plastid and consists on the epoxidation of zeaxanthin and
antheraxanthin to violaxanthin catalyzed by zeaxanthin epoxidase (ZEP) (Marin et al., 1996), known in
Arabidopsis as ABA1 (ABA deficient 1; (Duckham et al., 1991; Rock and Zeevaart, 1991; Niyogi et
al., 1998; Xiong et al., 2001). Mutants impaired in ZEP (aba1) have been isolated in Arabidopsis,
and they were shown to accumulate increased levels of zeaxanthin and displayed a severe reduction
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of ABA content, which leads to a wilting phenotype (Koornneef et al., 1982; Niyogi et al., 1998;
Xiong et al., 2002). The next step consists on the conversion of trans-violaxanthin to trans-neoxanthin
catalyzed by ABA4 (North et al., 2007). Interestingly, ABA levels in the aba4 mutant, although lower
than in wild-type, are higher than in aba1, suggesting that an alternative pathway to ABA4 could be
involved in ABA biosynthesis. In addition, both cis-violaxanthin and cis-neoxanthin are in vivo
substrates of 9-cis-epoxycarotenoid dioxygenase (NCED) to produce xanthoxin (Schwartz et al.,
1997). In Arabidopsis, nine NCED genes have been identified and functional and sequence analysis
indicated that at least four of them (AtNCED2, 3, 6 and 9) are involved in ABA biosynthesis (Iuchi et

al., 2001; Schwartz et al., 2003). Presumably, NCED genes are differentially regulated in the tissues
during plant development and upon plant exposure to stress (Tan et al., 1997). The conversion from
zeaxanthin to xanthoxin occurs in the plastid, while the following enzymatic reactions take place in the
cytosol. However, the mechanism involved in xanthoxin movement from the plastid to the cytosol is
still uncharacterised. In the cytosol, xanthoxin conversion to abscisic aldehyde is catalyzed by ABA2, a
short chain dehydrogenase/reductase (Cheng et al., 2002; Gonzalez-Guzman et al., 2002). The

aba2 mutants have severely reduced ABA levels compared to wild-type plants (Gonzalez-Guzman et
al., 2002). The final step in ABA biosynthesis is catalyzed by abscisic aldehyde oxidase (AAO) (Seo et
al., 2000). Among the four AAO genes identified in Arabidopsis, AAO3 is the key player in the
conversion of abscisic aldehyde to abscisic acid in leaves and seeds (Gonzalez-Guzman et al., 2004;
Seo et al., 2004). The aao3 mutants display reduction of seed dormancy and wilting phenotype, in
accordance with the low ABA content (Gonzalez-Guzman et al., 2004; Seo et al., 2004). Aldehyde
oxidase requires a molybdenum cofactor (MoCo) for its catalytic activity. Any defects in the formation
of a desulfo moiety of the MoCo, such as those occured in aba3 mutant (disrupted in the
molybdenum cofactor sulfurase) of Arabidopsis, led to a reduction of ABA levels and a wilting
phenotype (Bittner et al., 2001; Xiong et al., 2001).
The level of ABA in plant is controlled not only by its biosynthesis, but also through its
catabolism. There are two main categories of ABA catabolism, hydroxylation and conjugation (Cutler
and Krochko, 1999; Nambara and Marion-Poll, 2005). ABA can be hydroxylated in three positions,
7’, 8’ and 9’, but the major ABA catabolism present in plants is the 8’-hydroxylation to yield
8’-hydroxy-ABA, which is an unstable product that is spontaneously converted to phaseic acid. The
synthesis of 8’-hydroxy-ABA is performed by four members of the CYP707A family (CYP707A1, 2, 3
and 4) (Kushiro et al., 2004; Saito et al., 2004). Interestingly the transcript levels of these genes were
increased upon drought stress and ABA treatment (Kushiro et al., 2004; Saito et al., 2004; Umezawa

et al., 2006) and CYP707A1 and CYP707A3 activity was demonstrated to be necessary to determine
threshold levels of ABA during dehydration and after rehydration and for the control of stomatal
movement in response to high humidity (Umezawa et al., 2006; Okamoto et al., 2009). These data
indicate the relevance of ABA hydroxilation in regulation of endogenous ABA levels upon drought
stress. In addition to hydroxylation, ABA can form conjugates, of which ABA-glucose ester (ABA-GE) is
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Carotene
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ABA1/ZEP
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Figure 1.3. Abscisic acid biosynthetic pathway
The synthesis of ABA from zeaxanthin is schematically represented. All the catalytic steps, with the exception of
those catalysed by ABA2, ABA3 and AAO3, occur in the plastid. The names of the enzymes in Arabidopsis are
indicated. Adapted from (Seo and Koshiba, 2002; Schwartz et al., 2003; Nambara and Marion-Poll, 2005;
Wasilewska et al., 2008).
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the predominant form, a reaction catalysed by ABA glucosyltransferase (Boyer and Zeevaart, 1982;
Cutler and Krochko, 1999). ABA-GE can be circulated throughout the plant and stored in the
apoplast and in the vacuoles (Dietz et al., 2000; Hartung et al., 2002; Jiang and Hartung, 2008).
Upon environmental stress, ABA-GE is released into an active form by endoplasmic reticulum or
apoplastic β-glucosidases (Sauter et al., 2002; Lee et al., 2006; Jiang and Hartung, 2008).
Therefore, β-glucosidases have a relevant role in regulating ABA levels in plant upon drought stress.
Wether the synthesis of ABA takes place in roots or in shoots upon drought stress is not yet clear
(Wasilewska et al., 2008). However, the biosynthetic genes AtNCED2, AtNCED3, AAO3 and ABA2
are known to be expressed in vascular tissues of the leaves (Cheng et al., 2002; Tan et al., 2003;
Koiwai et al., 2004; Endo et al., 2008; Ikegami et al., 2008) and the reporter genes fused to ABAsensitive promoters were shown to be induced in the shoot vascular tissues and guard cells prior to be
detected in roots (Christmann et al., 2005). Therefore, a rapid stimulation of ABA accumulation in
leaves takes place upon drought stress.
B. Abscisic acid signalling pathway in defence responses
ABA is involved in the regulation of many aspects of plant growth and development as well as
in response to abiotic and biotic stresses (Fujita et al., 2006; Wasilewska et al., 2008). Its role in
biotic stress is highly complex and depends specifically on the pathosystem (Mauch-Mani and Mauch,
2005; Asselbergh et al., 2008) (Figure 1.4). Although ABA can affect disease resistance both
positively and negatively, ABA seems to act as a negative regulator of defence in most of the studied
cases (Asselbergh et al., 2008). In soybean plants infected by Phytophtora sojae, exogenous treatment
with ABA reduces the expression of PAL and increases the susceptibility in incompatible interactions
(McDonald and Cahill, 1999; Mohr and Cahill, 2001). Similarly in tomato plants, ABA was shown to
negatively regulate SA-signalling pathway. Therefore, ABA-deficient mutants, such as sitiens, displayed
a hyper-induction of PAL activity and an increased accumulation of SA-inducible defence-related
transcripts such as PR-1 after pathogen challenge and an increased resistance phenotype to

B. cinerea and P. syringae pv. tomato (Audenaert et al., 2002; Asselbergh et al., 2007). In addition,
ABA treatment of Arabidopsis plants has been demonstrated to reduce lignin and SA accumulation
after P. syringae pv. tomato challenge and it is able to reduce the expression of several defencerelated genes, including those involved in SA and JA/ET signalling pathways, leading to an increased
susceptible phenotype (Mohr and Cahill, 2007). Recent research described additional negative
crosstalk between SA and ABA signalling pathways. ABA exogenous treatment blocked SAR response
both upstream and downstream of SA biosynthesis (Yasuda et al., 2008). In addition, BIT and BTH
SAR inductors were able to disrupt ABA biosynthesis and signalling upon salt stress (Yasuda et al.,
2008). Therefore, multiple antagonistic crosstalk points between SA cascade leading to SAR induction
and ABA signalling in the environmental stress response have been described. These results indicate
that exogenous ABA application can suppress ABA accumulation or signalling, whereas decrease in
endogenous ABA levels results in constitutive activation of SA-dependent defences.
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ABA does not only negatively regulate SA-signalling pathway, but it also has antagonistic
effects on JA/ET-signalling. It was shown that the expression levels of the JA/ET responsive genes

PDF1.2, CHI and HEL were suppressed upon ABA treatment (Anderson et al., 2004). Furthermore,
expression levels of these genes were up-regulated in the ABA-biosynthetic mutants, aba1 and aba2,
which resulted in an increased resistance to F. oxysporum (Anderson et al., 2004). This antagonistic
interaction between ABA signalling pathway and JA/ET defence response signalling is regulated, at
least in part, by MYC2 transcription factor. AtMYC2 expression is activated by ABA (Lorenzo et al.,
2004) and it was shown to repress pathogen response genes, but it induces JA-dependent wounding
response transcripts and ABA signalling (Abe et al., 2003; Anderson et al., 2004; Lorenzo et al.,
2004). Nevertheless, the suppression of JA/ET-induced pathogen response genes by ABA should be
attributed to other mechanisms, because ABA-suppressive effect remained in atmyc2 mutant
(Anderson et al., 2004).
Interactions between ABA signalling and ET defence pathways are mutually antagonistic in
vegetative tissues, as mutants in both pathways lead to increase expression of related genes of the
other (Anderson et al., 2004). Tomato and Arabidopsis ABA-deficient mutants accumulate higher
levels of ethylene which is the main cause of their stunted growth (Sharp et al., 2000; LeNoble et al.,
2004). By contrast, ethylene negatively regulates ABA signalling in controlling seed dormancy. The
ethylene insensitive mutant ein2 shows enhanced ABA sensitivity during seed germination
(Ghassemian et al., 2000). Furthermore, it was demonstrated that ET treatment induced expression of
ABI1 and ABI2 negative regulators of ABA-signalling (De Paepe et al., 2004). Therefore, the negative
interactions between ABA and ET signalling pathways have been described; however the mechanisms
underlying are still not well understood.

Abiotic stress genes
Callose deposition

SA

ABA

JA

NPR1

COI1

ET
Oxidative burst

WRKY70

MYC2

ERF1

PR-1 and others

VSP2, LOX2 and others

PDF1.2 and others

Cell wall fortification

Figure 1.4. Schematic representation of ABA interfering with other hormones and with biotic and abiotic stress
responses. Adapted from Asselbergh et al., (2008).
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Further, ABA negative regulation of disease resistance is illustrated by the rapid and extensive
accumulation in tomato sitiens mutants of hydrogen peroxide that leads to cell wall modifications and
is necessary for arresting the necrotrophic pathogens B. cinerea and Dickeya dadanti growth
(Asselbergh et al., 2007; Asselbergh et al., 2008).
The potency of ABA to suppress defence responses is used by plant pathogens. Hormone
homeostasis is manipulated by bacterial effectors in order to increase their virulence in plant (de
Torres-Zabala et al., 2007). In Arabidopsis plants, upon P. syringae pv. tomato DC3000 infection, an
increase in ABA and JA levels was observed, but not upon infection with the non-pathogen hrpAmutant (impaired in TTSS). This increase in ABA levels was shown to be mediated in part by the
AvrPtoB effector and to effectively suppress genes involved in basal defence (de Torres-Zabala et al.,
2007). Further supporting these data, ABA biosynthetic and signalling mutants were more resistant to
the virulent bacteria; while, ABA exogenous treatment led to an increased susceptibility to both the
virulent and the non-pathogenic bacteria (de Torres-Zabala et al., 2007). These results demonstrate
that increasing ABA levels by the bacterial effector is a virulence strategy to reduce plant defence
responses. However, ABA seems to have a different role during pathogen preinvasion. P. syringae pv.

tomato needed the virulence factor coronatine in order to enter internal leaf tissue by inhibiting SA
and ABA-dependent PAMP-induced stomatal closure (Melotto et al., 2006; Melotto et al., 2008).
Therefore, counteracting of ABA-dependent signalling in guard cells is a pathogenic strategy to
overcome preinvasion SA-regulated innate immunity (Melotto et al., 2006; Melotto et al., 2008).
ABA can also exert a positive action on defence signalling pathways. Thus, it has been
demonstrated that ABA-biosynthetic and signalling mutants are more susceptible to some necrotrophic
pathogens such as P. irregulare and A. brassicicola (Adie et al., 2007). This phenotype is in part due
to the requirement of ABA for JA biosynthesis and JA-dependent defence gene expression upon

P. irregulare infection (Adie et al., 2007). Furthermore, ABA was demonstrated to play an important
role in activation of plant defence through transcriptional reprogramming because a high percentage
of the ABA-regulated genes are induced by P. irregulare infection (Adie et al., 2007). In addition, ABA
was shown to have a positive effect in basal defence against A. brassicicola infection, as an increased
disease susceptible phenotype was observed in aba1 mutant (Flors et al., 2008). ABA has also been
shown to be involved in primed disease resistance. Exogenous treatment with ABA primed callose
deposition and mimicked BABA (β-amino-butyric acid)-induced resistance against the necrotrophic
pathogens A. brassicicola and P. cucumerina (Ton and Mauch-Mani, 2004; Flors et al., 2005). In
summary, ABA exerts a role in defence signalling by interacting with other signalling pathways and by
regulating defence gene expression, callose deposition or reactive oxygen intermediates production.
However, the molecular mechanisms of ABA action on defence resistance are still largely unknown,
but merits future studies.
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1.4.5. ROS signalling
ROS, which include superoxide radical (O2-), hydrogen peroxide (H2O2) and singlet oxygen
(1O2), are produced during development and are induced after different stresses, including abiotic
and biotic (Apel and Hirt, 2004). After pathogen recognition, apoplastic ROS is generated (Doke,
1983; Auh and Murphy, 1995; Grant et al., 2000) mainly by the activity of NADPH oxidases, also
known as Respiratory Burst Oxidases (RBO), and plant cell wall peroxidases (Torres et al., 2005).
Several roles have been proposed for ROS in plant defence. For instance, H2O2 may be toxic to
pathogens due to the production of the extremely reactive OH· in the presence of iron. Alternatively,
H2O2 may contribute to the structural reinforcement of the plant cell walls either by cross-linking the
various cell wall proteins (Bradley et al., 1992) or by lignin peroxidation (Montillet et al., 2005). In
addition, the ROS have been proposed to act as signalling molecules for the induction of defencerelated genes (Levine et al., 1994; Alvarez et al., 1998; Laloi et al., 2004).
In the Arabidopsis genome, 10 Rboh (Respiratory Burst Oxidases homologs) have been
identified and several of them were found to mediate the apoplastic ROS production in response to
biotic and abiotic stress (Torres et al., 2005). AtrbohD and AtrbohF, for instance, are involved in the
ROS production in incompatible interactions with P. syringae and H. parasitica (Torres et al., 2002).
Additionally, AtrbohD- and AtrbohF-mediated ROS production is required for ABA signal transduction
in guard cells (Kwak et al., 2003). As mentioned above, cell wall peroxidases can also generate H2O2
in response to pathogen attack and their expression is induced following recognition of bacterial and
fungal pathogens (Chittoor et al., 1997). To minimize cell damage, to fine-tune ROS-dependent
signalling and to maintain ROS homeostasis in the cell, plants possess various ROS-scavenging
enzymes, which include ascorbate peroxidases, glutathione, superoxide dismutases and catalases
(Mittler et al., 2004). ROS sensing and downstream signalling by plant cells is still not well
understood. However, some components have been elucidated such as Ca2+, MAPK cascades, Gproteins and activation of phospholipids signalling (Mittler et al., 2004).

1.5. The A. thaliana-P. cucumerina pathosystem
To study the molecular mechanisms of plants defence responses to necrotrophic pathogens, we
employed the model pathosystem Arabidopsis thaliana-P. cucumerina. P. cucumerina is an
Ascomycete necrotrophic fungus that colonizes and produces cell death to host tissues and feed on
the remains to complete its life cycle. Arabidopsis is a natural host for several isolates of this fungal
pathogen. The P. cucumerina isolates used in our group (PcBMM) was identify and selected in
Mauch-Mani’s laboratory on Ler plants (Tierens et al., 2001). It is able to germinate on leaf surface
during the first 20 hours after inoculation and afterwards the hyphae grows, causing plant cell death
(Figure 1.5) and leading to plant decay.
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Arabidopsis resistance to necrotrophic pathogens, such as B. cinerea and P. cucumerina is
multigenic and genetically complex (Berrocal-Lobo and Molina, 2004; Glazebrook, 2005; Llorente et
al., 2005). Genetic evidence indicates that the SA, JA and ET signalling pathways are required for
Arabidopsis resistance to these fungal pathogens, as mutants impaired in any of these signalling
pathways (e.g., ein2-5, coi1-1 and sid2-1, respectively) show enhanced susceptibility phenotypes
(Thomma et al., 1998; Thomma et al., 1999; Berrocal-Lobo et al., 2002; Ferrari et al., 2003;
Berrocal-Lobo and Molina, 2004). Furthermore, constitutive activation of the ET/JA pathways in
Arabidopsis by overexpression of the ERF1 transcriptional factor results in an enhanced resistance to
these fungi (Berrocal-Lobo et al., 2002; Berrocal-Lobo and Molina, 2004). Recent data have
demonstrated that other hormones, such as auxin and ABA, are also necessary for Arabidopsis
resistance to necrotrophic pathogens (Asselbergh et al., 2008; Llorente et al., 2008). Mutations in the
auxin signalling pathway and pharmacological blocking of auxin transport or proteasome function led
to an increased susceptibility to P. cucumerina and B. cinerea (Llorente et al., 2008). ABA plays a
genetically complex role in resistance against necrotrophic pathogens since it acts as a positive or a
negative regulator of resistance depending on the pathosystem. Induction of defence genes, callose
deposition and ROS production are the main mechanisms involved in defence-related ABA signalling
(Anderson et al., 2004; Ton and Mauch-Mani, 2004; Asselbergh et al., 2007; Asselbergh et al.,
2008). These data indicate that hormone crosstalk and balance are required for the fine-tuning of
plant defence responses to necrotrophic pathogens.
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Figure 1.5. Description of ArabidopsisArabidopsis-P. cucumerina pathosystem
(A) Disease rating evaluation of twenty one day-old plants infected with a spore suspension (4x106spores/ml) of

P. cucumerina BMM. DR varies between 0 (no symptoms) and 5 (dead plants). (B) Lactophenol Trypan Blue
staining of inoculated leaves at 20 hpi.

The isolation and characterization of enhanced susceptibility mutants to necrotrophic fungi
suggest that further defence responses may be required for resistance to these types of pathogens
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(Mengiste et al., 2003; Llorente et al., 2005; Veronese et al., 2006). For instance, ERECTA LRR-RLK is
required for Arabidopsis resistance to P. cucumerina, as er mutant alleles are more susceptible to this
pathogen (Llorente et al., 2005). The involvement of ERECTA-signalling pathway in resistance to

P. cucumerina was further supported by the fact that three mutants with the same developmental
phenotype elk2 (erecta-like2), elk5 and elk4/agb1 were also impaired in resistance to this fungus
(Llorente et al., 2005). It has been hypothesized that ERECTA plays a role in regulating cell wallmediated resistance to pathogens as a correlation between cell wall composition and defence
responses were identified in er mutants and wild-type plants (Sanchez-Rodriguez et al 2009). Further
support of the cell wall role in resistance to necrotrophic pathogens comes by the observation of
increased resistance to P. cucumerina and B. cinerea in the secondary cell wall CESA mutants
(Hernandez-Blanco et al., 2007). However, the molecular and genetic mechanisms of the cell wallmediated resistance remain unknown and their identification is one of the principal aim of this thesis.
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Objectives

The aim of this work is the characterization of unknown Arabidopsis thaliana defence
mechanisms against necrotrophic pathogens. Within this aim, the following objectives have been
undertaken:

2.1. Analysis of Arabidopsis defence mechanisms against necrotrophic fungi mediated by secondary
cell wall celullose synthase.
2.2. Dissection of the role of tryptophan-derived metabolites in resistance of A. thaliana against
nonadapted P. cucumerina isolates.
2.3. Functional characterization of abscisic acid signalling pathway in the defence responses of

A. thaliana against Plectosphaerella cucumerina.
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Materials and Methods

3.1 Plant lines
Arabidopsis accessions used in this study were Col-0, Ler and Col-6 (derivative of Col-0).
Mutant and transgenic Arabidopsis lines were either ordered from the European Arabidopsis Stock
Centre (NASC; University of Nottingham, Loughborough, UK) or kindly supplied by different
inviestigators. In detail, the lines used in this work are listed in table 3.1.

Table 3.1. Mutant and transgenic Arabidopsis lines used in this study
Line

Accesion

NASC ID/Provided
ID/Provided by

Reference

coi1-1

Col-6

Dr. R. Solano

Feys et al., 1994

aos

Col-6

Dr. R. Solano

Park et al., 2002

ein2-5

Col-0

N3071

Guzman and Ecker, 1990

sid2-1

Col-0

Not an ABRC stock

Nawrath and Metraux, 1999

Dr. J. Ryals
NahG

Col-0

Not an ABRC stock

Delaney et al., 1994

elk4-1/agb1-1
ixr2-1

Col-0

CS3976

Lease et al., 2001

Col-0

CS6203

Heim et al., 1989; Heim et al.,
1990

Ler

CS22

Koornneef et al., 1984

Ler

CS23

Koornneef et al., 1984

Ler

CS18

Turner and Somerville, 1997

Ler

CS104

Turner and Somerville, 1997

Col-5

Dr. Y. Marco

Hernandez-Blanco et al., 2007

Col-0

N514026

Brown et al., 2005

Dr. S. Persson/
Dr. C. Somerville

Persson et al., 2005

N558238

Brown et al., 2005

Dr. S. Persson/
Dr. C. Somerville

Persson et al., 2005

N546976

Persson et al., 2005

Dr. J. Ryals

abi1-1
abi2-1
irx1-1
irx3-1
irx5-5/nws2
irx8-1

irx9-1

irx13

Col-0

Col-0

Dr. S. Persson/
Dr. C. Somerville

At3g16920

Col-0

N555713

Persson et al., 2005

Dr. S. Persson/
Dr. C. Somerville

At4g27435

Col-0

N637109

Persson et al., 2005

Dr. S. Persson/
Dr. C. Somerville

aba1-1

Ler

CS21

Koornneef et al., 1982

Dr. JL. Micol

aba1-6

Col-0

CS3772

Niyogi et al., 1998,

Dr. JL. Micol

aba2-1

Col-0

CS156
Dr. JL. Micol
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Line

Accesion

NASC ID/Provided
ID/Provided by

Reference

aba2-3

Col-0

CS3834

Laby et al., 2000

Dr. JL. Micol

aba3-2

Ler

CS158

Leon-Kloosterziel et al., 1996;
Seo et al., 2000

Dr. JL. Micol

aao3-2

Col-0

Not an ABRC stock

pen2-1

Col-5

Dr. P. Bednarek/
Dr. P. Shultze-Lefert

Lipka et al., 2005

pen2-2

Col-0

Dr. P. Bednarek/
Dr. P. Shultze-Lefert

Lipka et al., 2005

pen2-3

Col-0

Dr. P. Bednarek/
Dr. P. Shultze-Lefert

Lipka et al., 2005

cyp81f2-1

Col-0

Dr. P. Bednarek/
Dr. P. Shultze-Lefert

Bednarek et al., 2009

cyp79B2 cyp79B3

Col-0

Dr. P. Bednarek/
Dr. P. Shultze-Lefert

Bednarek et al., 2009

cyp81F2 pen2-2

Col-0

Dr. P. Bednarek/
Dr. P. Shultze-Lefert

Bednarek et al., 2009

pad2-1

Col-0

CS3804

Glazebrook and Ausubel, 1994

Dr. JL. Micol

Seo et al., 2000; GonzalezGuzman et al., 2004

Dr. D. Scheel

pad3-1

Col-0

CS3805

Glazebrook and Ausubel, 1994

Dr. D. Scheel

pen2-3 pad2-1
pen2-2 pad3-1
pen3-1

Col-0

Dr. D. Scheel

Col-0

Dr. P. Shultze

Bednarek et al., 2009

Col-0

Dr. S. Somerville

Steinet al., 2006

3.2. Arabidopsis growth conditions
3.2
3.2.1. Soil growth conditions
Arabidopsis seeds were sown in hydrated and sterilized soil (3peat::1vermiculite). Afterwards,
they were stratificated at 4ºC in dark for 3-4 days. Then, plants were grown in growth chambers at
20-22ºC with a 10 h photoperiod, a light intensity of about 150 µE/m2s, and 65% of relative
humidity as described previously (Berrocal-Lobo et al., 2002; Deslandes et al., 2003).
For flowering and seeds production, plants were grown on the conditions described but with a
photoperiod of 14h light/10 h dark.

3.2
3.2.2. in vitro growth conditions
For in vitro plant analyses, seeds were surface-sterilized in ethanol 90%, soaked for 5 minutes
in 10% bleach and washed six times in sterile water. They were then sown on Petri dishes containing
MS medium, vitamins (2.2 g/l; Duchefa, Holland) (Murashige and Skoog, 1962), glucose (2%) and
bactoagar (0.8%; DB, USA). For P. cucumerina assays, the medium was composed of MS-vitamin free
(4.4 g/l; Sigma, USA) and phytagel (0.8%) (Llorente et al., 2005). Seeds were stratified for 3 days at
4ºC and grown in growth chambers in short-day conditions, with the exception of ethylene (ET)
analysis. In this case, the plates were maintained in the dark.
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For the identification of coi1 mutation, plants were grown on plates containing 50 μM of
jasmonic acid (JA; Sigma, USA). Ten days after, plants that were not accumulating antocyanins were
selected and used for further analyses.
Identification of ein2 mutation was performed according to Guzman et al (1990). Alterations in
the response of dark-grown seedlings to ethylene (Et; “triple response”) (Guzman and Ecker, 1990)
were determined sowing the seeds in 10µM of aminocyclopropane carboxylic acid (ACPC; Sigma,
USA) containing plates.
Kanamicine resistance evaluation was done on MS plates containing 50 mg/l kanamicine
(Sigma Aldrich). After 10 days of growth kanamicine resistance phenotype was evaluated.

3.3. Pathogens and growth conditions
The fungal pathogens Plectospaherella cucumerina strain BMM was kindly provided by Dr B.
Mauch-Mani (University of Fribourg, Fribourg, Switzerland) (Tierens et al., 2001) and the strains 2127
and 1187 were acquired from DSMZ Collection (Germany). The ascomycete necrotrophic fungus was
grown at 28ºC for 28 days on potato (Solanum tuberosum) dextrose agar (Difco, USA) and their
spores harvested in sterile water and stored at -80ºC in 20% glycerol (Berrocal-Lobo and Molina,
2004; Llorente et al., 2005).

3.4. Pathogenicity assays
Three-week-old plants grown on soil as indicated above were used for P. cucumerina
inoculation experiments. At least ten plants were sprayed with a suspension of 4x106 spores ml-1 in
each experiment. Mock inoculations were done with sterile water. Following inoculation, plants were
covered to maintain high humidity and placed in a growth chamber under the same illumination
conditions as before inoculation and with a temperature of 24ºC during the day and 22ºC at night.
The fungal infection progress was followed for 20 days by viewing the development of necrosis in the
infected leaves and biomass was quantified 3 days post inoculation (dpi). Disease rating (DR ± SE)
was: 0, no symptoms; 1, plants with some necrotic spots; 2, plants showing one or two true leaves
necrotic; 3, at least two necrotic leaves, 4, more than half of the plant necrotic; and 5, dead plant.
Fungal biomass quantification was performed basically using two methods. Quantitative RTPCR was used to measure the P. cucumerina constitutive gene, β-TUBULIN, from total DNA extracted
from Arabidopsis plants 3 days after inoculation. Data were normalized to Arabidopsis UBIQUITIN21
or ACTIN2 gene expression levels for each plant (section 3.11.1). In some cases fungal biomass
detected on each plant genotype was expressed relative to fungal biomass quantified on wild type
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plants. The second method consisted in Northern blot hybridization at 1 and 3 dpi with P. cucumerina
specific probe, PcITS (section 3.11.2), which corresponds to its interspace transcribed sequence 1
(Llorente et al., 2005). Experiments were repeated three times with similar results. Finally, lactophenol
trypan blue staining was performed at different time points (20h and 48h) after inoculation to visualize
the hipha growth and to quantify cell death.
In all the pathogenicity assays, except as noted, the statistical analysis of quantitative data was
performed with Statgraphics Plus 5.1 (StatPoint, Inc., Herndon, USA) using an ANOVA (P ≤ 0.05)
corrected with Bonferroni test.

3.5
3.5. Staining analysis
3.5
3.5.1. Trypan blue sta
staining
Three-week old plants were mock- and P. cucumerina-inoculated. 20 hours after (for hyphal
growth analysis), 6 leaves were harvested and boiled in trypan blue solution: 10 mg trypan blue, 10
ml lactic acid (DL Sigma L-1250), 10 ml phenol, 10 ml glycerol, 10 ml water and 40 ml ethanol.
Fixation was done with 5 g/2 ml chloral hydrate over night. Leaves were transferred to 50% glycerol
solution and mounted on slides to check in the microscope.

3.5
3.5.2. Calcofluor staining
To visualize hypha growth of in vivo antimicrobial activity assays, calcofluor staining was
performed 24 h after the assay was performed. Leaves were harvested and distained in 95% of
ethanol during the night. Leaves were washed with water and with a solution of 0.07M KH2PO4 (pH
7). Staining was performed with calcofluor (0.005%; SIGMA) and aniline blue (0.01%) dissolved in
0.07M KH2PO4 (pH 7). After washing in 0.07M KH2PO4 (pH 7) and in water, leaves were mounted
on slides with glycerol and observed with microscope under UV light (Ton and Mauch-Mani, 2004).

3.6.
3.6. Antimicrobial activity assays
In vitro inhibition tests were carried out in sterile microtiter plates by mixing different amounts
of the compound dissolved in 66.7 µl of sterile water with either 33.3 µl of R. solanacearum
suspensions (final concentration 104 cfu/ml) in nutrient broth (Oxoid, Basingstoke, UK) or 33.3 µl of

P. cucumerina spore suspensions (final concentration 104 spores/ml) in potato dextrose (Difco,
Detroit, MI, USA). Growth of microorganisms was recorded 24-40 h after incubation at 28ºC, by
measuring absorbance at 490 nm in an ELISA plate reader. LTP3 and LTP4 from Hordeum vulgare
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and thionin from Triticum aestivum were previously purified in the laboratory. Indole-derived
compounds were provided by Dr. Pawel Bednarek.
Antimicrobial in vivo assays were performed on 21-day old wild type (Col-0) plants. A drop
of 5 µl of water containing different concentration of thionin and LTP was placed and leaf surface.
Once the drop was air dried, a 5 µl drop of P. cucumerina spore suspension (4x106 spores/ml) was
added. 24h after, leaves were harvested and fungal hypha was stained using calcofluor dye (see
section 3.5.2).

3.7. HPLC analysis
P. cucumerina-inoculated and mock-treated plants were collected 20 hpi and frozen in liquid
nitrogen. Extraction and HPLC analysis of indol compounds was performed as previously described
(Bednarek et al., 2009). After addition of DMSO (50 µl/20 mg FW), the tissue was homogenized with
zirconia beads (1 mm; Roth, Karlsruhe, Germany) in a Mini-Beadbeater-8 (Biospec Products,
Bartlesville, OK) and centrifuged for 15 min. The supernatants were collected and subjected to HPLC
on an Agilent (Palo Alto, CA) 1100 HPLC system equipped with DAD and FLD detectors. Samples
were analyzed on an Atlantis T3 C18 column (150x2.1mm, 3µm; Waters, Milford, MA) with 0.1%
trifluoroacetic acid as solvent A and 98% acetonitrile/0.1% trifluoroacetic acid as solvent B at a flow
rate of 0.25 ml/min at 22°C (gradient of solvent A: 100% at 0, 100% at 2, 90% at 9, 72% at 30,
50% at 33, 20% at 40, 100% at 41 min). Camalexin was analyzed on a Zorbax Extend- C18 column
(100x2.1mm, 3.5µm; Agilent) with water as solvent A and 98% acetonitrile as solvent B at a flow rate
of 0.3 ml/min at 22°C (gradient of solvent A: 96% at 0, 96% at3, 70% at 20, 20% at 33, 0% at
34min). All the corresponding fractions were identified based on Bednarek et al (2009). The following
chromatograms were used for quantifications: indole glucosinolates and raphanusamic acid - UV
absorbtion at 273 nm, indol 3-ylmethylamine - fluorescence (ex. 275 nm; em. 350 nm) and
camalexin -fluorescence (ex. 318 nm; em. 386 nm). Presented data are mean values +/- SD from
analyses of three samples prepared from independent plants. Each line was tested in at least three
independent experiments giving similar results for all presented compounds.

3.8.
3.8. Arabidopsis DNA extraction
Approximately 1 cm2 of foliar tissue was used for DNA preparation following a procedure
described previously in order to achieve high yields of high quality DNA (Doyle and Doyle, 1987).
Briefly, the method consists on a CTAB-treatment, followed by a chloroform-extraction step and an
isopropanol-precipitation. The resulting pellet was eluted in Tris-EDTA (TE: Tris-HCl [pH=7] 10mM,
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EDTA [pH=8] 1mM. The obtained DNA was quantified spectrophotometrically at 260nm absorbance
with a NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies; Wilmington, USA).
The PCR products to be sequenced were separated in agarose gel eletrophoresis, and then
purified using the kit “QIAEX II Gel Extraction Kit” (Qiagen; Hilden, Germany). The purified DNA was
quantified with NanoDrop® ND-1000, and sequenced by SECUGEN S.L. (CIB, Madrid, Spain) or by
SECCBGP (CBGP, UPM-INIA, Madrid, Spain). Oligonucleotides used for PCR amplification and
sequencing were designed with DNAstar (section 3.12).

3.9.
3.9. Arabidopsis RNA extraction and cDNA
cDNA synthesis
Total RNA was purified from at least three P. cucumerina infected or mock-inoculated

Arabidopsis plants. The phenol/chloroform method followed by precipitation with 1.5 M LiCl was used
(Berrocal-Lobo et al., 2002). Quality was tested by electrophoresis in 1% agarose gels and
quantification was done by NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies;
Wilmington, USA). For cDNA synthesis, 2 µg of total RNA was treated with DNase (DNase I, RNasefree; Roche Applied Science, South San Francisco, USA) and then reverse-transcribed for 120 min at
37ºC in a 20 µl reaction volume using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) and random oligonucleotides.
RNA was subjected to electrophoresis on 1.5% formaldehyde/agarose gels, and blotted to
Hybond-N+ membranes (Amersham, UK). Probes were labeled with 50 µCi of a-32P-dATP. Blots were
exposed for 24 h in a Phosphorimager screen (Molecular Dynamics, Amersham, UK) as described
(Llorente et al., 2005). The hybridization probes (PDF1.2, PR1, PcITS) used in this study have been
described previously (Llorente et al., 2005).

3.10.
3.10. Generation and characterization of Arabidopsis
double mutants
The mutant alleles used for the construction of double mutants with irx1-6 (Hernandez-Blanco
et al., 2007) were coi1-1 (Feys et al., 1994) Col-6 background), ein2-5 (Guzman and Ecker, 1990),

sid2-1 (Nawrath and Metraux, 1999), NahG (Delaney et al., 1994) aba1-6 (Niyogi et al., 1998),
pen3-1 (Stein et al., 2006), and cyp79b2 cyp79b3 (Zhao et al., 2002).
The mutant alleles used for the construction of double mutants with aba1-6 (Niyogi et al.,
1998) were coi1-1 (Feys et al., 1994); Col-6 background), aos1 (Park et al., 2002) and elk41/agb1-1 (Lease et al., 2001). All the mutants, unless noted otherwise, were in the Col-0
background. The double mutants were generated by standard genetic crosses, following the mutations
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with PCR or with cleaved amplified polymorphic sequence (CAPS) markers. When the mutation did not
lead to a change in a restriction site, derived CAPS markers were generated using the dCAPS web
program dCAPS Finder 2.0 (section 3.12). Table 3.2 shows a list of the oligonucleotides used for the
identification of the mutants analyzed in this work.
The mutant ein2-5 and the corresponding double and triple mutants irx1-6 ein2-5 and

irx1-6NahGein2-5 were selected by their insensibility to ET precursor, ACPC. The transgenic plant
NahG and the corresponding double and triple mutants (irx1-6 NahG and irx1-6 NahG ein2-5) were
selected by their resistance to kanamicine. The mutant coi1-1 and the corresponding double mutants
(irx1-6 coi1-1 and aba1-6 coi1-1) were selected in JA-containing plates (section 3.2.2).

Table 3.2. CAPS, dCAPS, PCR and
and sequence Oligonucleotides used in genotyping mutations. The
Oligonucleotides 5´-forward and 3´-reverse, Tm, restriction enzyme and fragment size in the WT and
the mutant are indicated for CAP or dCAP. In the cases were it is indicated the mutation was identified
by PCR (when the mutant has a T-DNA insertion) or by sequencing.
Mutant

Forward Primer (5’ to 3’)

Reverse Primers (5´to3´)

aba1-6

GAATCGGAGGATTGGTGTTTG

CTCCAGAATCTTCAAAATCAAC

irx1-6

CATGTGCTGTTGGGTAGGAATC

CATAGAGAATGTGTTTGATGATG

coi1-1

GGTTCTCTTTAGTCTTTAC

CAGACAACTATTTCGTTACC

aos

GTACGATCAAAGCCGTTGAAATTCCGAGTTTT

Tm

Enzyme

WT

Mutant

55º

(Seq)

484

484

55º

(Seq)

466

466

(ºC)

43º

Xcm1

1000+50
0

1500

60º

(PCR)

1575

-

60º

(PCR)

-

400

TGGAACAAGAAAACAGATGGACTACACAGGT
CGGGCCTAACTTTTGGTGTGATGATGCT

sid2-1

TGTCTGCAGTGAAGCTTTGG

CACAAACAGCTGGAGTTGGA

55º

MunI

403+170

573

NahG

CTGCCGCTACTCCCATATCCA

TCGGCTTCGGCTCGCTAC

57º

(PCR)

-

685

agb1-1

GAACGCCACGCCGTCGCTAC

CTGACAATCCGGTTCCTCTC

60º

(Seq)

535

535

pen2-3

TGGCAAAAGGGATAGAGGAG

CTGTAGACCCACGGCTCATT

55º BsmAI

108+151

259

pen3-1

TGAAAGCTTCTGCTGCTCAA

TGAGGTGAACGATTTGTTGC

58º

HphI

21 +293

314

pen4-1

TAAGACAAAACTTGTGGATTGG

CACCCATCTGATGAATTGG

58º

NdeII

74 +135

209

pad2

GACTAACCATTGCCTCAC

CAGTGTCTGTCCATATGT

48º

DdeI

98 + 114

212

pad3

CGAAAGAAGCAGCAGAGGAA

GGAAAGAAATCAGAGAACAC

55º

XmnI

429

CGGAGCATTCGTTGAGATGTC

58º

(PCR)

725

-

GGCAATCAGCTGTTGCCCGTCTCACTGGTG

60º

(PCR)

-

1300

CTATGCATGGACTGGTGGTCAAC

60º

(PCR)

1200

-

GGCAATCAGCTGTTGCCCGTCTCACTGGTG

60º

(PCR)

-

350

cyp79b2 GATCAAGATGTGGAGAGAAGG
TGGACAAGTATCATGACCCAATCATCCACG

cyp79b3 GGCCAGCCTTTGCTTACCGC
TGTTCTATGCATGGACTGGTGGTCAACATG
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3.11.
3.11. Gene expression analysis
3.11.1
3.11.1 qRTqRT-PCR
Real-time quantitative PCR amplification and detection was carried out in a 7300 Real Time
PCR System (Applied Biosystems). Reactions were done in a final volume of 20 µl and contained 10 µl
of 2xSYBR Green Master Mix (Applied Biosystems, Warrington, UK), 0.3 µM of each primer and 10
ng of cDNA. PCR conditions were as follows: 95ºC for 10 minutes, and then 45 cycles of 95ºC for
15 seconds and 60ºC for 1 minute. At the end of each experiment a dissociation stage (95ºC for 15
seconds, 60ºC for 30 seconds and 95ºC for 15 seconds) was carried out to ensure that only single
products were formed. Actin2 (AT3G18780) or Ubiquitin UBC21 (AT5G25760; oligonucleotides
specific for cDNA) expression was used to normalize the transcript level in each sample. Data analysis
was performed using the Sequence Detector Software (version 1.2.2, Applied Biosystems, Foster City,
USA).
All the Oligonucleotides used for qRTPCR were design with the program Primer Express 2.0
(Applied Biosystems, section 3.12) with the criteria: 28-22 base pairs, 45-55 % G+C, 58-62ºC Tm,
amplicon length of 90-120 base pairs (Table 3.2).

Table 3.3. Oligonucleotides used in qRT
qRT-PCR amplification.
Gene

AGI code

Oligonucleotide 1

Oligonucleoide 2

LOX3

AT1G17420 5´-GCGGAGATTGTTGAAGCGTTT-3´

5´-GCCCCACACCTATTTCTACGGT-3´

PR-1

AT2G14610 5´-CGTCTTTGTAGCTCTTGTAGGTGC-3’

5´-TGCCTGGTTGTGAACCCTTAG-3´

CYP79B3

AT2G22330 5´-ATGCTAGCGAGGCTTTTGCA-3

5´-CCAACACCAAAGGCTTCGAA-3´

TAT3

AT2G24850 5´-TTCGCAAATACGATCTTCTCCC-3´

5´-GTTGATGATTACCATTGCGACG-3´

WRKY33

AT2G38470 5’-ACGGCCAGAAAGTCGTTAAGG-3’

5’- ATGTCGTGTGATGCTCTCTCC-3’

ATHB7

AT2G46680 5´-CGATGATGTCAGCAGAGCCAT-3´

5´-CAGTGACTTGATCTGCTCGTCG-3´

PR-4

AT3G04720 5´-AGCTTCTTGCGGCAAGTGTTT-3´

5´-TGCTACATCCAAATCCAAGCCT-3´

NCED3

AT3G14440 5´-ACATCTTTACGGCGATAACCG-3´

5´-TTCCATGTCTTCTCGTCGTGA-3´

Actin2

AT3G18780 5´-GACCAGCTCTTCCATCGAGAA-3´

5´-GCAGCTTCCATTCCCACAA-3´

ABI1

AT4G26080 5´-TGTTTTCCCGTCTCACATCTTC-3´

5´-CCGGTTTATGGTCAACGGAT-3´

PAD3

AT4G31500 5´-CAACAACTCCACTCTTGCTCCC-3´

5´-CGACCCATCGCATAAACGTT-3´

CYP79B2

AT4G39950 5´-GCCGACCCACTTTGCTTTAAA-3´

5´-GCACAACCTCTTTTCCCGGTA-3´

ASA1

AT5G05730 5´-ACGCATCTGGAAGGTCCTGAAC-3´

5´-ACCATGACTGAGGAATTCGTCG-3´

Ubiquitin21

AT5G25760 5´-AAAGGACCTTCGGAGACTCCTTACG-3´

5´-GGTCAAGAATCGAACTTGAGGAGGTT-3´

AT5G25760 5´-GCTCTTATCAAAGGACCTTCGG-3´

5´-CGAACTTGAGGAGGTTGCAAAG -3´

PDF1.2

AT5G44420 5´-TTCTCTTTGCTGCTTTCGACG-3´

5´-GCATGCATTACTGTTTCCGCA-3´

CYP81F2

AT5G57220 5´- TATTGTCCGCATGGTCACAGG-3´

5´-CCACTGTTGTCATTGATGTCCG-3´

LTP3

AT5G59320 5´-GAAGAGCATTTCTGGTCTCAAC-3´

5´-GTTGCAGTTAGTGCTCATGGA-3´

5´-CAAGTATGTTCCCCGAGCCGT-3´

5´-GGTCCCTTCGGTCAGCTCTTC-3´

genomic DNA

Ubiquitin21
cDNA

Pcβubulin
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3.11.2
3.11.2 Northern blot
Total RNA was purified from P. cucumerina infected or mock-inoculated Arabidopsis plants,
and then used for Northern analysis as described (Llorente et al., 2005). The hybridization probes
(PDF1.2, PR1, PcITS) used in this study have been described previously (Llorente et al., 2005). At least
10 plants per genotype were inoculated in each experiment for Northern blot analysis, and the
experiment was repeated two times.

3.11.
3.11.3 Expression
Expression profiling
Two microarray experiments were performed: the first one using irx1-6 and irx5-5 mutants
and the second one using aba1-6 mutants.

irx1irx1-6 and irx5irx5-5 microarray
Leaves from four-week old homozygous nws2/irx5-5 and ern1/irx1-6 mutants and their
corresponding heterozygous plants, which were fully susceptible to both R. solanacearum and

P. cucumerina and showed a wild type phenotype, were collected for microarray analysis. Three
biological replicates from nws2/irx5-5 and wild-type plants and two replicates from ern1/irx1-6
mutant and wild type plants were harvested for microarray analysis. Total RNA was extracted using the
NucleoSpin RNAII kit (Macherey-Nagel, GmbH&Co.KG, Düren, Germany). Probes were synthesized
from the RNA samples and hybridised to the Affymetrix GeneChip (ATHI, 22 K) according to the
procedures provided by the manufacturer. The array images were analyzed with the Affymetrix
Microarray Suite 5.0 with the target intensity set to 500. The expression levels of the genes were
analyzed with GeneSpring 7.2 software (Silicon Genetics), and the chip-to-chip signal variation was
minimized by normalizing signal intensities to the averaged intensity values of wild-type plants.
Differentially expressed genes in both the irx5-5 (three replicates) and irx1-6 (two replicates) mutants
relative to wild-type samples (five replicates) were identified using one-way analysis of variance and a
Benjamini and Hochberg multiple testing correction (Gene-Spring 7.2), as described previously (Stein
et al., 2006). Genes were considered differentially expressed at P ≤ 0.01. Upregulated and
downregulated genes were selected using normalized values (Feys et al.) > 1 or <-1 relative to wildtype plants, respectively.

aba1aba1-6 microarray
For the second microarray experiment, leaves from three-week-old of Col-0 and aba1-6
plants non-inoculated, mock-treated or inoculated with a spore suspension of P. cucumerina (4x106
spores/ml) were collected at 0 and 1 dpi. Each sample represented a pool of the rosettes from 25
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plants grown under the growth conditions outlined above (section 3.2.1) and inoculated as described
above (section 3.4). Four biological replicates were obtained. Total RNA was extracted from the
plants using the method described previously (section 3.9; Berrocal-Lobo et al., 2002) and purified
with RNeasy Kit (Qiagen; Germany). The RNA was used for northern blot analysis, and the blots were
hybridized with PR1, PDF1.2 and PcITS to confirm that the gene expression pattern and the disease
progressions were similar. Three of the four biological replicates were independently hybridized for
each transcriptomic comparison. RNA quality was tested by Bioanalyzer 2100 (Agilent Technologies,
US). Biotinylated complementary RNA (20 µg) was prepared and the resulting complementary RNA
was used to hybridize ATH1 Arabidopsis GeneChips (Affymetrix) using the manufacturer’s protocols in
the Genomic Unit of the CNB (CSIC). The array images were analyzed with GenePix 400B scanner
(Molecular Devices) at 10-mmresolution. The images were quantified with GenePixPro 5.1.
The expression levels of the genes were analyzed with GeneSpring 7.2 software (Silicon
Genetics) and the chip-to-chip signal variation was minimized by normalizing signal intensities to the
averaged intensity values (RMA method) of wild type plants using the expression levels of the top 20th
percentile of probe sets. Differentially expressed genes in the mutants relative to wild type samples or
in the P. cucumerina-inoculated relative to the mock-inoculated samples were identified using twoway analysis of variance and a Benjamini and Hochberg multiple testing correction (Gene Spring
7.2), as described previously (Stein et al., 2006). Genes were considered differentially expressed at P
≤ 0.01. Up- and down-regulated genes were selected using normalized values (log2 n-fold) higher
than 1 or lower than -1 relative to wild type plants, respectively.

3.12.
3.12. Bioinformatic programs and web tools
The most frequently bioinformatic programs and web tools used in this work are briefly described:
Literature search:
search National Centre for Biotechnology Information, PubMed service (NCBI;
http://www.ncbi.nlm.nih.gov/). It is a service of the National Library of Medicine that includes links to
many sites providing full text articles and other related resources.
Mutants search:
search Arabidopsis Biological Resource Centre (ABRC; The Ohio State University,
Ohio,

USA;

http://www.biosci.ohiostate.edu/pcmb/Facilities/abrc/abrc.

home.htm)

and

The

European Arabidopsis Stock Centre (NASC, University of Nottingham, Loughborough, UK;
http://Arabidopsis.info/) Activities of both services, ABRC and NASC, are coordinated. The stock
centres have a distribution agreement. NASC distributes to Europe (so, the seeds analyzed in this
thesis were got from this centre) and ABRC distributes to North America. Their mission is to acquire,
preserve and distribute seed and DNA resources that are useful to the Arabidopsis research
community. New seed and DNA enter ABRC and NASC through donation by national and
international researchers.
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The Arabidopsis Information Resource (TAIR; Carnegie Institution of Washington Department of
Plant Biology, Stanford, USA, http://www.Arabidopsis.org/; Rhee et al., 2003) collects information,
maintains a database of genetic and molecular biology data for A. thaliana and collaborates with
ABRC.
SIGnAL (Salk Institute Genomic Analysis laboratory http://signal.salk.edu/cgi-bin/tdnaexpress)
is a web tool which informs about the localization and orientation of the T-DNA insertion and designs
primers in order to identify homozygous lines.
Oligonucleotides design:
design New Oligonucleotides were designed using the program DNAstar
(DNASTAR, Inc. Madison, USA) and specificity was tested using the web tool TAIR BLAST 2.2.8
(www.Arabidopsis.org/Blast).
For

the

CAP

and

dCAP

design,

the

program

dCAPS

Finder

2.0

(http://helix.wustl.edu/dcaps/dcaps.html) (Neff et al., 2002) was used. The results obtained were
analyzed in TAIR BLAST 2.2.8 (www.Arabidopsis.org/Blast).
The Oligonucleotides used in qRT-PCR quantification were designed with the program Primer
Express 2.0 (Applied Biosystems, Foster City, USA).
Sequences analysis:
analysis: Chromas Lite 2.01 (Technelysium Pty Ltd) was used to analyse sequences
and to visualize chromatograms, together with the MegAlign tool in the DNAstar program (Inc.
Madison, USA).
Microarray analysis: Genespring GX Software (Agilent technologies, US) is the program used
for microarray normalization and statitstical analysis.
Functional
Functional classification: FIRE tool (for Find Regulons) is an Excel® macro that was designed to
quickly survey microarray data by establishing lists of "interesting" candidate genes that follow a given
pattern of mRNA accumulation. Genes are selected depending on their fold change ratios over
different experimental conditions. Microarray data from any organism or tissue can be used. It can be
download at http://www.unifr.ch/plantbio/FiRe/main.html (Garcion et al., 2006).
MeV (Multiexperiment Viewer) application from TM4 software (http://www.tm4.org/) was used for
microarray data mining, i.e. data clustering and visualization (Saeed et al., 2003).
MAPMAN 2.0 software (GABI, Genome Analysis in the Plant Biological System, Potsdam, Germany)
can be downloaded at http://gabi.zpd.de/projects/MapMan/mapman_overview. It is a user-driven
tool that displays large datasets onto diagrams of metabolic pathways or other processes (Oliver
Thimm, 2004).
The Bio-Array Resource for Arabidopsis Functional Genomics, Classification SuperViewer Tool (BAR,
University of Toronto, Toronto, Canada; http://bbc.botany.utoronto.ca/); (Provart and Zhu, 2003)
generates an overview of functional classification of a list of AGI IDs based on the MIPS database. It
also calculates a ranking score for each functional class.
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The Bio-Array Resource for Arabidopsis Functional Genomics, Expression Browser Tool (Toufighi et
al., 2005) performs electronic Northerns, i.e. shows how a group of genes of interest are being
expressed, with the gene expression data sets accumulated to date in the Botany Array Resource
(Hernandez-Blanco et al.) database or public data sets from the AtGenExpress Consortium. Automatic
clustering can also be performed.
Gene Ontology from TAIR (http://www.arabidopsis.org/tools/bulk/go/index.jsp); (Berardini et al.,
2004). Its main role is describing the roles of genes and gene products in all organisms. The three
organizing principles of GO are molecular function, biological process and cellular component.
Genevestigator Meta-Analyzer tool (www. genevestigator.ethz.ch/); (Zimmermann et al., 2004). This
tool was used to know the expression profiles of genes from a given list (microarray data sets) relative
to response stage. It shows the expression of those genes in response to stress treatments or in
different growth stages and plant organs.
NascArrays

(the

Nottingham

Arabidopsis

Stock

Centre's

http://affymetrix.arabidopsis.info/narrays/experimentbrowse.pl)
(http://www.arabidopsis.org/info/expression/ATGenExpress.jsp)

microarray
and

tools

were

database,
AtGenExpress

used

to

download

microarray experiments.
PROMOTER analysis:
analysis: Motif analysis (The Arabidopsis Information Resource [TAIR]), Promomer
(http://bar.utoronto.ca/ntools/cgi-bin/BAR_Promomer.cgi) and PLACE (Plant Cis-acting Regulatory
DNA Elements Database; http://www.dna.affrc.go.jp/PLACE/) were the tools used in order to identify
statistically overrepresented regulatory elements in the promoters of gene clusters.
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Results

4.1 Defence mechanisms of Arabidopsis thaliana
mediated by inactivation of secondary cell wall cellulose
synthases (CESA)
Introduction
Plant cell walls are highly organized and are composed of different polysaccharides, proteins
and aromatic substances that undergo dynamic changes. Cellulose, a composite of paracrystalline
ß-1,4-glucan chains, is a major component of cell wall and provides major tensile strength for the
wall matrix. (Somerville, 2006). Cellulose is synthesized at the plasma membrane by a large
membrane-bound complex which holds 36 CESA (cellulose synthase) subunits (Somerville et al.,
2004). The Arabidopsis CESA1, CESA2, CESA3 [isoxaben resistant 1 (IXR1)/ constitutive expression of
VSP 1 (CEV1), CESA6 (IXR2) and CESA9 subunits are largely responsible for cellulose production
during the formation of the primary cell wall in most tissues, whereas cellulose synthesis for the
secondary cell wall requires at least CESA4 [irregular xylem 5 (IRX5)], CESA7 (IRX3), and CESA8
(IRX1) (Somerville et al., 2004). Mutations in any of these Arabidopsis CESA genes lead to a reduced
level of cellulose synthesis and consequently to modifications in the composition and structure of
either the primary or the secondary cell wall. Specifically, mutations in cellulose synthase of secondary
cell wall are characterized by an irregular and collapsed xylem phenotype, which leads to a dwarf
phenotype and greener leaves (Turner and Somerville, 1997; Taylor et al., 1999). Although many
genes involved in the synthesis of cellulose have been identified, this process is still not fully
understood. Co-expression analysis of CESA genes led to the identification of novel Arabidopsis genes
(e.g. IRX7, IRX8 and IRX9, IRX13, AT4G27435, and AT3G16920) involved in the synthesis of
secondary cell wall components, such as cellulose (Brown et al., 2005; Persson et al., 2005). Mutants
impaired in these genes have different developmental phenotypes and cell wall composition, further
suggesting a high complexity of the synthesis and structure of the cell wall.
Plant walls regulate cell growth and confer structural integrity and mechanical support. It is also
known its role in plant defence as a physical barrier for pathogens entry and as a source of
antimicrobial compounds (Carpita and McCann, 2000; De Lorenzo and Ferrari, 2002; Thomma et
al., 2002; Vorwerk et al., 2004) and of elicitors that induce defence signalling. Recently, several lines
of genetic evidence have identified a connexion between alterations of plant cell wall composition and
different stress responses, and it has been shown that the cell wall could be a determinant of
pathogen colonization (Vorwerk et al., 2004). For example, the Arabidopsis null mutants pmr5
(powdery mildew resistant 5) and pmr6, which have higher levels of pectin, are highly resistant to the
powdery mildew fungus, but not to other pathogens, such as P. syringae, H. parasitica or
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P. cucumerina, (Vogel et al., 2002; Hernandez-Blanco et al., 2007). Resistance phenotype of pmr5
and pmr6 mutant is independent of SA, ET and JA signalling pathways (Vogel et al., 2002),
suggesting that other mechanisms lead to the pmr5 and pmr6 resistance phenotype. In addition
mutations in CESA genes of primary and secondary cell walls also lead to different resistance
phenotypes. The cev1 (constitutive expression of VSP 1) mutant of Arabidopsis, impaired in the CESA3
gene of primary cell wall, is more resistant to powdery mildew and aphids, due to its constitutive
activation of the jasmonate-signalling pathway (Ellis et al., 2002; Ellis et al., 2002). However, this
mutant is not more resistant to the necrotrophic pathogen P. cucumerina (Hernandez-Blanco et al.,
2007). On the other hand, recent work in the laboratory has demonstrated that mutations in cellulose
synthases of secondary cell wall, irx1, irx3 and irx5 mutants, confered increased resistance to
pathogens such as P. cucumerina, R. solanacearum, B. cinerea and E. cichoracearum (HernandezBlanco et al., 2007). These observations indicate the specific role of secondary cell wall cellulose
synthases in resistance to P. cucumerina. However, it is not clear if the resistance phenotype is directly
due to a reduction in the cellulose content or if it is the result of a more general perturbation of
secondary cell wall that lead to a defence-response induction. We have used genetic and genomic
approaches to elucidate the molecular bases of the resistance mechanisms mediated by the irx1
mutation. We show that irx-mediated resistance relies on the constitutive accumulation of plant
antimicrobial compounds. The concomitant activation of a previously uncharacterized ABA-mediated
pathway is proposed as the defence-signalling mechanism in irx mutants. Results of the determination
of the specificity of cell wall as a source of signalling regulating plant innate immunity is also
presented.

RESULTS
4.1.1
4.1.1 Impairment of secondary cell wall cellulose synthase
(CESA) complex enhances plant resistance to necrotrophic
pathogens
Mutations in secondary cell wall CESA genes (irx5, irx3 and irx1 mutants), but not those
involved in that of primary cell wall (ixr1 and ixr2), led to an increased resistance to P. cucumerina
(Hernandez-Blanco et al., 2007). These observations suggested a specific role of impairment of
secondary cell wall cellulose synthases in resistance to P. cucumerina. However, it was not clear
whether the resistance phenotype was directly due to a reduction of the cellulose content or it was the
result of a specific perturbation of secondary cell wall, which could lead to the activation of immune
responses. In order to investigate this issue, a comparative analysis of the susceptibility to

P. cucumerina of cell wall mutants which showed reduced cellulose contents and/or general cell wall
alterations was performed. Among the mutants tested, some had an irregular xylem phenotype similar
to that of irx1 (i.e. irx8, irx9 and irx13), whereas the developmental phenotype of others, such as those
impaired in At3g16920 or At4g27435 genes did not differ from that of wild-type plants (Col-0)
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(Brown et al., 2005; Persson et al., 2005). In all these mutants, significant alterations in cell wall
components had been observed. Mutants impaired in IRX8 or IRX9 genes, which encode enzymes
involved in the synthesis of xylans, a major constituent of hemicellulose in the secondary cell walls of
dicotyledonous plants, displayed an irregular xylem phenotype, although their cell wall composition
differed from that of the irx1, irx3 and irx5 mutants. (Brown et al., 2005; Persson et al., 2005; Bauer
et al., 2006; Pena et al., 2007). The irx13 mutant, which is impaired in a gene encoding FLA11
(fasciclin-like arabinogalactan-protein 11), has also an irregular xylem phenotype, but its macroscopic
developmental phenotype was comparable to that of wild-type plants. The irx8, irx9 and irx13 mutants
displayed a reduced content of both cellulosic and non-cellulosic compounds (Brown et al., 2005;
Persson et al., 2005; Bauer et al., 2006; Pena et al., 2007). The developmental phenotype of
Arabidopsis mutants impaired in the genes AT3G16920, which encodes a chitinase-like protein, and
AT4G27435 did not differ, by contrast, from that of wild-type plants, though they displayed alterations
in cell wall pectin content (Brown et al., 2005; Persson et al., 2005). Plants from the wild-type (WT,
Col-0) genotype, the irx1-6, irx8-1, irx9-1 and irx13-1 mutants, the knock-out mutants in the
At3g16920 and At4g27435 genes, and the necrotroph-susceptible mutant agb1-1 (Llorente et al.,
2005), were grown on soil for twenty one days and then sprayed with water (mock-treated) or a spore
suspension of P. cucumerina (4x106 spores/ml). Susceptibility to P. cucumerina was macroscopically
estimated and DR (disease rating) was determined at 12 dpi (days post inoculation). The DR caused
by fungal infection on irx8 was significantly lower than that observed in Col-0 wild-type plants and
similar to that observed in the highly resistant mutant irx1 (Hernandez-Blanco et al., 2007). The irx9
plants had also less severe symptoms than wild-type plants, but the resistance levels were lower than
those of irx1 mutant line (Figure 4.1.1). In contrast, the susceptibility to P. cucumerina of irx13 mutant
and of the two T-DNA insertion lines for the At3g16920 and At4g27435 genes did not differ from
that observed in WT plants (Figure 4.1.2). These results indicated that a reduced level of cellulose did
not correlate with an increased resistance, as irx13 is as susceptible as WT. These data also suggested
a relevant role of particular alterations of cell wall structure or composition on Arabidopsis resistance
to P. cucumerina.
Wild-type plants (WT; Col-0), the secondary cell wall
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Figure 4.1.1 Secondary cell wall mutants show
enhanced resistance to P. cucumerina.
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significantly different (P ≤ 0.05, ANOVA, Bonferroni test)
from those of WT plants. The experiment was repeated 3
times with similar results.
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4.1.2 irx-mediated resistance is independent of ethylene,
jasmonate and salicylic acid signalling pathways
ET, JA and SA signalling pathways are known to be important for the regulation of A. thaliana
defence mechanisms against P. cucumerina, as mutants impaired in any of these pathways (e.g. sid2,
NahG, ein2, coi1, aos and jar1) show an increased susceptibility to this necrotrophic pathogen
(Berrocal-Lobo et al., 2002); unpublished data). The role of these signalling pathways in

irx1-mediated resistance was analysed by using genetic and genomic approaches. Thus, the
irx1 NahG, irx1 ein2 and irx1 coi1 double mutants were generated and their susceptibility to
necrotrophs was compared with that of the corresponding single mutants. Twenty one day-old wildtype (Col-0) plants, irx1, NahG, ein2 and coi1 single mutants, and the indicated double mutants were
sprayed with water or with a spore suspension of P. cucumerina (4x106 spores/ml). The DRs of the
inoculated plants were determined at 3, 7 and 10 dpi and fungal biomass was quantified by northern
hybridization using a specific probe for P. cucumerina (PcITS). As previously reported (Berrocal-Lobo
et al., 2002), P. cucumerina growth was higher in the SA-deficient line NahG, in the ET-signalling
mutant ein2 and in the JA-signalling mutant coi1 (Figure 4.1.3.C). Interestingly, fungal growth on

irx1 NahG, irx1 ein2 and irx1 coi1 double mutants was similar to that of irx1 single mutant. Disease
ratings values assigned to each of the genotypes tested correlated with the determined fungal biomass
(Figure 4.1.3.A and B). In order to discard the possibility of a pleiotropic effect in NahG line, due to
accumulation of catechol and the lower content of camalexin after pathogen challenge (Heck et al.,
2003; van Wees and Glazebrook, 2003), we blocked SA-biosynthesis in irx1 mutants by disruption of

SID2 gene and tested the susceptibility to P. cucumerina of the resulting irx1 sid2 double mutant.
Disease severity of irx1 sid2 plants at different dpi was similar to that observed in irx1 mutant (Figure
4.1.3 A and B). These results indicated that irx1-mediated resistance is independent of SA, ET and JAsignalling pathways.
In order to corroborate the genetic data obtained, expression levels of the SA-related gene

PR-1, and of the JA/ET-signalling pathway marker gene PDF1.2 were determined by northern blot
hybridazation in wild-type plants, in irx1, NahG, ein2 and coi1 single mutants and in the double
mutants indicated. Tissue from untreated and from inoculated plants was harvested at 1 and 3 dpi. In
the irx1 plants, the expression of PR-1 and of PDF1.2 was not constitutive (Figure 4.1.3C). Upon

P. cucumerina infection the expression levels of both genes significantly increased in wild-type plants
(Berrocal-Lobo et al., 2002) whereas just a weak up-regulation of both genes was detected in irx1
mutant (Figure 4.1.3C). Remarkably, in the irx1 NahG, irx1 ein2 and irx1 coi1 plants, the expression
levels of PR-1 and PDF1.2 upon infection were similar or lower than those observed in the parental
lines (Figure 4.1.3C). Consequently, disruption of one signalling pathway in irx1 mutant does not lead
to an increased activation of the others. Therefore the expression levels of PR-1 and PDF1.2 genes,
further suggest that irx1 resistance phenotype is independent of SA, ET and JA signalling pathways.
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Figure 4.1.2 irx1-6-mediated resistance to P. cucumerina is independent of SASA-, ETET- and JAJA- signalling pathways.
(A) Analysis of the susceptibility to P. cucumerina of irx1-6 double mutants with defects in either the SA (irx1-6
NahG and irx1-6 sid2-1), ET (irx1-6 ein2-5), or JA (irx1-6 coi1-1) signal transduction pathways. Average disease
ratings (DR ± SD) of the indicated genotypes at 10 dpi are represented. The DR varies between 0 (no symptoms)
and 5 (dead plants). At least 10 plants per genotype were analysed. (B) Pictures of representative P. cucumerina–
inoculated plants at 12 dpi. (C) Expression analysis of SA (PR-1) and ET/JA (PDF1.2) marker genes in wild-type
plants, irx1-6, ein2-5 and coi1-1 single mutants, NahG transgenic plants, and double mutants are shown. Total
RNA (2.5 µg/lane) was extracted from plants collected at the indicated dpi with P. cucumerina (Pc) or treated with
water (mock [M]). Blots were hybridized with the PR-1, PDF1.2, and Pc ITS probes. ß-Tubulin (ß -TUB)
hybridization was included as a loading control. (D) Analysis of the susceptibility to P. cucumerina of

irx1-6 NahG ein2-5 triple mutant. Average disease ratings (DR ± SD) of the indicated genotypes at 7 dpi are
represented. (E) Pictures of representative inoculated plants 12 dpi are shown. Red circles indicate

irx1-6 NahG ein2-5 triple mutants whereas white circles show NahG ein2-5 double mutants. Asterisks indicate
values significantly different (P ≤ 0.05, ANOVA, Bonferroni test) from those of wild-type plants. The experiment
was repeated 3 times with similar results.
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Nevertheless, in order to exclude the possibility that resistance of the double mutants could be
derived from a putative negative interaction between SA, ET and JA signalling pathways, the
susceptibility to the fungus of the irx1 ein2 NahG triple mutant was evaluated. As shown in figure
4.1.3D, the susceptibility to P. cucumerina of the Col-0 wild-type plants, the hyper-susceptible agb1
mutant (Llorente et al., 2005), the NahG line, the irx1 and ein2 single mutants, the irx1 ein2,

irx1 NahG and ein2 NahG double mutants and the irx1 ein2 NahG triple mutant was analysed by
determining the DR at different dpi. The disease severity caused on NahG and ein2 plants was higher
than on the wild-type, but lower than on the ein2 NahG line (Figure 4.1.3D, E), indicating a
cooperative function of ET and SA signalling in Arabidopsis resistance to this fungus. As shown
previously, the irx1 ein2 double mutant and the irx1 NahG line were as resistant as irx1 single mutant.
The infection in the irx1 ein2 NahG triple mutant was as severe as that in the wild-type plants and
lower than in ein2 NahG line (Figure 4.1.3D, E). Thus, disruption of both SA and ET signalling
pathways in irx1 mutant partially suppressed its resistance, as it was restored to wild-type levels. These
results suggest that additive effect on irx1-mediated resistance is exerted by the SA and ET signalling
pathways.

4.1.3
4.1.3 Transcriptomic analysis of
of irx1 and irx5 mutants
To better understand the genetic bases of irx1-mediated resistance, comparative transcriptomic
analyses of non-inoculated wild-type plants, and irx5-5 and irx1-6 mutants were performed.
Differentially expressed genes in both the irx5-5 (three replicates) and irx1-6 (two replicates) mutants
relative to wild-type samples (five replicates) were identified using one-way analysis of variance and a
Benjamini and Hochberg multiple testing correction (P ≤ 0.01; Gene-Spring 7.2 software). Among
the selected genes, only those with raw expression higher than 70 were considered for further analysis.
Constitutively up-regulated and down-regulated genes were selected using fold values higher than 2
or lower than 0.5 relative to wild-type plants, respectively. Among the 22,000 genes represented in
the microarray gene chip, 301 genes were constitutively up-regulated and 265 genes were
constitutively down-regulated in both irx1 and irx5 mutants relative to wild-type plants (See
supplemental Table 4.1 and 4.2). In order to validate these transcriptomic data, three additional
biological replicates were performed and expression levels in wild-type plants and in the irx1 mutant
of some differentially regulated genes (AT2G56680 (ATHB-7 TF), AT4G26080 (ABI1), AT4G39950
(CYP79B2) and AT5G59320 (LTP3)) was analysed by quantitative RT-PCR (qRT-PCR). As shown in
Figure 4.1.3, the up-regulation of these genes in the irx1-6 mutant was corroborated and therefore,
the reproducibility of microarray results was confirmed.
A. Constitutively upup-regulated genes in irx1 and irx5 mutants
In order to gain insights into the expression patterns of irx1 and irx5 up-regulated genes under
different external treatments, the meta-analyser tool from the GENEVESTIGATOR database was used
(https://www.genevestigator.ethz.ch/gv/index.jsp; Zimmermann et al., 2004). We first analysed the
expression profiles of the selected genes after plant treatment with the hormones SA, JA and ET, in
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order to confirm that in irx1 and irx5 mutants the signal transduction pathways mediated by these
hormones were not constitutively activated. Among the 301 up-regulated genes, a reduced number (6
to 7%) of ET- or SA-dependent genes was identified (Figure 4.1.4), which was in agreement with the
RNA gel blot expression data (Figure 4.1.2). A remarkably greater percentage (37%) of constitutively
up-regulated genes was found to be JA-regulated (Figure 4.1.4). However, these genes may not be
essential for irx1-mediated resistance, as the phenotype of the irx1-6 mutant was not affected by the
JA-insensitive coi1-1 and jar1-1 mutations (Figures 4.1.2A, B and C; data not shown). These data
indicated that in the irx1 mutant there was not a constitutive activation of SA- or ET-pathway, and that
a reduced number of JA-related genes were constitutively up-regulated.
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cell wall mutant

Chen and co-workers (2005) demonstrated that disruption of the CESA8/IRX1 gene in the

irx1-6 allele resulted in an increased accumulation of ABA in planta and an enhanced tolerance to
drought and osmotic stresses. Recently, it has been demonstrated that ABA signalling has a relevant
role in defence-mechanisms against pathogens (Mauch-Mani and Mauch, 2005); Asselbergh et al.,
2008). Therefore, expression profile of up-regulated genes in irx1 and irx5 mutants after ABAtreatment and after abiotic stress (osmotic stress, salt stress, drought and wounding) was checked,
using the meta-analysis tool (Genevestigator; Zimmermann et al., 2004). The majority (58%) of the
genes constitutively up-regulated in the irx1 and irx5 mutants were ABA-related (Figure 4.1.4).
Consistently with these results, the expression of a significant number of the irx1 up-regulated genes
was found to be induced after osmotic and salt stress (Figure 4.1.4). Among the genes activated after
ABA treatment, we identified some encoding key components of the ABA biosynthetic (e.g., NCED3)
and signalling (e.g., ABI1, ABI2, and ABI4) pathways (Shinozaki et al., 2003) as well as genes
encoding defence-related proteins e.g., Lipid Transfer Proteins [LTPs] and ATR1 (Garcia-Olmedo et
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al., 1998; Grubb and Abel, 2006). These data suggest that irx1 and irx5 resistance to P. cucumerina
could be mediated, at least partially, by ABA-signalling pathway.
We further studied the potential implication of these up-regulated genes in irx1 and irx5
resistance to pathogens by checking their expression patterns after pathogen challenge (i.e.

B. cinerea, A. tumefaciens, E. cichoracearum, P. infestans and P. syringae) and after insect attack (i.e.
Myzus persicae). The 40.5% and 41.2% of the genes constitutively up-regulated in irx1 and irx5
mutants were also up-regulated after B. cinerea and P. syringae infection, respectively (Figure 4.1.4).
Therefore, a significant number of constitutively up-regulated genes related with pathogen challenge
was identified (Table 4.1.1), suggesting that irx1- and irx5-mediated resistance is caused by the
increased expression of these genes.
70
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Figure 4.1.4 Expression pattern of the irx1/irx5 constitutively upup-regulated genes in response to signalling
hormones, abiotic or biotic stresses.
The expression pattern of the 301 irx5-5/irx1-6 up-regulated genes in response to different treatments was
analysed using the Genevestigator Meta-Analyser Tool (www.genevestigator.ethz.ch/at/). The figure represents
the percentage of these genes that are up-regulated (≥2) upon treatment with hormones (orange bars) or
challenge with biotic (green bars) or abiotic (blue bars) stresses.

Functional classification of the proteins encoded by the genes up-regulated in irx1 and irx5
mutants was performed using the Classification SuperViewer tool from the Botany Array Resource
(BAR; http://bar.utoronto.ca/; (Toufighi et al., 2005). A high number of genes encoding cell wall–
related proteins were differentially regulated in the irx mutants, as expected from the substantial
changes in secondary cell wall structure and composition caused by the irx mutations (Figure 4.1.5;
Taylor et al, 2003; Somerville et al., 2004; Brown et al., 2005; Persson et al., 2005). Two additional
over-represented functional categories were also found: one related with stress responses and the
other including proteins involved in response to abiotic and biotic stimulus. Among the genes related
to biotic stress, some encoding antimicrobial peptides (e.g., LTPs and THs), and enzymes involved in
the synthesis and activation of indole secondary metabolites (e.g., CYP79B2, CYP79B3 and ATR1)
were found (Figure 4.1.5). These data further support the hypothesis of a constitutive up-regulation of
defence-related genes in irx1 and irx5 mutants.
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Figure 4.1.5 Functional classification of the proteins encoded by the genes upup-regulated in irx1/irx5 mutants.
Up-regulated genes in irx1 and irx5 mutants were classified based on MIPs catalogue (Munich Information
Centre for Protein Sequences; http://mips.gsf.de/projects/plants), using “Classification superviewer” bioinformatic
tool in BAR website (http:// bar.utoronto.ca/ntools/cgi-bin/ntools_classification_ superviewer.cgi). The normalized
score value [Nclass (input set)/Nclassified (input set)]/[Nclass (overall)/ classified (overall)] for each functional
class is represented. Only over-represented functional classes in the irx up-regulated genes in comparison with
the whole genome (normalized score value ≥ 1) are shown. The functional categories related with response to
stress, biotic and abiotic stimuli or cell wall are indicated in dark grey.

To determine the specificity of the irx1 and irx5 up-regulated genes, the expression of some
selected genes in these secondary cell wall mutants was compared with that in primary cell wall
cellulose synthase ixr1-2 mutant. Total RNA was extracted from 21 days-old wild-type plants, irx1-6
and ixr1-2 mutants and quantitative RT-PCR was performed to determine the expression of two ABArelated genes (AT2G46680 [ATHB7] and AT4G26080 [ABI1]), three defence-related genes
(AT4G39950 [CYP79B2] and AT5G59320 [LTP3]) and two JA-related genes (AT1G17420 [LOX3]
and AT2G24850 [TAT3]). The expression of ACTIN2 gene (AT3G18780) was used to normalize the
transcript level in the samples tested. As shown in Figure 4.1.3, the expression of ATHB7, ABI1 and

CYP79B2 genes was specifically up-regulated in the irx1, but not in the ixr1 mutant. In contrast, LTP3
expression levels are higher in both irx1 and ixr1 than in wild-type plants. No differences in the
expression levels of JA-related genes AT1G17420 (LOX3) and AT2G24850 (TAT3) was detected in
any of the cell wall mutants compared with wild-type plants (Figure 4.1.3). Therefore, with the
exception of LTP3 gene, the differentially expressed genes proposed to be involved in resistance
mechanisms of irx1 and irx5, such as ABA-related genes and CYP79B2, are specific of mutations in
secondary cell wall cellulose synthase and not of primary cell wall mutants.
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Table 4.1.1. Defence-related genes constitutively up-regulated in the irx1 and irx5 mutants

irx5/irx1

Gene Description

Locus

Thaumatin, Pathogenesis Related
Protein

AT1G20030

9.4

Hu and Reddy, 1997

Subtilase protein family

AT1G20160

4.0

Jorda et al., 1999

Myrosinase-binding Protein

AT1G52000

3.9

Kliebenstein et al., 2005

Myrosinase-binding Protein (MBP2)

AT1G52030

2.9

Capella et al., 2001

Myrosinase-associated Protein

AT1G54020

11.9

Kliebenstein et al., 2005

Terpene synthase/cyclase protein

AT1G61120

4.8

Weyman et al., 2006

p-early peptide

AT1G62510

16.1

Bartsch et al., 2006

Flavin monooxygenase (FMO)

AT1G62540

4.8

Bartsch et al., 2006

Flavin monooxygenase (FMO)

AT1G62570

6.6

Molina et al., 1993; Epple et al., 1997

Antimicrobial peptide Thionin (THI2.1) AT1G72260

5.5

Kliebenstein et al., 2005; Grubb and Abel, 2006

Cytochrome P450 CYP79B3

AT2G22330

3.5

Bartsch et al., 2006

FAD-binding domain-containing
protein

AT2G34810

6.0

Garcia-Olmedo et al., 1998

Protease Inhibitor/Antimicrobial Lipid
Transfer Protein (LTP), putative

AT2G37870

14.9

Kliebenstein et al., 2005

Jacalin lectin family protein

AT3G16450

4.2

Garcia-Olmedo et al., 1998

Antimicrobial peptide LTP

AT3G53980

19.2

Facchini and St-Pierre, 2005

Strictosidine synthase

AT3G57010

7.5

Grubb and Abel, 2006

C-S lyase (CORI3)

AT4G23600

2.9

Garcia-Olmedo et al., 1998

Antimicrobial peptide LTP

AT4G33550

7.8

Williamson et al., 1995

ELI3-2 defensive protein

AT4G37990

5.5

Kliebenstein et al., 2005; Grubb and Abel, 2006

Cytochrome P450 CYP79B2

AT4G39950

2.3

Niyogi and Fink, 1992

Anthranilate synthase, a subnit (ASA1)

AT5G05730

3.2

Berrocal-Lobo et al., 2002

Gibberellin-regulated protein 4
(GASA4)

AT5G15230

2.4

Segura et al., 1993

Antimicrobial peptide LTP4

AT5G59310

11.1

Segura et al., 1993

Antimicrobial peptide LTP3

AT5G59320

13.2

Celenza et al., 2005

Transcriptional Factor ATR1 (MYB34)

AT5G60890

4.3

Hu and Reddy, 1997

vs WTa

References

Normalized, average fold ratios (irx5-5/irx1-6 mutants versus wild-type plants). Genes were selected using values of P ≤ 0.01
(ANOVA; Benjamini and Hochberg correction) and raw data in the mutants >70 (see Methods).

a

B. DownDown-regulated genes
The Meta-Analysis tool (Genevestigator) was also used to study the expression pattern after
biotic challenge, abiotic stress or hormone treatment of the constitutively down-regulated genes in the

irx1 and irx5 mutants. The 49.1% and 28.7% of the genes were also down-regulated by osmotic and
salt stress, respectively. Wounding and drought stress repressed the expression levels of approximately
10.2% and 15.5% of the down-regulated genes in irx mutants, respectively. In agreement with these
data, 11.3% of down-regulated genes were negatively regulated by treatment with ABA; whereas less
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than the 6% of the genes were down-regulated by JA, ET or SA treatments. Upon B. cinerea,

P. syringae or A. tumefaciens challenge, the expression of approximately 20% of the irx downregulated genes was also repressed (Figure 4.1.6). These data indicate the existence of a high overlap
between the transcriptional profile of irx mutants and of abiotic stress.
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Figure 4.1.6 Expression of the irx1/irx5 constitutively downdown-regulated genes in response to signalling hormones,
to abiotic or biotic stresses.
The expression of the 265 irx5-5/irx1-6 down-regulated genes in response to different treatments was analysed
using the Genevestigator Meta-Analyser Tool (www.genevestigator.ethz.ch/at/). The figure represents the
percentage of these genes that are down-regulated (≥2) upon treatment with hormones (orange bars) or
challenge with biotic (green bars) or abiotic (blue bars) stresses.

Functional classification of the down-regulated genes in irx1 and irx5 was performed using
Classification SuperViewer tool (BAR). As expected from the impact of irx1, irx3 and irx5 mutation on
plant cell wall composition (Turner and Somerville, 1997; Taylor et al., 1999; Taylor et al., 2003), an
over-representation of cell wall related genes was found (Figure 4.1.7. Among these genes, there
were included several that encoded proteins involved in biosynthesis/modification of cell wall, such as
pectin esterases and xyloglucan transferases (Supplemental table 4.1.2). Also, the functional
categories that contained proteins related to membrane and extracellular proteins were also
overrepresented in irx down-regulated genes (Supplemental table 4.1.2). Strikingly, a high number of
genes related to biotic stress were also down-regulated in irx1 and irx5 mutants (Figure 4.1.6; Table
4.1.2), including genes, such as PDF1.2a, PDF1.2b, PEN3 and WRKY33, that have been previously
described to be involved in Arabidopsis resistance to necrotrophic pathogens (e.g. P. cucumerina,
Berrocal-Lobo et al., 2004; (Stein et al., 2006); Riviére et al, unpublished data). These data indicate
that irx resistance is not mediated by previously characterized defence pathways, as they seem to be
constitutively down-regulated in the irx1 and irx5 mutants, and that novel, unknown mechanisms
regulates irx-mediated resistance.
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Figure 4.1.7 Functional classification of the proteins encoded by the genes downdown-regulated in irx1/irx5 mutants.
mutants.
Down-regulated genes in irx1/irx5 mutants were classified based on MIPs catalogue, using “Classification
superviewer” bioinformatic tool in BAR website. Only those functional classes over-represented in the irx downregulated genes in comparison with the complete genome (normalized score ≥ 1) are represented. Functional
categories related with response to stress, biotic and abiotic stimuli or cell wall are indicated in dark grey.

Table 4.1.2 Defence-related genes constitutively down-regulated in the irx1and irx5 mutants

irx5/irx1 vs WT a References

Gene Description

Locus

WAK1

AT1G21250

0.31

He et al., 1998

WAK2

AT1G21270

0.19

Anderson et al., 2001

PDR8_PEN3

AT1G59870

0.43

Stein et al., 2006

PDF1.2b

AT2G26020

0.09

Thomma et al., 2002

WRKY33

AT2G38470

0.21

Zheng et al., 2006

WRKY54

AT2G40750

0.07

Eulgem, 2006

SYP121

AT3G11820

0.46

Collins et al., 2003

legume lectin family protein AT3G16530

0.18

Ramonell et al., 2005

NDR1

AT3G20600

0.25

Zhang and Shapiro, 2002

ATMPK3

AT3G45640

0.27

Ren et al., 2008

SYP122

AT3G52400

0.15

Kwon et al., 2008

WRKY70

AT3G56400

0.11

Li et al., 2006

WRKY53

AT4G23810

0.19

Murray et al., 2007

WRKY18

AT4G31800

0.19

Chen and Chen, 2002

LCR77_PDF1.2a

AT5G44420

0.05

Thomma et al., 2002

NPR3

AT5G45110

0.33

Zhang et al., 2006

a

Normalized, average fold ratios (irx5-5/irx1-6 mutants versus wild-type plants). Genes were selected using values of P
0.01 (ANOVA; Benjamini and Hochberg correction) and raw data in the mutants >70 (see Methods).
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4.1.4
4.1.4 Abscisic acid role in irx1-mediated resistance
Transcriptomic data (Figure 4.1.4) revealed that a high number of ABA-related genes were upregulated in irx1 and irx5. Besides, Chen and co-workers (2005) demonstrated that irx1 mutant had
higher endogenous ABA levels than wild-type plants. As SA, JA and ET signalling pathways were
demonstrated not to be necessary for irx-mediated resistance, the role of ABA signalling pathways in
resistance to P. cucumerina was evaluated. The susceptibility to the fungus of mutants impaired in ABA
biosynthesis (aba1-1, aba1-6 and aba3-2) or signalling (abi1-1) pathways was evaluated. Wild-type
plants (Col-0 and Ler) and the hypersusceptible mutant agb1 were included as controls. Twenty one
day old plants were spray inoculated with a spore suspension of P. cucumerina (4x106 spores/ml) and
3, 6 and 10 dpi the disease rating was evaluated. To corroborate macroscopic symptoms, biomass
was quantified by northern blot hybridization with the fungus specific probe PcITS. As shown in Figure
4.1.8, all these mutants displayed less macroscopic symptoms than the wild-type upon pathogen
challenge and hyphal growth was lower in aba3 and in abi1 mutants than in wild-type plants. These
data suggest that ABA–dependent pathway has a negative role in Arabidopsis resistance to

P. cucumerina.
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stained RNA was included as a loading control. The
experiment was repeated 3 times with similar results.

To find out the function of ABA signalling in irx-mediated resistance, we disabled ABA
biosynthetic and signalling pathways in the irx1-1, irx3-1 and irx1-6 mutants by generating

irx3-1 aba3-2, irx1-1 abi1-1 and irx1-6 aba1-6 double mutants. A low number of dwarf plants
presenting pronounced developmental abnormalities and corresponding to the double homozygous
mutants could be identified under high humidity growth conditions (Figure 4.1.9). However, these

irx3-1 aba3-2, irx1-1 abi1-1 and irx1-6 aba1-6 double mutants did not produce seeds, and it was
impossible to test their resistance to pathogens. These results indicate that ABA signalling may have a
significant role in the regulation of the irx developmental phenotype.
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irx1-6
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aba3-2

irx3-1

Figure 4.1.9 Developmental phenotype of irx1
irx1--6 aba1
aba1--6 and of irx3
irx3--1 aba3
aba3--2 double mutants.
(A) Representative pictures of wild-type (Col-0), irx1-6 aba1-6 double mutant and irx1-6 and aba1-6 single
mutants 17 days after sowing (B) Representative pictures of three month-old irx16 aba1-6 plants (C)
Representative pictures of wild-type (Ler), irx3-1 aba3-2 double mutant and irx3-1 and aba3-2 single mutants 21
days after sowing. The plants were grown on soil under high humidity conditions.

4.1.5 Function of antimicrobial peptides in irx1-mediated
resistance to P. cucumerina
Transcriptomic analyses revealed that a significant number of antimicrobial peptides encoded
genes were up-regulated in the irx mutants (Table 4.1.1). Several families of plant antimicrobial
peptides have been described. They are 25-100 amino acids in length and are usually basic and
cysteine-rich. The function of antimicrobial peptides as components of plant and animal innate
immunity is well-established (Garcia-Olmedo et al., 1998; Shai, 2002; Silverstein et al., 2007). In

irx1 and irx5 mutants the expression of previously characterised antimicrobial-peptide encoding
genes, such as LTP3, LTP4 and THIONIN (TH), was up-regulated compared with that of wild-type
plants (Table 4.1.1). Upon infection of wild-type plants with P. cucumerina we found that the
expression of some of these genes (i.e. LTP3) was also induced (Figure 4.1.11), suggesting a putative
defensive role of LTP3 against this pathogen. To determine the function of these antibiotic peptides, in

irx-mediated resistance to P. cucumerina and R. solanacearum, we first tested the in vitro antibiotic
activity against these pathogens of a mixture of purified LTPs (LTP3 and LTP4) from barley leaves
(Molina and Garcia-Olmedo, 1993) and a mixture of α and β-thionins variants (THs) isolated from
wheat endosperm (Molina et al., 1993). The LTPs and THs were able to inhibit fungal and bacterial
growth at concentrations of 4 µM and 0.8 µM, respectively (Figure 4.1.10A). Strikingly, when LTPs
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and THs were combined in vitro, their antimicrobial activity was synergistic, increasing hypha
branching and inhibiting fungal growth (Figure 4.1.10A and B). We also tested the antifungal
activities of THs and LTPs mixtures in planta by appliying different concentrations of these peptides on
leaf surface of wild-type plants before P. cucumerina inoculation. Microscopical examination of fungal
hyphal growth in the inoculated leaves revealed that the peptides were able to protect the plants from
the infection by inhibiting hyphal growth (Figure 4.1.10C). Therefore, antimicrobial peptides encoded
by genes constitutively up-regulated in the resistant mutants irx1 and irx5, are highly active against

R. solanacearum and P. cucumerina. These results suggest that the constitutive accumulation of these
antimicrobial peptides in irx1 and irx5 mutants may lead to the formation of a constitutive resistance
barrier against pathogens.
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Figure 4.1.10 Antibiotic peptides encoded by genes upup-reguated in irx1/irx5 have antimicrobial activity against

P. cucumerina and R. solanacearum
(A) In vitro inhibition of P. cucumerina and R. solanacearum growth by thionins (TH: mixture of wheat α and γ
genetic variants) and LTPs (LTPM: a mixture of barley LTP3 and LTP4). The percentage of growth inhibition caused
by either TH (0.2 µM), LTPM (0.4 µM), or a combination of these peptides (TH+LTPM: 0.2 µM + 0.4 µM) are
indicated. Values are average (±SD) of three replicates. Only one out of three experiments, which gave similar
results, is represented. (B) Effect of LTPs and THs on in vitro fungal growth. P. cucumerina was incubated in
absence (-) or presence (+) of TH+LTPM mixture. The antimicrobial peptides increased hyphal branching. Bar size
50 µm. (C) In planta inhibition of P. cucumerina by a combination of TH and LTPM. Leaves of wild-type were
either treated with a mixture of TH (0.4 µM) plus LTPM (4 µM) or water before P. cucumerina inoculation. Two
days after inoculation, leaves were stained with calcofluor to examine hyphal growth. Water-treated irx1-6 plants
were included for comparison. The experiment was performed twice with similar results. Bars size 50 µm.
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4.1.6 Function of indole metabolites
metabolites in irx1-mediated
resistance
A. TryptophanTryptophan-derived metabolites are essential for resistance to P. cucumerina
Several genes encoding key enzymes involved in this biosynthetic pathway (CYP79B2,

CYP79B3 and ASA1) and regulation (ATR1) of indole metabolites were constitutively up-regulated in
irx1 and irx5 mutants (Table 4.1.1). These data suggested that these compounds highly accumulated
in the mutants, and could contribute to the observed enhanced resistance to pathogens. The most
important indole secondary metabolites from Arabidopsis previously reported to have antimicrobial
activity are indole-type glucosinolates and camalexin (Bednarek and Schulze-Lefert, 2008). To further
analyse whether the accumulation of indole glucosinolates (IG) and camalexin in the irx mutants may
contribute to the enhanced resistance to pathogens, the role of these antimicrobials in defence
response to P. cucumerina was first tested. The expression pattern upon pathogen challenge of some
key genes of the IGs/camalexin biosynthetic pathway was examined (Figure 1.1; (Grubb and Abel,
2006). Twenty one day-old wild-type plants were inoculated with water (mock-treated) or with a spore
suspension (4x106 spores/ml) of P. cucumerina. Total RNA was extracted from tissue harvested at 1
dpi, and qRT-PCR was performed to determine the expression levels of ASA1, CYP79B2, CYP79B3,

PAD3 and CYP81F2 genes. As shown in Figure 4.1.11, the expression levels of all these genes were
higher in P. cucumerina-inoculated plants than in mock-treated plants and, therefore, there is a
transcriptional activation of camalexin and indole glucosinolates biosynthetic pathway upon

P. cucumerina infection.
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Figure 4.1.11 Expression of defencedefence-related genes upon A. thaliana infection by P. cucumerina.
Expression levels of defensive genes encoding antimicrobial proteins (LTP3, PR-1, PR-4 and PDF1.2a) (A) or
enzymes involved in the biosynthesis of indole metabolites (CYP79B2, CYP79B3, CYP81F2 and PAD3) (B) upon
Arabidopsis infection with P. cucumerina. Three-week old Col-0 plants were treated with water (mock; white bars)
or inoculated with a P. cucumerina spore suspension (4x106 sp/ml; PcBMM; blue bars). At 1 dpi plant tissue was
harvested, total RNA extracted and qRT-PCR performed. Values are represented as n-fold increased expression
compared to mock-treated plants. Asterisks indicate expression values statistically different (P ≤ 0.05; ANOVA,
Bonferroni Test) from those of mock-treated plants. This experiment was repeated three times with similar results.
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We next examined the accumulation of secondary metabolites of wild-type plants upon
pathogen infection (1dpi), by performing comparative HPLC/DAD/FLD metabolite profiling
experiments. The indole glucosinolates analysed were indole-3-ylmethyl glucosinolate (I3G),
4-methoxy-indole-3-ylmethyl glucosinolate (4MI3G) and 1-methoxy-indole-3-ylmethyl glucosinolate
(1MI3G). In mock-inoculated wild-type plants, the three indole glucosinolates were detected and after

P. cucumerina-infection, the levels of 4MI3G increased, while those of I3G decreased (Figure
4.1.12A). The concentration of camalexin, which was not detected in mock-treated plants, was
induced upon fungal infection, which was consistent with the up-regulation of PAD3 gene, encoding
the last step enzyme of camalexin biosynthesis (Figure 4.1.11 and 4.1.12A). The PEN2-derived
products, raphanusamic acid and indol-3-ylmethylamine (I3A; (Bednarek et al., 2009) were also
measured in order to determine the relevance of this myrosinase in Arabidopsis resistance to

P. cucumerina. In mock-treated wild-type plants, both compounds were detected and their
concentrations slightly increased upon infection (Figure 4.1.12B). These data suggested that upon

P. cucumerina challenge, camalexin and 4MI3G is synthesized and PEN2-products are released.
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Figure 4.1.12 Determination
irx1--6 and wildDetermination of tryptophantryptophan-derived metabolites content in irx1
wild-type plants upon

P. cucumerina-infection.
(A) Average relative content (peak area ± SE) of indol-3-ylmethyl glucosinolate, 4-methoxy-indol-3-ylmethyl
glucosinolate and 1-methoxy-indol-3-ylmethyl glucosinolate in mock- or P. cucumerina-treated wild-type and

irx1-6 plants at 1 dpi. (B) Average relative content (peak area ± SE) of the PEN2/CYP81F2-derived metabolites
3-methylaminoindole and raphanusamic acid in mock- and P. cucumerina-treated plants at 1dpi. These analyses
were repeated three times and similar results were obtained.

To further determine the relevance of the indole secondary metabolites in resistance
mechanisms to P. cucumerina, we analysed the susceptibility to this pathogen of the camalexindeficient pad3 single mutant and of the indole-defective cyp79B2 and cyp79B3 single mutants, as
well as the cyp79B2 cyp79B3 double mutant. Twenty-one day-old wild-type plants and pad3,

cyp79B2, cyp79B3 and cyp79B2 cyp79B3 mutants were inoculated with a spore suspension of the
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fungus. DRs were evaluated at different dpi and the fungal biomass was determined by P. cucumerina
β-tubulin quantification from total plant DNA. The camalexin-deficient pad3 mutant was as
susceptible to P. cucumerina as wild-type plants. In contrary, the cyp79B2, cyp79B3 single mutants
were found to be significantly more susceptible to the fungus than the wild-type plants (Figure 4.1.13A
and B). Finally, the cyp79B2 cyp79B3 double mutant was found to be hypersusceptible, as a high
fungal growth was quantified. These data are on accordance with the already described redundant
function of these cytochrome P450s in tryptophan-derived metabolites biosynthesis (Figure 4.1.13A
and B; (Hull et al., 2000; Zhao et al., 2002). The data obtained indicate that tryptophan-derived
metabolites, but not camalexin, are essential for resistance to the necrotrophic fungi P. cucumerina
and, therefore, suggest that other indole metabolites (e.g. indole glucosinolates) may be involved in
this resistance phenotype.
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B. irx1-mediated resistance is dependent on indoleindole-metabolites
As described above, irx1 and irx5 mutants have higher expression levels of indole metabolite
processing- and synthesis-related genes (Table 4.1.1). In order to determined if these transcript levels
led to an increased content of tryptophan-derived compounds, comparative HPLC/DAD/FLD
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metabolite profiling of irx1 plants was performed. Wild-type and irx1 plants 1 day after mocktreatment or infection with P. cucumerina were harvested. Mock-inoculated irx1 plants had higher
levels of I3G, 4MI3G and 1MI3G than the wild-type plants (Figure 4.1.12A). Upon P. cucumerina
infection, the levels of 4MI3G increased, but those of I3G and of 1MI3G decreased. Interestingly, the
levels of all of these compounds were higher in irx1 mutant than in wild-type plants (Figure 4.1.12A).
Interestingly, camalexin was not detected in non-infected irx1 line, but after pathogen challenge the
increase of camalexin content was higher in irx1 mutant than in wild-type plants (Figure 4.1.12A). The
concentration of the PEN2-derived products in irx1 mutant was also quantified. Although I3A
concentration in mock-treated plants was similar in wild-type and irx1 plants, raphanusamic acid
levels were higher. Upon infection with the pathogen in irx1 plants, I3A levels increased to the same
levels as in wild-type. Instead, raphanusamic acid concentration was higher in irx1 mutant than in
wild-type plants after P. cucumerina infection (Figure 4.1.11B). In general, these data indicate that
non-treated and pathogen challenged irx1 mutant accumulates higher amounts of tryptophan-derived
metabolites than wild-type plants.
PEN3 is an ABC transporter involved in extrusion to the apoplast of antimicrobial compounds,
including those synthesized by PEN2, that are necessary for full resistance to P. cucumerina (Stein et
al., 2006). In order to check whether the broad-spectrum resistance of irx1 was caused by its high
indole metabolite content, the triple mutant irx1 cyp79B2 cyp79B3 and the double mutant irx1 pen3
were generated and their susceptibility to P. cucumerina was compared with that of the irx1 mutant.
Twenty-one day-old wild-type plants and irx1, pen3-1, cyp79B2 cyp79B3, irx1 pen3 and irx1

cyp79B2 cyp79B3 mutants were inoculated with a spore suspension (4x106 spores/ml) of the fungus.
Disease was evaluated at different dpi and the fungal biomass was determined at 3 dpi by

P. cucumerina β-tubulin quantification from total plant DNA. As shown in Figure 4.1.14A, fungal
growth on irx1 cyp79B2 cyp79B3 triple mutant was intermediate between that on the parental lines

irx1 and cyp79B2 cyp79B3. Macroscopically, the symptoms observed on the triple mutant were as
severe as on the cyp79B2 cyp79B3 double mutant (Figure 4.1.14B). Similarly, disease rating of

irx1 pen3 double mutant was similar to that of the single mutant pen3, but the fungal growth on
irx1 pen3 double mutant was lower than in the highly susceptible mutant pen3 (Figure 4.1.14A).
These data suggest that tryptophan-derived metabolites and compounds transported by PEN3 through
the plasma membrane are necessary for irx1-mediated resistance. Based on all these results, the
simplest hypothesis to explain irx-mediated resistance is that the indole secondary metabolites
accumulated in the irx mutants may create a hostile and antimicrobial-enriched environment for the
pathogen, hindering its multiplication. Nevertheless additional resistance mechanisms, such as
antimicrobial peptides may be involved in irx-mediated resistance.

63

Results

Pcβtub expression (n-fold WT)

A

B

350
300
16
14
12
10
8
6
4
2
0

Disease Rating

5

Figure 4.1.14 irx1 and irx5-mediated resistance to

c

3 dpi

P. cucumerina is suppressed by disruption of indole
metabolites synthesis or transport.
b
b

a

irx1-6, pen3-1, cyp79B2 cyp79B3, irx1pen3 and irx1
cyp79B2 cyp79B3 genotypes were sprayed with a

a

a

Three week-old plants from the wild-type (WT; Col-0),

P. cucumerina spore suspension (4x106 sp/ml). (A) qRTPCR determination of fungal biomass in inoculated plants

6 dpi
d

4
3

c

d

c

3 dpi. Specific primers of P. cucumerina β-TUBULIN
(PcβTUB) and Arabidopsis UBC21 were used. Values are
represented as n-fold increased expression compared with
that in WT plants. Data represent average value of two

2
b

1

replicates (± SD). (B) Average disease rating (DR ± SD)

a

was evaluated at 6 dpi. Letters (a,b,c,d) represent different
0
W

T

irx

1

3
3
3
n3
pe pen 79B 79B
p
p
1
cy
cy
irx
B2 pB2
9
cy
p7
cy irx1

statistical homogenous groups (P ≤ 0.05, ANOVA,
Bonferroni test). The experiment was repeated three times
with similar results.

4.1.7
4.1.7 Discussion
Secondary cell wall mediates disease resistance to P. cucumerina
The role of the cell wall in resistance and disease development has been highlighted by several
studies (Schulze-Lefert, 2004; Vorwerk et al., 2004). In fact, mutations in genes encoding some
biosynthetic enzymes of the cell wall components showed altered responses to various pathogens.
Previous work in our laboratory, it was demonstrated that irx1, irx3 and irx5 mutants, impaired in the
CESA proteins required for the synthesis of secondary cell wall cellulose, were more resistant to fungal
(P. cucumerina, B. cinerea and powdery mildew) and bacterial (R. solanacearum GMI1000)
pathogens (Hernandez-Blanco et al., 2007). The resistance of irx mutants to these pathogens seems
to be specific because mutations in the CESA3 protein (ixr1/cev1), a subunit from the primary cell wall
cellulose synthase complex, does not lead to an increased resistance to these pathogens, but does to

E. cichoracearum and P. syringae pv. maculicola ES4326 (Ellis et al., 2002; Hernandez-Blanco et al.,
2007). Other secondary cell wall mutants, such as pmr5 and pmr6 lines, that have altered pectin
composition, do not support growth of two powdery mildew species (Vogel et al., 2002; Vogel et al.,
2004), but are not resistant to P. cucumerina infection (Hernandez-Blanco et al., 2007). These results
reveal the complex role of cell wall in disease resistance. Whether the increased resistance of irx1
mutant is due to its collapsed xylem phenotype, its reduced content of secondary cell wall cellulose or
its global cell wall modifications was analysed using different cell wall mutants (Figure 4.1.1).
64

Results

Interestingly, the irregular xylem mutants irx8 and irx9, which are altered in the synthesis of xylan and
have lower cellulose levels than wild-type plants (Bauer et al., 2006; Persson et al., 2007), showed an
increased resistance to P. cucumerina. In contrast, the irx13 line, which also shows an irregular xylem
phenotype and lower cellulose levels in stems (Persson et al., 2005), displays similar resistance
phenotype as wild-type plants. Similarly, the resistance to P. cucumerina of secondary cell wall
mutants impaired in At3g16920 and At4g27435 genes, which show alteration in noncellulosic
polymers but not a reduction of cellulose content (Persson et al., 2005), was similar to that of wildtype plants. These results suggest that neither the reduction in cellulose content of secondary cell wall
nor the irregular xylem phenotype are sufficient to explain the enhanced resistance to P. cucumerina
of secondary cell wall cellulose synthase-deficient mutants. Further analysis of cell wall structure and
composition of these mutants will contribute to determine a potential correlation between cell wall
composition and resistance to a particular type of pathogen and to elucidate the cell wall role in
defence signalling.
ABAABA-signalling pathway is required for irx1-mediated resistance to P. cucumerina
Resistance of irx1 mutant is independent of the SA, ET and JA-mediated pathways, as
impairment in irx1 mutant of the biosynthesis or the signalling pathway of these hormones did not
lead to changes in the resistance phenotype. Similar results were obtained with the reduced
susceptibility of pmr5 and pmr6 mutants to powdery mildew that was demonstrated to be SA, ET and
JA-independent (Vogel et al., 2002; Vogel et al., 2004). In contrasts the cev1/ixr1-mediated
resistance to powdery mildew depends on the activation of the JA and ET-signalling pathways (Ellis et
al., 2002). These data indicate the high complexity of the signalling pathways derived from cell wall
alterations that lead to resistance phenotypes. Furthermore, the irx1/irx5 microarray data indicated an
overrepresentation of ABA-related genes among those up-regulated in irx mutants. These analyses
suggested that ABA-signalling pathway could mediate irx1 resistance. Besides, ABA was demonstrated
to modulate disease resistance by interfering, mainly in a negative way, with biotic stress signalling
(Anderson et al., 2004; Lorenzo et al., 2004; de Torres-Zabala et al., 2007; Asselbergh et al., 2008;
Flors et al., 2008). Impairment of ABA signalling, in abi1-1, and of ABA biosynthesis, in aba1-1,

aba3-2 and aba1-6 single mutants, led to an enhanced resistance to the necrotrophic fungus
P. cucumerina (Figure 4.1.8). These results are probably mediated by crosstalk with other signalling
pathways, such as those mediated by SA, JA and ET. Similarly, it has been demonstrated that ABAdeficient mutants are more resistant to the necrotrophic fungus B. cinerea, to the vascular pathogen

F. oxysporum and to the bacteria P. syringae (Audenaert et al., 2002; Anderson et al., 2004; de
Torres-Zabala et al., 2007). In addition, in this work, further analysis of ABA role in disease resistance
has been performed. Disruption of the AtCESA8/IRX1 gene leads to increased endogenous ABA levels

in planta and to enhanced tolerance to drought and osmotic stresses (Chen et al., 2005). Consistent
with these data, transcriptomic analyses revealed that a majority (58%) of the constitutively upregulated genes in the irx mutants were ABA-responsive (Figure 4.1.6). Among the proteins encoded
by these ABA-regulated genes, we identified important enzymes and regulators of the ABA biosynthetic
65

Results

and signalling pathways (i.e. NCED3, ABI1, ABI2 and ABI4; (Shinozaki et al., 2003), as well as
defence-related peptides (i.e. LTPs; (Molina and Garcia-Olmedo, 1993), and transcriptional
regulators of secondary metabolite biosynthesis (i.e. ATR1; (Grubb and Abel, 2006). Furthermore, the
resistance phenotype of irx1 and irx5 mutants is independent of SA, JA and ET-signalling pathways,
suggesting that ABA-regulated genes may have a direct role in resistance mechanisms to

P. cucumerina. However, this could not be demonstrated due to the infertility and the dwarf phenotype
of the double mutants irx1 aba1 or irx1 abi1 and irx3 aba3. Yet, these double mutants strongly
indicate the important role of ABA in irx1 and irx3 developmental phenotype. A detailed study of the
interactions among SA, JA and ET signalling pathways and the role of ABA in molecular defence
mechanisms will be described in chapter 4.3 of the thesis.
Antimicrobial compounds are involved in irx1-mediated resistance to P. cucumerina
Based on the transcriptomic analysis, the simplest hypothesis to explain irx1-mediated
resistance is that the antimicrobial compounds accumulated in these mutants (e.g. peptides, PRproteins and secondary metabolites) create a hostile environment for pathogens, whose progression
within the plant is hindered. Secondary metabolites have been demonstrated to constitute one of the
determinants of nonhost and basal resistance to several pathogens, including P. cucumerina (Lipka et
al., 2005; Stein et al., 2006; Bednarek et al., 2009). In this work, we have demonstrated that 4MI3G
levels increased after infection with P. cucumerina and that in irx1 mutant 4MI3G content was higher
than in wild-type plants. The susceptibility assays confirmed the essential role of indole metabolites in
resistance to P. cucumerina. CYP79B2/CYP79B3-derived metabolites are necessary for resistance
against P. cucumerina; however PAD3-derived camalexin is dispensable. These data suggest that
indole glucosinolates and/or other tryptophan-derived metabolites different to camalexin are essential
for resistance against this necrotrophic pathogen.
In order to elucidate the role of indole glucosinolates in irx1-mediated resistance, CYP79B2
and CYP79B3 or PEN3 genes were impaired in the irx1 mutant. Analysis of the susceptibility of these
double and triple mutants to P. cucumerina demonstrated that the accumulation and secretion of
tryptophan-derived metabolites in irx1 mutant is essential for its full resistance phenotype, as fungal
growth in the irx1 pen3 and irx1 cyp79B2 cyp79B3 mutants was higher than that in the irx1 single
mutant (Figure 4.1.14). These data suggest that additional resistant mechanisms should be involved
in irx1-mediated resistance. On the other hand, LTP3, LTP4 and thionin, antimicrobial peptides
encoded by genes up-regulated in irx mutants, were demonstrated to be highly active in inhibiting

P. cucumerina and R. solanacearum growth in vitro and on plant surface. Furthermore, the combined
activity of LTP3, LTP4 and thionin was demonstrated to be synergistic and, therefore, an important role
in irx-mediated resistance was suggested to be exerted by these antimicrobial peptides.
Our hypothesis of the hostile environment for pathogens present in irx mutants due to
accumulation of antimicrobial compounds is fully supported by: i) the demonstration of the synergistic
antibiotic activity of combinations of LTPs and THs, two families of peptides over-expressed in the irx1
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and irx5 mutants, against P. cucumerina (Figure 4.1.0); ii) the fungicidal activity of these peptides on
plant surface (Figure 4.1.10C); iii) the enhanced susceptibility to P. cucumerina of the cyp79B2,

cyp79B3 and cyp79B2 cyp79B3, which is impaired in accumulation of antimicrobial secondary
metabolites (Figure 4.1.11); iv) the higher levels of indole glucosinolates, camalexin and PEN2derived products in irx1 mutant; v) the increased susceptibility in irx1 mutant by impairment of
CYP79B2 and CYP79B3 or PEN3 enzymes; and vi) the resistant phenotype of irx1 cyp79B2 cyp79B3
and irx1 pen3 mutants was not fully abolished, which further suggests that in irx mutant there are
additional defence mechanisms, such as antimicrobial peptides, that impair the growth of

P. cucumerina.
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4.2 Role of antimicrobial compounds in A. thaliana
resistance to nonadapted fungi
Introduction
Although plants are constantly exposed to a wide variety of potentially pathogenic
microorganisms, disease events are rare. Only a small proportion of well-adapted microbe species
are able to infect target plant species and cause disease. Plant nonhost resistance is a particular type
of defence mechanisms that prevents an entire plant species to be colonized by a given pathogen,
which is referred as nonadapted pathogen (Heath, 2000). It is characterized because it confers
effective and durable protection against potential pathogens (Heath, 2000; Thordal-Christensen,
2003).
The molecular bases of nonhost resistance are poorly understood, but probably rely on both
constitutive and inducible defensive barriers. Some of these defensive barriers may be shared by
nonhost and host resistance (Heath, 2000; Thordal-Christensen, 2003). Upon microbial infection, the
capacity of the plant to impede the damage produced by the infectious process and the ability of the
pathogen to overcome the plant defence mechanism determine the outcome of the disease process
(Agrios, 1997). Preformed chemical and structural defensive components, such as cell wall or
antimicrobial compounds, are the first barriers in nonhost resistance (Thordal-Christensen, 2003).
Pathogens that overcome these first defensive barriers should face plant induced resistance (Jones and
Dangl, 2006), that include the synthesis of several antimicrobials, such as phytoalexins or antibiotic
peptides/proteins. The most frequent phytoalexin in Arabidopsis is camalexin, which is synthesized by
PAD3 activity and it is known to be required for nonhost resistance against the necrotrophic pathogen

A. brassicicola and powdery mildew fungus (Thomma et al., 1999; Bednarek et al., 2009).
Disease resistance is mainly regulated by the phytohormones salicylic acid (SA), jasmonates
(JA) and ethylene (ET; (Thomma et al., 1998; Glazebrook, 2005). An adapted pathogen has to
overcome these signalling pathways in order to successfully progress into the plants host. SA is
required in nonhost resistance of Arabidopsis against rust fungus Uromyces vignae, as the SA-deficient
lines sid2 and NahG support growth of the pathogen (Mellersh and Heath, 2003). Similarly,
resistance against A. brassicicola is mediated by the JA-signalling pathway (Thomma et al., 1998).
However, neither SA nor JA/ET signalling pathways contribute significantly to penetration resistance
against the nonadapted powdery mildew B. graminis f.sp. hordei (Zimmerli et al., 2004). Therefore,
the specific mechanisms of these signalling pathways in disease resistance against nonadapted
pathogens still need to be elucidated.
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In many cases, nonhost resistance against fungal pathogens is associated with the penetration
process. Arabidopsis pen (penetration) mutants pen1, pen2 and pen3 were identified in a screening of
plants showing increased penetration rate of the nonadapted biotrophic pathogens B. graminis f.sp.

hordei and E. pisi (Collins et al., 2003; Lipka et al., 2005; Stein et al., 2006). PEN2 was
demonstrated to be an atypical myrosinase for antifungal defence. It is accumulated in peroxisomes
that are targeted upon pathogen challenge to the infection sites at cell periphery where it hydrolyzes
indole glucosinolates to release the antimicrobial products (Figure1.2; (Bednarek et al., 2009).
4MI3G (4-methoxy-indol-3-ylmethyl glucosinolate) is the specific and biologically active substrate of
PEN2, because CYP81F2, which catalyzes the synthesis of 4MI3G, and PEN2 were genetically
demonstrated to be involved in the same resistance pathway. Interestingly, the products released by
PEN2 activity were different to the glucosinolate derived products after insect attack. This is suggested
to be due to the conjugation of the main glucosinolate hydrolyzed product, isothiocianate, with
glutathione, which is synthesized by PAD2 (γ-glutamylcysteine synthetase) (Bednarek et al., 2009). The
final products released identified were raphanusamic acid (RA), indol-3-ylmethylamine (I3A) and
4-methoxy-indol-3-ylmethylamine (4MI3A). These products are suggested to be recruited for
penetration resistance against pathogen challenge (Bednarek et al., 2009). A post-invasive defence
barrier was demonstrated to be mediated by camalexin, as disruption of its biosynthesis in the pen2
mutant led not only to impair penetration resistance, but also to extensive epiphytic hyphal growth of
the nonadapted fungus E. pisi (Bednarek et al., 2009). Furthermore, the pen2 pad3 resistance
phenotype was comparable to that of the double mutant cyp79B2 cyp79B3, which is deficient in the
biosynthesis of tryptophan-derived products (Bednarek et al., 2009). All together, these data indicate
that Arabidopsis nonhost resistance to powdery mildew is mediated by PEN2 products derived from
4MI3G and camalexin accumulation (Bednarek et al., 2009).
PEN3 encodes a pleiotropic drug resistance (PDR) ATP-binding cassette (ABC) transporter that
may be required for secretion of antimicrobial products upon powdery mildew challenge (Stein et al.,
2006). As demonstrated by genetic data, PEN3 is involved in delivering the antimicrobial products of
PEN2 activity (Stein et al., 2006). Previous work in the laboratory showed that PEN2 and PEN3 were
essential for basal resistance to P. cucumerina (Lipka et al., 2005; Stein et al., 2006). However, as

pen3 susceptibility is higher than that of pen2, it has been suggested that PEN3 is involved in the
secretion of other antimicrobials rather than only those derived of PEN2 activity (Stein et al., 2006).
In these work, we present the establishment of the A. thaliana nonadapted necrotrophic fungus
pathosystem, in order to determine the molecular bases of plant nonhost resistance to necrotrophic
fungi. Several P. cucumerina isolates caused disease in different crops, but were unable to colonize

A. thaliana wild-type plants. We demonstrate that Arabidopsis resistance to these nonadapted isolates
is independent of the SA, JA, ET and AGB1-signalling pathways, but relies on the biosynthesis of
tryptophan-derived components different from PEN2-derived products or camalexin. The differences
and similarities between Arabidopsis resistance to nonadapted biotrophic and necrotrophic fungi are
highlighted.
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4.2.1 Identification of nonadapted P. cucumerina isolates
In order to gain further insights into Arabidopsis nonhost resistance mechanisms against
necrotrophic pathogens, two more P. cucumerina isolates, 1187 (Pc1187) and 2127 (Pc2127), were
obtained from the DMSZ Collection (Germany), and their virulence on Arabidopsis wild-type plants
(Col-0) was tested. Pc1187 was isolated from hair root of Nicotiana tabacum and Pc2127 from
wheat bulb fly (DSMZ; Deutsche Sammlung von Mikroorganismen und Zellkulturen GMBH). Three
week-old Arabidopsis wild-type leaves were sprayed with water or a spore suspension (4x106
spores/ml) of the virulent PcBMM or the nonadapted Pc1187 and Pc2127 isolates, and the
progression of the infection was followed by different methods: qRT-PCR quantification of fungal
biomass at 3 dpi, determination of disease rating of inoculated plants between 3 and 7 dpi and
trypan blue staining of leaves at 20 hpi (Figure 4.2.1). Spores of the three isolates tested germinated
on leaf surface; however significant differences on fungal growth rate among them were observed
(Figure 4.2.1A). Hyphal length of Pc1187 and Pc2127 on wild-type plant leaves at 20 hpi was
significantly shorter than those of the virulent PcBMM isolate (Figure 4.2.1A). Consistently, fungal
biomass at 3 dpi was lower and macroscopic disease symptoms at 7 dpi were less severe in plants
inoculated with Pc1187 and Pc2127 than with the PcBMM isolate (Figure 4.2.1B, C). The phenotype
of Col-0 plants inoculated with Pc1187 and Pc2127 did not differ from that of mock-inoculated
plants. These results led to the identification of Pc1187 and Pc2127 isolates as nonadapted fungi as
they were unable to infect A. thaliana Col-0 plants.

4.2.2 SA, JA, ET and AGB1AGB1-mediated signalling pathways are
dispensable for P. cucumerina nonadapted resistance
Previous data of the laboratory demonstrated that SA, JA and ET signalling pathways and the
heterotrimeric G-protein are essential for Arabidopsis resistance to the adapted P. cucumerina BMM
isolate (Berrocal-Lobo et al., 2002; Llorente et al., 2005). To determine whether any of these
defensive pathways were also relevant for resistance to nonadapted fungi, the susceptibility to Pc1187
and Pc2127 of mutants impaired in the SA biosynthesis (sid2-1), in the JA or ET signalling pathways
(jar1-1 and ein2-5, respectively), or in the ß-subunit of the heterotrimeric G-protein (agb1-1) was
analysed. Three-week old plants from the indicated genotypes, Col-0 wild-type plants or the

P. cucumerina resistant mutant irx1 were inoculated with a spore suspension (4x106 spore/ml) of the
different P. cucumerina isolates, and disease ratings were evaluated at distinct dpi. Infrequent necrotic
spots were observed on the irx1 resistant mutant infected by the adapted PcBMM and the severity of
the symptoms caused on ein2-5, sid2-1, jar1-1 and agb1-1 mutants was higher than on the wild-type
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plants, as previously described (Figure 4.2.2A; (Berrocal-Lobo et al., 2002; Llorente et al., 2005). In
contrast, the nonadapted Pc1187 and Pc2127 isolates were not able to infect the mutants or the wildtype plants (Figure 4.2.2B). These data suggest that although SA, JA and ET signalling pathways are
necessary for basal defence mechanisms against the necrotrophic pathogen P. cucumerina, they are
dispensable for resistance against nonadapted P. cucumerina isolates. Similarly, heterotrimeric Gprotein function seems to be not required for growth restriction of nonadapted necrotrophic
pathogens.
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Figure 4.2.1 Arabidopsis thaliana wildwild-type plants are resistant to P. cucumerina 1187 and 2127 isolates.
isolates.
Twenty one-day old wild-type plants (Col-0) were spray-inoculated with a fungal suspension (4x106 spores/ml) of
the virulent P. cucumerina BMM (PcBMM) isolate or the nonadapted isolates Pc1187 and Pc2127. (A)
Lactophenol Trypan Blue staining of inoculated leaves at 20 hpi leaves. Bar represents 20 µm. (B) qRT-PCR
determination of fungal biomass of PcBMM (red bar), Pc1187 (orange bar) or Pc2127 (yellow bar) isolates on
Col-0 plants at 3 dpi. Specific primers of Pc β-TUBULIN (PcβTUB) and Arabidopsis UBC21 genes were used.
Data are n-fold increased expression the values of PcBMM-inoculated plants. Results are represented as the
average (± SD) of two replicates. (C) Average disease rating (DR ± SD) of the plants inoculated with the different

Pc isolates at 7 dpi. DR varies between 0 (no symptoms) and 5 (dead plants). At least 10 plants were analysed
and the experiment was repeated three times with similar results. Only plants inoculated with the adapted PcBMM
displayed necrotic symptoms. Asterisks indicate statistical differences with plants inoculated with PcBMM (ANOVA,
p ≤ 0.05, Bonferroni Test).
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to nonadapted P. cucumerina isolates.

4.2.3 TryptophanTryptophan-derived metabolites are essential for basal
resistance to P. cucumerina
Arabidopsis nonhost resistance to biotrophic fungi involves the targeted delivery of indole
glucosinolate-derived metabolites at pathogen contact sites (Bednarek et al., 2009). In order to
examine whether these secondary metabolites were also rate-limiting for plant colonization by
necrotrophic fungi, the resistance of mutants blocked in indole glucosinolate biosynthetic and
hydrolysis pathways to the virulent P. cucumerina BMM isolate was analysed. Three week-old wild type
plants (Col-0 and Col-gl) three alleles of pen2 mutant, pen3, cyp81F2, pad2, pad3, pen2 pad2,

pen2 pad3, pen2 cyp81F2 and cyp79B2 cyp79B3 mutants were sprayed with a spore suspension
(4x106 spores/ml) of PcBMM and the progression of infection was evaluated by determining fungal
biomass at 3 dpi, and disease rating at 7 dpi (Figure 4.2.3). The three pen2 alleles analysed were
more susceptible than wild-type plants, as previously described (Lipka et al., 2005). Disease severity of

cyp81F2 mutant was similar to that of pen2 mutant (Figure 4.2.3C). Interestingly, disease progression
on pen2 cyp81F2 double mutant was similar to that observed in the single mutants (Figure 4.2.3C,
D), suggesting that PEN2 and CYP81F2 form part of the same defensive pathway, which is required
for resistance to both necrotrophic and biotrophic fungal pathogens (Bednarek et al., 2009).
Remarkably, disease rating and fungal biomass observed on pen2 and cyp81F2 mutants were lower
than that of cyp79B2 cyp79B3 double mutant (Figure 4.2.3). Additionally, pad2 mutant, that is
epistatic respect to pen2 in Arabidopsis resistance to nonadapted powdery mildew, were more
susceptible to PcBMM than wild-type and pad2 plants, whereas pen2 pad2 double mutants showed
the same resistance phenotype as pen2 plants (Figure 4.2.3A, B). These data suggest that products
derived from PEN2, CYP81F2 and PAD2 enzymatic activity are essential for basal resistance to

P. cucumerina, but also that additional tryptophan-derived metabolites synthesized by CYP79B2 and
CYP79B3 enzymes contribute to defence responses to P. cucumerina.
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Figure 4.2.3 Disruption of Arabidopsis tryptophantryptophan-derived metabolites biosynthesis leads to an increased
resistance to P. cucumerina BMM.
(A) qRT-PCR quantification of fungal biomass at 3 dpi in the Col-gl and Col-0 wild-type plants and pen2-1 (in
Col-gl background), pen2-2, pen3-1, pad2, pad3, pen2 pad2, pen2 pad3 and cyp79B2 cyp79B3 mutants
inoculated with a fungal spore suspension (4x106 spores/ml) of P. cucumerina BMM. Specific primers of

P. cucumerina β-TUBULIN (PcβTUB) and Arabidopsis UBC21 were used. Values (± SD) are represented as the
average of the n-fold-increased expression compared with the corresponding wild-type plants. (B) Average
disease rating (DR ± SD) of the indicated genotypes at 7 dpi. DR varies between 0 (no symptoms) and 5 (dead
plants). (C) qRT-PCR quantification of fungal biomass in Col-0 wild-type plants, and pen2-2, cyp81F2,

pen2 cyp81F2 and cyp79B2 cyp79B3 mutants at 3 dpi with a fungal spore suspension (4x106 spores/ml) of
P. cucumerina BMM. Average values (± SD) are represented as n-fold-increase in expression compared to that in
wild-type plants. (D) Average DR (± SD) of the indicated genotypes at 7 dpi. (E) Disruption of Arabidopsis
camalexin biosynthesis did not lead to an increased resistance to PcBMM. qRT-PCR quantification of fungal
biomass in Col-0 wild-type plants, and mutants impaired in camalexin biosynthesis (pad3, cyp71A13 and

cyp79B2 cyp79B3) at 3 dpi with a fungal spore suspension (4x106 spores/ml) of PcBMM. Average values (± SD)
are represented as n-fold-increase in expression compared to that in wild-type plants. (F) Average DR (± SD) of
the indicated genotypes at 7 dpi. In all these experiments at least 10 plants of each genotype were analysed and
the experiments were performed three times with similar results. The letters (a, b, c, d, e) indicate different
significantly statistical groups (ANOVA p ≤ 0.05, Bonferroni Test).

Camalexin biosynthesis in Arabidopsis is mediated by CYP79B2 and CYP79B3 activity and,
therefore, it could be possible that this tryptophan-derived metabolite could contribute to resistance to
necrotrophs. In line with this hypothesis, we have shown previously that PAD3 gene expression (Figure
4.1.11) and camalexin levels highly increased upon Arabidopsis infection with P. cucumerina (Figure
74

Results

4.1.12). Therefore, the susceptibility to PcBMM of the camalexin-deficient mutant pad3 was tested,
but no differences were found between fugal biomass levels on pad3 and wild-type plants (Col-0) at 3
dpi (Figure 4.2.3B), indicating that camalexin was not required for a first defence layer against
necrotrophs. In order to examine its putative role in a second layer of resistance, the susceptibility of

pen2 pad3 double mutant to the fungus was also tested and it was found to be similar to that
observed for pen2 plants and, therefore, lower than that of cyp79B2 cyp79B3 double mutant (Figure
4.2.3B). These results indicate that camalexin is not essential for Arabidopsis basal resistance to

P. cucumerina and that other yet unknown tryptophan-derived compounds may play significant roles
in avoiding fungal growth.
To discard the possibility that camalexin precursors were the active compounds that inhibit

P. cucumerina growth, we tested the susceptibility to PcBMM of the cyp71A13 mutant, which is,
impaired in a biosynthetic step preceding that catalyzed by PAD3. Twenty one old-day wild-type
plants, the hyper-susceptible cyp79B2 cyp79B3 mutant and the camalexin-deficient lines pad3 and

cyp71A13 were treated with water (mock-treated) or with a spore suspension (4x106 spores/ml) of
PcBMM isolate. Fungal progression was evaluated by disease rating evaluation at 7 dpi and by qRTPCR biomass quantification at 3 dpi. Fungal biomass on pad3 and on cyp71A13 plants was
comparable to that quantified on wild-type plants, whereas fungal growth was higher in

cyp79B2 cyp79B3 mutant than in wild-type plants (Figure 4.2.3E). Disease rating evaluation was
consistent with fungal biomass quantification (Figure 4.2.3F). These results indicate that camalexin
and its precursors are not necessary for resistance to the virulent P. cucumerina isolate.

4.2.4.
4.2.4. TryptophanTryptophan-derived metabolites
metabolites are essential for growth
arrest of nonadapted P. cucumerina isolates
To determine whether tryptophan-derived antimicrobials were required for Arabidopsis
resistance to nonadapted necrotrophic fungi, the susceptibility of mutants defective in the
synthesis/delivery of these compounds to P. cucumerina nonadapted isolates was tested. Twenty one
day-old plants from the wild-type genotype (Col-0), the necrotroph-resistant mutant irx1 (HernandezBlanco et al., 2007), and the tryptophan-derived metabolites deficient mutants pen2, cyp81F2, pen3,

pad2 and pad3 and the double mutants pen2 pad3 and cyp79B2 cyp79B3 were sprayed with water
(mock-treatment) or with a spore suspension (4x106 spores/ml) of either the nonadapted isolates

Pc2127 or Pc1187, or the virulent PcBMM. Susceptibility of the inoculated plants was estimated by
following progression of the infection and determining disease rating at 7 dpi and by trypan blue
staining and hyphae visualization 20hpi. The disease rating caused by nonadapted P. cucumerina
isolates on cyp81F2, pen2, and pad3 was similar to that of wild-type plants (Figure 4.2.4A). In
contrast, the symptoms caused by the Pc1187 nonadapted isolate on pen3 and by Pc2127 and

Pc1187 on pad2 mutants were more severe than those observed on wild-type plants inoculated with
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Figure 4.2.4 TryptophanTryptophan-derived metabolites are essential for resistance to nonadapted P. cucumerina
isolates.
Twenty one-day old wild-type plants and pen2, cyp81F2, pen3, pad2, pad3, pen2 pad3, cyp79B2 cyp79B3 and

irx1 mutants were spray-inoculated with a spore suspension (4x106 sp/ml) of PcBMM (red bars), Pc1187 (orange
bars) or Pc2127 (yellow bars). (A) Average disease rating (DR ± SD) of the indicated genotypes at 7 dpi with Pc
isolates. DR varies between 0 (no symptoms) and 5 (dead plant). Data are from one out of three independent
experiments with similar results. Asterisks indicate differences statistically significant with WT plants (ANOVA, p ≤
0.05, Bonferroni Test). (B) Lactophenol Trypan Blue staining of WT, irx1, cyp79B2 cyp79B3 and pad2 inoculated
leaves at 20 hpi. The bar represents 20 µm.

these isolates (Figure 4.2.4A). However, these disease ratings were not as high as those caused by the
virulent PcBMM isolate either on pad2, pen3 mutants or on wild-type plants (Figure 4.2.4). Disease
rating highly corroborated with the hypha length visualized 20hpi (Figure 4.2.4B). Strikingly, hyphae
growth of P. cucumerina nonadapted isolates on cyp79B2 cyp79B3 double mutant was similar to
that of the virulent PcBMM (Figure 4.2.4B). These results suggest that the accumulation and delivery
of tryptophan-derived metabolites, which are blocked or impaired in cyp79B2 cyp79B3, pad2, or

pen3 mutants, are required for Arabidopsis resistance to nonadapted P. cucumerina isolates. In
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contrast to what has been described for nonhost resistance to biotrophic fungi, camalexin, generated
by PAD3, and the products of the hydrolysis of 4MI3G by the action of PEN2, are not required for
restriction of nonadapted P. cucumerina growth. These results suggest a contribution of other yet
unknown tryptophan-derived metabolites in defence responses to nonadapted P. cucumerina.

4.2.5 Expression levels of defencedefence-related
related genes after
challenge by nonadapted isolates of P. cucumerina
To determine transcriptional modulation upon P. cucumerina challenge, we measured the
expression levels of defence-related genes in wild type plants (Col-0) at 1 day after the inoculation
with the three isolates. The SA- and ET/JA-signalling pathways marker genes, PR-1 and PDF1.2, the
antimicrobial peptide encoding gene LTP3, and the CYP79B2, CYP79B3 and PAD3 genes were
selected for the analysis. Twenty one-day old wild-type plants were spray-inoculated with water (mockinoculated plants) or with a 4x106 spore/ml suspension of each P. cucumerina isolate. Tissue was
harvested at 1 dpi and total RNA was extracted and used for quantitative RT-PCR. As previously
described, upon plant infection with the PcBMM isolate, the expression levels of all the genes tested
were induced compared with the mock treated plants (Figures 4.1.11 and 4.2.5). In plants inoculated
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Figure 4.2.5. Comparative expression of defence genes in wild
with adapted or
nonadapted P. cucumerina isolates.
Twenty one-day old wild-type plants (Col-0) were spray-treated with water (mock-treated; white bars) or with a
spore suspension (4x106 spores/ml) of P. cucumerina BMM (PcBMM, red bars), Pc1187 (orange bars) or Pc2127
(yellow bars). Total RNA was extracted from leaves at 1 dpi and (A) PR1, PDF1-2a, LTP3, (B) CYP79B2, CYP79B3
and PAD3 gene expression was quantified by qRT-PCR. Expression values were normalized to plant UBC21 and
represented as n-fold-increased expression compared to the mock-treated plants. Averages (±SD) of two
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replicates are represented. Data are from one of three independent experiments with similar results. Asterisks
indicate differences statistically significant (ANOVA p ≤ 0.05, Bonferroni Test) with mock-treated plants.

with the nonadapted fungal isolates, the expression levels of PR-1, PDF1.2 and LTP3 were not
significantly induced (Figure 4.2.5A), further supporting that SA and JA/ET signalling pathways are not
involved in defence mechanisms against nonadapted P. cucumerina. The expression levels of

CYP79B3 significantly diminished and of PAD3 increased after infection with the nonadapted isolates
analysed, whereas mRNA levels of CYP79B2 only increased upon infection with the adapted isolate
(Figure 4.2.5B). The expression levels of these genes were, in any case, lower after infection with the
nonadapted than with the adapted isolate. These results indicate that Arabidopsis plants were able to
activate a defensive response upon inoculation with nonadapted P. cucumerina isolates.

4.2.6 Antimicrobial activity of tryptophantryptophan-derived metabolites
Disruption of tryptophan-derived

metabolite synthesis

increases

the susceptibility to

P. cucumerina infection in planta. To determine whether the activity of these compounds could explain
this enhanced susceptibility of these mutants we tested the in vitro antimicrobial activity against

PcBMM of some tryptophan-derived metabolites: the PEN2-derived products, I3A, 4MI3A and RA
(Bednarek et al., 2009); camalexin and other indol-derivated products such as gramine, indole and
tryptamine. Different concentrations of the compounds were added to a 96-well plate containing

PcBMM spores and the concentration causing 50% inhibition of fungal growth (EC50) was determined.
As shown in Figure 4.2.6, camalexin was the most active tryptophan-derived compound (EC50 = 32.2
µM). Interestingly, the PEN2 and CYP81F2-derived products 4MI3A and I3A were among the most
active compounds tested, which was in line with the enhanced susceptibility of pen2 and cyp81F2
mutants to PcBMM (Figure 4.2.6). These results were corroborated by microscope evaluation of in
vitro fungal growth and morphology (data not shown). These data indicate that 4MI3A, I3A and
camalexin have antimicrobial activity against P. cucumerina which may be relevant for Arabidopsis
basal resistance against this pathogen.
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4.2.7 irx1-mediated mechanisms are involved in resistance to
nonadapted P. cucumerina
We have previously shown (Figure 4.1.12) that the irx1 mutant has a higher content of
tryptophan-derived metabolites and putatively also antimicrobial peptides (e.g LTPs and thionins;
Table 4.1.1) than wild-type plants. Among these indole metabolites, there were some with
antimicrobial activity against P. cucumerina (Figure 4.2.6). To further characterize the function of
indole metabolites in Arabidopsis resistance to adapted and nonadapted P. cucumerina, we disrupted
CYP79B2 and CYP79B3 enzymes or PEN3 functions in the irx1 mutant by generating the

irx1 cyp79B2 cyp79B3 and irx1 pen3 triple and double mutants. The susceptibility to PcBMM, Pc1187
or Pc2127 of the irx1 cyp79B2 cyp79B3 and irx1 pen3 mutants was compared with that of the
parental lines, irx1, cyp79B2 cyp79B3 and pen3, and with the wild-type plants (Col-0). Three weekold plants from the indicated genotypes were inoculated with water (mock-treated) or with a
suspension of PcBMM, Pc1187 and Pc2127 spores (4x106 spores/ml) and the disease rating
determined at 7 dpi and trypan blue staining was performed at 20 hpi. As previously observed (Figure
4.2.4), pen3 mutant is more susceptible than the wild-type plants to PcBMM and Pc1187 isolates, but
not to Pc2127. The irx1 pen3 double mutant has an intermediate resistance phenotype between pen3
and irx1 mutants against Pc1187 (Figure 4.2.7). Interestingly, the enhanced susceptibility of the

cyp79B2 cyp79B3 double mutant to the two nonadapted P. cucumerina isolates, Pc1187 and
Pc2127, was partially suppressed by genetic disruption of IRX1 (Figure 4.2.7). These results suggest
that in addition to tryptophan-derived metabolites other compounds differentially regulated in the irx1
mutant are important for nonadapted resistance to the necrotrophic pathogen P. cucumerina.
In order to check if this irx1-mediated resistance mechanism was general for nonhost resistance
or

it

was

just

restricted

to

necrotrophic

pathogens,

we

tested

the

susceptibility

of

irx1 cyp79B2 cyp79B3 triple mutant and of irx1 pen3 double mutant to the nonadapted powdery
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mildew E. pisi. Wild-type plants, irx1, pen3, cyp79B2 cyp79B3, irx1 pen3 and irx1 cyp79B2 cyp79B3
mutant plants were inoculated and the percentage of spores that were able to penetrate was
determined. About 20% of the spores were able to penetrate in the wild-type and in irx1 plants,
whereas in pen3 mutant penetration rate was about 50% and in cyp79B2 cyp79B3 was nearly 60%,
as previously reported (Stein et al., 2006; Bednarek et al., 2009)). Strikingly, penetration rate of

E. pisi on the double mutant irx1 pen3 (approximately 60%) and irx1 cyp79B2 cyp79B3 (70%
approximately) was significantly higher than on pen3 and cyp79B2 cyp79B3 plants, respectively
(Figure 4.2.8). These data suggest that irx1 mutation may negatively regulate some components of
Arabidopsis nonhost resistance to biotrophic fungi. Moreover, these results suggest that nonhost
resistance against necrotrophic and biotrophic pathogens are different although they share some
components, such as tryptophan-derived metabolites.
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Figure 4.2.7 Impaired defence to nonadapted P. cucumerina on cyp79B2 cyp79B3 and pen3 mutants is partially
restored by the irx1 mutant.
(A) Average disease rating (DR ± SD) at 7 dpi of wild-type (Col-0), irx1, pen3, cyp79B2 cyp79B3, irx1 pen3 and

irx1 cyp79B2 cyp79B3 mutant. Twenty one-day old plants were spray-inoculated with a fungal spore suspension
(4x106 spores/ml) of P. cucumerina BMM (red bars), or the nonadapted necrotrophs Pc1187 (orange bars) or

Pc2127 (yellow bars). DR varies between 0 (no symptoms) and 5 (dead plant). Data are from one of three
independent experiments, which all gave similar results. Asterisks indicate statistical differences (ANOVA p ≤
0.05, Bonferroni Test). (B) Lactophenol Trypan Blue staining of inoculated leaves of cyp79B2 cyp79B3 and

irx1 cyp79B2 cyp79B3 plants at 20 hpi.
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4.2.8 Discussion
Nonhost resistance is a highly effective and durable defensive mechanism against nonadapted
pathogens that has been proposed to be potentially exploited to generate resistant crops.
Nevertheless, the genetic and molecular components of plant nonhost resistance are complex and yet
broadly unknown. Here, we describe the development of a new model pathosystem based on
Arabidopsis as the host and two nonadapted isolates of P. cucumerina as the pathogen. We identified
two isolates (Pc1187 and Pc2127) from the necrotrophic fungus P. cucumerina that were not able to
infect Arabidopsis Col-0 leaves (Figure 4.2.1) The resistance mechanisms that are entailed in this
incompatible interaction were analysed. The results indicate that resistance against these nonadapted
necrotrophic pathogens are independent of SA, JA and ET signalling pathways (Figure 4.2.2).
However, tryptophan-derived metabolites biosynthesis and delivery are essential for this resistance
mechanism (Figure 4.2.3).
As previously described for other nonadapted fungi, Pc1187 and Pc2127 isolates were able to
germinate on leaf surface of Col-0 plants at high humidity conditions, but fungal growth did not
progress and plants remained symptomless 10 days after infection (Figure 4.2.1; Mellersh et al.,
2003; Zimmerli et al., 2004; Shimada et al., 2006). Therefore, both isolates were considered as
nonadapted to Arabidopsis plants. The molecular mechanisms involved in this nonadapted resistance
were studied using genetic tools. The SA, JA and ET signalling pathways are known to be required for
basal resistance to the virulent P. cucumerina BMM isolate, as mutations that disrupted any of these
pathways led to an enhanced susceptibility to this fungus (Berrocal-Lobo et al., 2002). In contrast,
Arabidopsis resistance to the nonadapted P. cucumerina isolates tested was not affected in mutants
impaired in these signalling pathways (Figure 4.2.2). Moreover, the expression levels of PR-1 and of

PDF1.2, two marker genes of the SA and JA/ET-signalling pathways, respectively, were weakly
induced upon infection of wild-type plants with the two nonadapted isolates; while upon challenge
with PcBMM isolate, the levels of both genes were highly increased (Figure 4.2.5). These results
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indicate that Arabidopsis resistance to nonadapted necrotrophic P. cucumerina does not depend on
the SA or the JA/ET signalling pathways. Similarly, neither the SA nor the JA/ET signal transduction
pathways contribute significantly to penetration resistance to B. graminis f.sp hordei and B. graminis
f.sp tritici (Yun et al., 2003; Zimmerli et al., 2004). However, in other pathosystems, nonhost
resistance is dependent on these signalling pathways (Mellersh and Heath, 2003; (van Wees et al.,
2003). In the case of the necrotrophic pathogen A. brassicicola, disruption of the JA-signalling
pathway leads to an enhanced susceptibility phenotype (van Wees et al., 2003). In addition, nonhost
resistance to the rust fungus U. vignae was blocked on SA-deficient and signalling mutants (Mellersh
and Heath, 2003). Therefore, these data suggest that Arabidopsis resistance to nonadapted
pathogens is complex and highly dependant on the type of pathogen.
One defence mechanism contributing to Arabidopsis nonhost resistance to nonadapted
powdery mildew fungi involves the synthesis of tryptophan-derived metabolites at pathogen contact
sites (Bednarek et al., 2009). This process is interrupted in cyp79B2 cyp79B3 double mutant
(Bednarek et al., 2009), which is highly susceptible to the three P. cucumerina isolates tested (Figure
4.2.4). Therefore, tryptophan-derived metabolites were also suggested to be required for resistance to
nonadapted necrotrophs. However, in contrast to nonhost resistance to powdery mildew, 4MI3G,
which is generated by CYP81F2 and hydrolyzed by PEN2 (Bednarek et al., 2009), is dispensable for
resistance to nonadapted P. cucumerina isolates (Figures 4.2.4). In contrast, resistance of pen2 and
of cyp81F2 mutants to the adapted isolate PcBMM was impaired, suggesting a role of 4MI3G-derived
products in basal resistance to P. cucumerina (Figure 4.2.3C, D). Recently, the hydrolyzed products of
4MI3G were also shown to be required for the extracellular accumulation of the glucan polymer
callose, mediated by the glucan synthase like enzyme PMR4/GSL5, in response to treatment with a
microbe-associated molecular pattern (MAMP) derived from bacterial flagellin (Clay et al., 2009).
Resistance against P. cucumerina adapted isolate is PMR4-independent (Sanchez-Rodriguez et al.,
unpublished results), suggesting that other mechanisms should be responsible for the pen2 and

cyp81F2 susceptible phenotype. In addition, the antimicrobial activity of the PEN2- and CYP81F2derived products (4MI3A and I3A; Figure 4.2.6), suggest that the generation of toxic molecules,
rather than callose deposition, is required for PEN2-mediated resistance against this necrotrophic
pathogen.
The tryptophan-derived metabolites involved in plant resistance to nonadapted P. cucumerina
have not been identified yet. As camalexin is synthesized by CYP79B2 and CYP79B3 enzymes, it was
considered as a potential candidate and, therefore, its function in resistance to P. cucumerina was
analysed. Strikingly, mutants in the biosynthetic process of camalexin are not impaired in basal nor in
nonhost resistance to this necrotrophic fungus (Figures 4.2.3 and 4.2.4). These data are in contrast
with the demonstrated role of camalexin in nonhost resistance to the necrotrophic pathogens

A. brassicicola and B. elliptica (van Wees et al., 2003; Baarlen et al., 2007), further confirming the
complexity of plant defence mechanisms. In the case of resistance to the powdery mildew E. pisi,
camalexin is necessary in post-penetration resistance as the double mutant pen2 pad3 is as
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susceptible as cyp79B cyp79B3 double mutant, but pad3, camalexin-deficient line, is not impaired in
the resistance phenotype. Once again, the resistance to nonadapted P. cucumerina isolates is
mediated by a different mechanism as susceptibility of pen2 pad3 phenotype is similar to that of

pen2, which does not differ from that of wild-type plants (Figure 4.2.3A, B). Therefore, PEN2-derived
products and camalexin are antimicrobial compounds (Figure 4.2.6) essential for nonhost resistance
against powdery mildew, but additional tryptophan-derived metabolites should contribute to the
inhibition of P. cucumerina growth., Despite camalexin is highly active in inhibiting fungal growth of

PcBMM (Figure 4.2.6) and the expression PAD3 gene and camalexin content was highly induced
upon infection (Figures 4.2.5 and 4.1.12), camalexin is dispensable for Arabidopsis resistance to P.

cucumerina, and it is probably produced as a consequence of the infection process.
The PAD2 gene encodes a γ-glutamylcysteine synthetase that is involved in glutathione (GSH)
synthesis (Parisy et al., 2007). The Arabidopsis mutant pad2 has reduced levels of the phytoalexin
camalexin (Glazebrook and Ausubel, 1994) and is known for its increased susceptibility to the insect

Spodoptera littoralis (Schlaeppi et al., 2008) and to fungal and bacterial pathogens, such as
Phytophtora brassicae (Roetschi et al., 2001), P. syringae pv. maculicola (Glazebrook et al., 1997),
B. cinerea (Ferrari et al., 2003) and A. brassicicola (van Wees et al., 2003). However, resistance to
S. littoralis, P. brassicae and P. syringae pv. maculicola is not dependent on PAD3 integrity indicating
that camalexin content was not essential in PAD2-mediated resistance (Schlaeppi et al., 2008). A
similar situation occurs in Arabidopsis resistance to the adapted and nonadapted P. cucumerina
isolates tested here, as pad2 mutant is more susceptible to these fungi than wild-type plants, but plant
defence mechanisms are independent of camalexin content (Figure 4.2.4A). Recently, it has been
demonstrated that pad2 mutant has altered levels of aliphatic and indole glucosinolates and of PEN2derived products (Schlaeppi et al., 2008). Therefore, glucosinolates content, rather than camalexin,
could be the cause of the PAD2-mediated resistance to both adapted and nonadapted P. cucumerina
isolates. However, pad2 is more susceptible than pen2 to all the necrotrophic isolates tested (Figure
4.2.4A), suggesting that PAD2 is involved in a PEN2-independent mechanism of resistance to

P. cucumerina. Furthermore, impairment of PEN2 gene in pad2 mutant reduces pad2 susceptible
phenotype against PcBMM to pen2 levels; this may indicate that pad2 susceptible phenotype depends
on PEN2 integrity, probably due to a role of glutathione in the detoxification of PEN2 products
(Bednarek et al., 2009). In addition, pad2 mutant has been shown to be altered in redox homeostasis
(Parisy et al., 2007). Therefore, the reduction in glucosinolate content and/or the alteration of redox
status in pad2 mutant seems to be relevant for the susceptible phenotype to adapted and nonadapted

P. cucumerina isolates. These data indicate that glutathione contribution in nonhost resistance to
necrotrophic pathogens is relevant, but that its specific role has not yet been clarified.
The irx1 resistance mechanisms are important for defence to PcBMM isolate. In these
mechanisms indole metabolites together with other antimicrobial compounds are involved. Disruption
of a secondary cell wall cellulose synthase subunit (IRX1) in cyp79B2 cyp79B3 double mutant and in

pen3 single mutant leads to a reduction of the cyp79B2 cyp79B3 and pen3 susceptibility, respectively,
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against the adapted and nonadapted isolates (Figures 4.1.14 and 4.2.7). This suggests that
additional defensive mechanisms regulated by irx1 mutation, such as accumulation of antimicrobial
peptides or cell wall modifications, play a role in resistance to nonadapted necrotrophic pathogens.
These yet uncharacterised resistance mechanism is not shared with nonhost resistance to powdery
mildew. Although PEN3 and CYP79B2/CYP79B3 are known to be necessary, disruption of IRX1 in

cyp79B2 cyp79B3 or in pen3 mutants leads to an increased susceptibility to E. pisi. The irx1 mutant
has higher levels of tryptophan-derived metabolites (Figure 4.1.12), which confers an increased
resistance to several pathogens. However, several defence components are constitutively downregulated in irx1 mutant (Table 4.1.2), including genes previously described to be involved in
resistance to powdery mildew, such as SYP121, SYP122, PDF1.2a, PDF1.2b and WRKY70 (Collins et
al., 2003; Zimmerli et al., 2004; Li et al., 2006; Kwon et al., 2008). Therefore, irx1 mutant is as
resistant as the wild-type against E. pisi because of the high content on antimicrobial tryptophanderived metabolites. Disruption of the synthesis or of the transport of these compounds leads to an
increased susceptibility, due to the down-regulation of basal defence-mechanism in irx1.
In summary, we have examined whether the defence pathway contributing to nonhost
resistance in Arabidopsis to nonadapted biotrophic fungi is also rate-limiting to plant colonization by
necrotrophic adapted and nonadapted fungi (Bednarek et al., 2009). We found that the
accumulation and delivery of tryptophan-derived metabolites, which is blocked or impaired in

cyp79B2 cyp79B3, pad2, or pen3 mutants, is required for Arabidopsis nonhost resistance to
nonadapted P. cucumerina. In contrast to the interaction with biotrophic fungi, camalexin, which is
synthesized by PAD3, and 4MI3G, which are generated by the P450 monooxygenase CYP81F2 and
hydrolyzed by PEN2 myrosinase, are dispensable for disease progress of nonadapted P. cucumerina.
This suggests a contribution of other yet unknown tryptophan-derived metabolites in defence
responses

to

nonadapted

P. cucumerina.

Interestingly,

impaired

defence

to

nonadapted

P. cucumerina, but not to the nonadapted biotrophic fungus E. pisi, on cyp79B2 cyp79B3 and pen3
single mutant lines was partially restored in the irx1 background that shows a constitutive
accumulation of antifungal peptides. These data suggest a putative combinatorial contribution of
different mechanisms in basal and nonhost resistance to necrotrophic fungi and that different sets of
antimicrobials compounds may be involved in controlling Arabidopsis nonhost resistance to
nonadapted necrotrophic and biotrophic pathogens.
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4.3 Deciphering the role of ABA in Arabidopsis
resistance to necrotrophic fungi
Introduction
In the natural environment, plants are exposed to several biotic and abiotic stresses. Their
survival depends on their ability to detect external signals and respond in a timely manner. The
mechanisms involved in signalling upon biotic and abiotic stresses are currently largely unknown.
However, recently it has been observed that an intricate network of the different signalling pathways
allow the plant to activate an appropriate response depending on the type of stimuli present (Yasuda
et al., 2006; Bari et al., 2008). Plant resistance to necrotrophic pathogens depends on the interplay
of different signalling mechanisms, such as those mediated by the hormones SA, JA and ET (Thomma
et al., 1998; Glazebrook, 2005). In addition to these well-characterized pathways, other plant
hormones, such as ABA, brassinosteroids or auxins are emerging as novel regulators of plant
resistance to pathogens (Asselbergh et al., 2008; Bari and Jones, 2008). The role of ABA signalling in
the regulation of plant innate immunity is complex and still not well understood. In particular, ABA
function in plant resistance to necrotrophic pathogens is not well defined and it has been shown that
its role depends on both the plant and the fungi species of the pathosystem. Thus, both positive and
negative ABA regulation mechanisms have been identified in plant disease resistance to necrotrophic
pathogens. For example, in tomato plants a negative interaction between ABA and SA-signalling
pathway was identified as the main cause for the enhanced resistance of ABA-deficient sitiens mutants
to B. cinerea (Audenaert et al., 2002). In Arabidopsis ABA has also been described to have
antagonistic effects on signalling pathways involved in plant defence responses. Increased expression
of JA/ET responses in the ABA-deficient mutants aba1 and aba2 led to increased resistance to

F. oxysporum (Anderson et al., 2004). In interactions between JA/ET- and ABA-signalling pathways,
AtMYC2/JIN1 transcription factor has been described as a key regulator (Anderson et al., 2004;
Lorenzo et al., 2004). AtMYC2 is a positive regulator of ABA and of JA-dependent wounding
signalling, while it is a negative regulator of JA/ET defence responses (Abe et al., 2003; Anderson et
al., 2004; Lorenzo et al., 2004). Nevertheless, other factors still to be identified may be involved in
the regulation of this antagonistic interaction. In addition, a negative interaction of ABA with ROS
accumulation was suggested to limit the growth of the necrotrophic pathogens B. cinerea and

E. chrysanthemi in tomato sitiens mutants (Asselbergh et al., 2007; Asselbergh et al., 2008).
In contrast, ABA was shown to have a positive effect in basal defence against A. brassicicola or

P. irregulare as an increased disease susceptible phenotype was observed in ABA-deficient mutants
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(Adie et al., 2007; Flors et al., 2008). The ABA positive regulatory function in Arabidopsis resistance
to the oomycete P. irregulare was described to be due to the requirement of ABA for JA biosynthesis
and JA-dependent defence gene expression after infection with this pathogen (Adie et al., 2007). ABA
was also demonstrated to trigger callose deposition, which is necessary for resistance against

A. brassicicola challenge (Flors et al., 2008). In addition, a reduction of ABA levels was observed in
wild-type plants upon A. brassicicola infection, suggesting that ABA-mediated resistance is used by
some fungi as a target for virulence (Flors et al., 2008). ABA has also been demonstrated to mimic
BABA-primed callose deposition and defence responses against the necrotrophic pathogens

A. brassicicola and P. cucumerina (Ton and Mauch-Mani, 2004; Flors et al., 2005). The expression
of BABA-induced resistance against these necrotrophic pathogens was ET, SA and JA- independent,
but was impaired in ABA-biosynthetic and signalling deficient mutants (Ton and Mauch-Mani, 2004).
All these data highlight the complexity of ABA role in plant defence mechanisms.
In spite of the importance of the importance of cross-talk between signalling pathways upon
pathogen challenge, our current understanding on how these interactions work is very limited. In the
Chapter 1, the positive effect of the constitutive accumulation of ABA in ern1/irx1-mediated resistance
to P. cucumerina was postulated. However, a negative effect of ABA on Arabidopsis immune response
against this pathogen was also observed, since ABA-deficient and signalling mutants were more
resistant to this necrotrophic fungus. These data illustrated the diverse roles of ABA in plant immunity
and that the mechanisms entailed are largely unknown. In order to elucidate ABA signalling role in
defence resistance to necrotrophic pathogens, genomic and genetic approaches were carried out and
the results obtained in these analyses are described in this chapter.

Results
4.3.1 ABAABA-deficient and signalling mutants are more resistant
to P. cucumerina
ABA role in resistance to P. cucumerina was demonstrated to be complex, as it can function as
a positive and as a negative regulator. In order to further investigate ABA role in resistance to
pathogens, we tested the susceptibility to the fungus of additional ABA-biosynthesis mutant lines,
including ABA biosynthetic (aba1-6, aba2-1, aba2-3 and aao3-2) and signalling (abi1-1) mutants.
These ABA-deficient mutants, wild-type plants (Col-o and Ler background) and the agb1-1 and irx1-6
mutants, included as susceptible and resistant controls respectively, were inoculated with a spore
suspension of P. cucumerina BMM and the progression of the infection was determined at different
dpi. All these ABA mutants, except aao3-2, displayed less severe macroscopic symptoms and,
therefore, lower disease ratings (DR) than the corresponding wild-type plants (Figure 4.3.1A, C). The
severity of the infection of these ABA-mutants was similar to that observed in the resistant irx1 line
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(Figure 4.3.1A). Biomass quantification of P. cucumerina on aba1-6 and aao3-2 confirmed the
increased resistance of aba1 plants and the susceptible phenotype of aao3 mutant to this
necrotrophic pathogen (Figure 4.3.1B).
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Figure 4.3.1 ABAABA-biosynthesis mutants are more resistant to P. cucumerina.
Wild-type plants (Col-0 and Ler), aba1-6, aba2-1, aba2-3, aao3-2 and aba3-2 single mutants and the
hypersusceptible and resistant mutants agb1-1 and irx1-6, respectively, were inoculated with a spore suspension
(4x106 sp/ml) of P. cucumerina. (A) Average disease ratings (DR± SD) of the indicated genotypes at 7 days post
inoculation (dpi) are represented. DR varies between 0 (no symptoms) and 5 (dead plants). Green bars represent
ABA-biosynthetic mutants; white bars correspond to wild-type plants and stripped bars the hypersusceptible
controls. At least 10 plants per genotype were analyzed. Asterisks indicate genotypes significantly different (P ≤
0.05, ANOVA, Bonferroni test) from those of wild-type plants. The experiment was repeated 3 times with similar
results. (B) qRT-PCR determination of fungal biomass in Col-0, irx1-6, aba1-6, aao3-2 and agb1-1 mutant
plants at 3 dpi. Specific primers of Pc β-TUBULIN and Arabidopsis UBC21 were used. Values are represented as
n-fold increased expression compared with that in WT plants. Data represent average value of two replicates (±
SE). This experiment was performed two times with similar results.

4.3.2 Transcriptomic analysis or aba1 mutant
To further investigate the mechanisms controlling aba1-enhanced resistance, a comparative
gene expression analysis was performed. We used Affimetrix ATH1 gene chips, representing over
24,000 genes, to examine transcriptional profiles of wild-type and aba1-6 plants before fungal
inoculation (t=0) and 1 day after treatment with water (M) or with a spore suspension of
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P. cucumerina (Pc). In total, 8687 genes were differentially expressed in these samples using a twoway analysis of variance and a Benjamini and Hochberg multiple testing correction (P ≤ 0.01; GeneSpring 7.2 software). Among these 8687 probesets, 213 were differentially regulated in aba1 mutant
plants (Supplemental Tables 3 and 4). In addition to the statistical analysis, in order to validate these
transcriptomic data, additional biological replicates were obtained and RNA steady-state expression of
some differentially up-regulated, defensive genes (AT2G14610, AT5G44420, AT2G38470,
AT3G04720, AT4G31500, AT5G57220 and AT5G9320) was analyzed by quantitative RT-PCR (qRTPCR) in wild-type plants and the aba1-6 mutant. As shown in Figure 4.3.2, expression of all chosen
genes correlated well with the microarray data, as their expression was higher in the aba1-6 mutant
than in wild-type plants.
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Figure 4.3.2
4.3.2 Quantitative RTRT-PCR analysis of genes differentially regulated in aba1 mutant and in wildwild-type
plants upon P. cucumerina infection.
RNA samples from uninfected leaves of three week-old plants from the Col-0 wild-type (WT) genotype and the
ABA-biosynthetic mutant aba1--6 were used for the analysis. Values are represented as n-fold increased
expression compared to the WT value. Data correspond to the average (± SD) of two replicates. The genes
analyzed were AT2G14610 (PR-1), AT5G44420 (PDF1.2), AT2G38470 (WRKY33), AT3G04720 (PR-4),
AT4G31500 (PAD3), AT5G57220 (CYP81F2) and AT5G59320 (LTP3), which were significantly up-regulated in

aba1 mutant and P. cucumerina inoculated WT plants. Grey bars represent expression values in aba1 mutant
and white bars represent those of WT plants. Experiments were repeated at least twice with similar results.
Asterisks indicate values significantly different to wild-type plants (P ≤ 0.05, ANOVA, Bonferroni test).

In order to compare the general expression pattern of all the differentially expressed probesets
in the samples harvested, a Hierarchical clustering was performed. Notably, the different treatments
(t=0, Mock and P. cucumerina samples) clustered together independently of the genotype tested and,
therefore, the effect on gene expression regulation of P. cucumerina inoculation was higher than that
produced by the ABA-deficiency (Figure 4.3.3A). This is on accordance with scatter plot graphs
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(Figure 4.3.3B), which indicated high differences in the gene expression pattern between mock-treated
and P. cucumerina-inoculated samples in both wild-type and aba1 genotypes. On the other hand,
gene expression patterns in untreated (t=0) or in P. cucumerina inoculated wild-type and aba1 plants
were rather similar (Figure 4.3.3B). These data suggest that the major differences in the regulation of
gene expression occur upon plant colonization by the necrotrophic fungus.
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Interestingly, the Venn diagram showed a high overlap
in the transcriptomic profile of aba1 untreated plants and of
wild-type

plants

challenged

with

P. cucumerina (Figure

4.3.3C). Specifically, of the 213 transcripts differentially
regulated in aba1 mutant plants (Supplemental Tables 3 and
4), 128 (about the 60%) were also differentially regulated in
wild-type plants upon P. cucumerina challenge; suggesting a
constitutive expression in aba1 plants of a significant number
of genes responding to pathogen attack (Figure 4.3.3C). To
further analyze the 213 genes differentially regulated in the

aba1 mutant line, Hierarchical clustering was performed. As
expected, a similar expression pattern was observed in the
genes differentially regulated in untreated aba1 plants (t=0)
and in P. cucumerina inoculated wild-type plants (Figure
4.3.4). From these genes, 134 genes were constitutively upregulated and 79 were down-regulated.

A. UpUp-regulated genes in aba1 mutant
The 67% of the genes constitutively up-regulated in aba1 mutant plants (90 genes) were
induced in wild-type plants upon P. cucumerina challenge (Figure 4.3.5A) and, therefore, could be
considered

as

constitutively

up-regulated

infection-responsive

genes.

Meta-analysis,

using

Genevestigator tools (Zimmermann et al., 2004), demonstrated that a high percentage of these genes
were also up-regulated after infection with B. cinerea and P. infestans (Figure 4.3.5B). In addition,
infection with the biotrophic pathogens E. orontii or E. cichoracearum or with the hemibiotrophic
bacteria P. syringae, led to a similar but more distant profile (Figure 4.3.5B). Finally, gene profiles
after insect or nematode attack were even more distant from that obtained in aba1 mutant (Figure
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4.3.5B). These data suggest that P. cucumerina-induced genes in aba1 mutant are relevant for plant
responses to other necrotrophic pathogens.
Functional classification of proteins encoded by the genes up-regulated in aba1 mutant and in

P. cucumerina treated wild-type plants was performed using Classification SuperViewer tool (BAR, BioArray Resource; http://bar.utoronto.ca/; Toufighi et al., 2005). Notably, the most over-represented
functional category was the one containing cell wall proteins (Figure 4.3.5C), indicating that cell wall
modifications in aba1 mutant may occur. Consistent with meta-analysis data, the next two most overrepresented functional categories were response to abiotic and biotic stimulus and response to stress
(Figure 4.3.5C). Among the proteins related with biotic stress, several proteins known to have a role in
defence-mechanisms, such as PDF1.2, PR-1, hevein-like (PR-4), basic chitinase (PR-3), PEN3, RBOHD
and WRKY33 were identified (Table 4.3.1). Therefore, an overexpression of defence-related genes,
together with modifications in the cell wall structure or composition could mediate the increased
resistance phenotype observed in the ABA-deficient mutant.
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(A) Venn diagram showing the overlapping of genes up-regulated (≥2) in aba1 mutant line (red circle) and those
induced upon P. cucumerina (Pc) infection compared with mock (M) treatment in wild-type (WT; green circle) or

aba1 (blue circle) plants. The number of differentially regulated genes in each experiment is indicated. (B)
Expression pattern in response to hormones or biotic stresses of the 90 genes constitutively up-regulated in aba1
and induced upon P. cucumerina challenge. The figure represents the percentage of genes that are up-regulated
(≥2) upon treatment with hormones (orange bars) or challenge with biotic stresses (green bars). The expression
patterns were analyzed using the Genevestigator Meta-Analyzer Tool (www.genevestigator.ethz.ch/at/). (C)
Functional classification of the proteins encoded by the infection-responsive aba1 up-regulated genes. Upregulated genes in untreated aba1 mutant and in wild-type plants after P. cucumerina challenge were classified
based on MIPs catalogue (Munich Information centre for Protein Sequences), using “Classification superviewer”
bioinformatic tool (BAR; http://bar.utoronto.ca/). The normalized score value for each functional class is
represented. Only over-represented classes in comparison with the whole genome (normalized score value ≥ 1)
are shown. The categories of biotic or abiotic stimulus and cell wall are indicated in dark blue.
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In order to elucidate the regulation of these defence-related genes up-regulated in aba1 mutant,
meta-analysis was performed with available transcriptomic data corresponding to different hormone
treatments. In total, 63.3% of the genes up-regulated in aba1 plants and in wild-type plants upon

P. cucumerina challenge were either up-regulated by JA, SA or ET treatment (Figure 4.3.5B) indicating
that an extensive crosstalk among the pathways regulated by these hormones exits and it could explain
the negative role of ABA in Arabidopsis resistance to P. cucumerina.

Table 4.3.1 Defence-related genes constitutively up-regulated in the aba1 mutant and in WT plants after

P. cucumerina challenge
n-fold WT
Pc vs Ma

n-fold aba1
References
vs WT t=0a

Gene description

Locus

PR-4/HEL (Hevein-Like)

AT3G04720

3.16

3.43

Hejgaard et al., 1992;
Potter et al., 1993

PDR8 (Pleiotropic Drug
Resistance8)/PEN3

AT1G59870

1.07

1.83

Stein et al., 2006

PR-1 (Pathogenesis Related 1)

AT2G14610

3.15

4.10

Van Loon and Van Strien, 1999

PDF1.2B (Plant Defensin 1.2B)

AT2G26020

7.78

5.81

Thomma et al., 2002

PLP2 (Patatin-Like Protein)

AT2G26560

3.33

4.12

Camera et al., 2005

WRKY33 (WRKY DNA-binding
protein 33)

AT2G38470

1.15

3.74

Zheng et al., 2006

ATTI1 (Arabidopsis thaliana
Trypsin Inhibitor protein 1)

AT2G43510

1.36

2.44

Silverstein et al., 2005

CHI-B; PR-3 (basic chitinase)

AT3G12500

3.39

4.13

Verburg and Huynh, 1991

PRX33 (Peroxidase 33)

AT3G49110

1.20

2.02

Bindschedler et al., 2006

OSM34 (Osmotin 34)

AT4G11650

2.41

3.74

Monteiro et al., 2003

BCB (Blue-Copper-Binding
protein)

AT5G20230

3.05

4.03

Mishina and Zeier, 2007

PDF1.2A (Plant Defensin 1.2A)

AT5G44420

8.90

6.20

Manners et al., 1998;
Thomma et al., 2002

RBOHD (Respiratory Burst Oxidase AT5G47910
protein D)

1.56

2.26

Torres et al., 2005;
Torres et al., 2006

PAD3 (Phytoalexin Deficient 3;
CYP71B15)

AT3G26830

1.16

6.39

Glazebrook and Ausubel, 1994;
Zhou et al., 1999

CYP81F2 (cytochrome P450)

AT5G57220

1.50

4.36

Bednarek et al., 2009;
Clay et al., 2009

ORA59 (OctadecanoidResponsive Arabidopsis AP2/ERF
59)

AT1G06160

2.88

3.20

Pre et al., 2008

WRKY26 (WRKY DNA-binding
protein 26)

AT5G07100

1.88

1.20

Eulgem and Somssich, 2007

a

Normalized, average fold ratios (P. cucumerina-inoculated versus mock-treated wild-type and aba1 versus wild-type plants).
Genes were selected using values of P ≤ 0.01 (see Methods).
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Analysis of the cis-regulatory sequences in the infection-responsive genes up-regulated in aba1
plants revealed an overrepresentation of GCC-Box (p-value = 7.72x10-7) and W-Box (p-value =
1.73x10-4) sequences. GCC-Box is specifically recognized by transcription factors of the ERF family,
which have been previously described as defence regulators (Berrocal-Lobo et al., 2002; Pre et al.,
2008). Among the ERF transcription factor, ORA59 was recently demonstrated to be involved in JA
and ET signalling responses and defence against the necrotrophic fungi B. cinerea (Pre et al., 2008).

ORA59 gene expression is constitutively activated in aba1 mutant and is induced upon P. cucumerina
infection and therefore it is considered a good candidate as a regulator of defence-related genes in

aba1 plants. The W-Box is recognized by WRKY transcription factors (Zheng et al., 2006; Eulgem and
Somssich, 2007). This family of regulators is involved in transcriptional reprogramming of plant
immune responses. Two WRKY transcription factors (WRKY26 and WRKY33) were found among the
genes up-regulated in aba1 plants. WRKY33 has been identified as a positive regulator of defence
against necrotrophic fungi such as A. brassicicola, B. cinerea and P. cucumerina (Zheng et al., 2006;
Riviére et al., unpublished data). WRKY26 has been suggested to be functionally redundant to
WRKY33, because they have a very similar protein structure and pathogen-induced expression
pattern. Therefore, these two proteins, together with ORA59, could be involved in the regulation of
ABA defence-related genes.

B. DownDown-regulated genes in aba1 mutant
Similarly to up-regulated genes, there is a high overlap between genes down-regulated in
untreated aba1 mutant and in wild-type plants inoculated with P. cucumerina (Figure 4.3.6A).
Specifically, 33 out of the 79 genes down-regulated in aba1 were also down-regulated after infection
with this necrotrophic fungus. Interestingly, expression levels of a high percentage of these genes were
also reduced after attack by other pathogens, as demonstrated in the Meta-analysis performed
(Genevestigator tools; Zimmermann et al., 2004; Figure 4.3.6B). The profiles that overlapped most to
that of genes down-regulated in aba1 and after P. cucumerina infection were those corresponding to
plant inoculation with the pathogens B. cinerea and P. infestans. On the other hand, approximately a
30% of the down-regulated genes were also repressed either by SA or ET treatment (Figure 4.3.6B),
further supporting the existence of negative interplay among these signalling pathways in Arabidopsis
resistance to pathogens.
Functional analysis of the down-regulated genes in aba1 mutant demonstrated that the classes
that contained cell wall and extracellular related proteins were the most overrepresented categories
(Figure 4.3.6C). These analyses further suggested that aba1 mutant may display alterations in cell
wall structure and composition.
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(A) Venn diagram showing the overlapping of genes down-regulated (≥2) in untreated aba1 mutant (red circle)
and those repressed upon P. cucumerina (Pc) infection in wild-type (WT; green circle) and in aba1 (blue circle)
plants compared with mock-treated (M) plants. The number of differentially regulated genes in each experiment is
indicated. (B) Expression pattern in response to hormones or biotic stresses of the 33 genes constitutively downregulated in aba1 and repressed upon P. cucumerina challenge. The figure represents the percentage of these
genes that are down-regulated (≥2) upon treatment with hormones (orange bars) or challenge with biotic stresses
(green bars). The expression patterns were analyzed using the Genevestigator Meta-Analyzer Tool
(www.genevestigator.ethz.ch/at/). (C) Functional classification of the proteins encoded by the aba1 downregulated defence-related genes. Down-regulated genes in untreated aba1 mutant and in wild-type plants after

P. cucumerina challenge were classified based on MIPs catalogue (Munich information centre for Protein
Sequences; http://mips.gsf.de/projects/plants), using “Classification superviewer” bioinformatic tool in BAR
website (http://bar.utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer.cgi). The normalized score value
[Nclass (inputset)/Nclassified (inputset)]/[Nclass (overall)/Nclassified (overall)] for each functional class is
represented. Only over-represented functional classes in comparison with the whole genome (normalized score
value ≥ 1) are shown. The functional categories related with cell wall are indicated in dark blue.

4.3.3 Hormone
Hormone regulation of aba1-defencedefence-related genes
To gather additional information on the regulation of the infection responsive genes
differentially regulated in aba1 mutant, meta-analysis was performed by clustering the data obtained
in this work with expression data of hormonal treatment experiments available in the AtGenExpress
database (http://www.arabidopsis.org/info/expression/ATGenExpress.jsp; Goda et al., 2008). As
expected, the aba1 and the P. cucumerina experiments clustered together (Figure 4.3.7A). Of the
three hormonal treatment experiments tested, ACC clustered the closest to the P. cucumerina and to
the aba1 profiles, which is on accordance with the fact that ABA inhibits ethylene biosynthesis
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(LeNoble et al., 2004). In contrast, SA and JA treatment profiles clustered more separately. These
results suggest the important role of ethylene in the regulation of the differentially regulated genes in

aba1 mutant (Figure 4.3.7A).
Seven clusters were differentiated using Pearson Uncentered Hierarchical Clustering on the
genes. One of these clusters contained genes that were down-regulated both in P. cucumerina
inoculated wild-type plants and in aba1 mutant (cluster IV). Three main clusters were identified among
up-regulated defence-related genes in aba1 plants (clusters I-III). Cluster I contains the genes that are
predominately up-regulated by JA-treatment, cluster II is formed by genes up-regulated by SA and
cluster III is not predominantly regulated by any of the hormones analyzed (Figure 4.3.7A).
Genes in cluster I (Table 4.3.2), predominantly up-regulated by JA, codified proteins that are
mainly involved in electron transport or energy pathway and in response to biotic and abiotic stress
(Figure 4.3.7B). Among the proteins related with response to pathogen challenge, RBOHD, PEN3 and
ATTI1 were identified. Further insights into the transcriptional regulation of these genes were
performed by analyzing the presence of putative cis-regulatory elements. Motif analysis (The
Arabidopsis

Information

Resource

[TAIR]),

Promomer

(http://bar.utoronto.ca/ntools/cgi-

bin/BAR_Promomer.cgi) and PLACE (Plant Cis-acting Regulatory DNA Elements Database;
http://www.dna.affrc.go.jp/PLACE/)

were

the

tools

used

in

order

to

identify

statistically

overrepresented regulatory elements in the promoters of each cluster. Notably, the cis-regulatory
elements of these JA-dependent genes were enriched in W-BOX sequences and therefore, probably a
WRKY transcription factor family member is involved in the regulation of the transcription of these
genes.
Cluster II contains genes that are predominantly up-regulated by SA-treatment (Figure 4.3.7
and Table 4.3.3). The two most over-represented functional categories in this cluster were formed by
proteins related to extracellular matrix and to cell wall (Figure 4.3.7B). Several proteins from this
cluster, such as PR-1, WRKY33 and a proteinase inhibitor, are known to be involved in biotic
responses. No cis-regulatory elements statistically over-represented were identified among these
genes.
Cluster III, which included 44 genes, was also of interest because it is not predominantly
regulated by any of the hormones analyzed (Figure 4.3.7 and Table 4.3.4). Strikingly, several of the
proteins encoded by the genes that belong to this cluster are involved in biotic and abiotic stress
responses (Figure 4.3.7B). Among these genes, CHIB, PR-4, PRX33 and PRX34 were identified as
related to defence responses to pathogens. Several cell wall-related proteins and two transcription
factors (WRKY26 and ORA59) were also found in this cluster. Interestingly, the cis-regulatory elements
overrepresented in these promoters, were a W-BOX, the motif binding site for WRKY transcription
factors, and a GCC-BOX, the element to which ERF transcription factors bind. Therefore, WRKY26
and ORA59 are good candidates for the transcription regulation of the genes belonging to this
cluster.

95

II

inoculated plants

96

0

other membranes

Cluster II
electron transport or
energy pathways

transporter activity

cell wall

transporter activity

other enzyme
activity

nucleic acid binding

response to abiotic
or biotic stimulus

cell wall

extracellular

other membranes

hydrolase activity

cell organization
and biogenesis

Cluster I

response to abiotic
or biotic stimulus

0
response to abiotic or
biotic stimulus

I

electron transport or
energy pathways

Normalized Frequency
0

cell wall

GCC-BOX
GCCGCC
1.01 x 10-7
W-BOX
TTGACT
4.3 x 10-4
0
electron transport or
energy pathways

W-BOX
TTGACT
4.3 x 10-4

response to stress

IV
Normalized Frequency

3

extracellular

III

Normalized Frequency

A

Normalized Frequency

0
WT Pc_M
ACC

-3

SA
aba1_WT t0

MJ

Results

B
Cluster IV

40

30

20
10

8

6

4

2

Cluster III

10

8

6

4

2

25

20

15

10

5

Figure 4.3.7 Hierarchical clustering of differentially regulated genes in aba1 plants and in P. cucumerina
cucumerina--

Results

(A) Hierarchical clustering of the 128 differentially expressed genes in aba1 untreated plants and in

P. cucumerina-inoculated plants. Data from this work were clustered together with expression data from hormone
treatment experiments downloaded from the AtGenExpress consortium. All data sets were normalized with the
RMA method, using Genespring software. Genes (rows) and samples (columns) were clustered with the multiexperiment viewer Tool (MeV; TIGR) using Pearson Uncentered distance and average linkage. Clusters further
analyzed in the text are indicated by vertical bars and an identification number (Tables 4.3.2, 3, 4, 5). cisregulatory elements significantly overrepresented in each cluster are indicated together with the significance pvalue from binomial distribution. (B) Functional classification of the proteins encoded by the genes in clusters I-IV.
Genes belonging to each cluster were classified based on MIPs catalogue (Munich information centre for Protein
Sequences; http://mips.gsf.de/projects/plants), using “Classification superviewer” bioinformatic tool in BAR
website (http://bar.utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer.cgi). The normalized score value
[Nclass (inputset)/Nclassified (inputset)]/[Nclass (overall)/Nclassified (overall)] for each functional class is
represented. Only over-represented functional classes in each cluster in comparison with the whole genome
(normalized score value ≥ 1) are shown. The functional categories related with response to stress, biotic and
abiotic stimuli or cell wall are indicated in dark blue.

Finally, a cluster that contained the genes down-regulated in aba1 mutant and after

P. cucumerina infection was identified (Figure 4.3.7 and Table 4.3.5). This cluster IV contains nearly
all of the genes down-regulated in aba1. It is characterized by a negative regulation by ACC and SA
treatment and, in some cases, by JA-signalling pathway. As mentioned before for down-regulated
genes, this cluster contains several cell wall related proteins (Figure 4.3.7B).

4.3.4 JA signalling
signalling pathway is necessary for the resistant
phenotype of aba1 mutant
To further determine if the increased resistance levels of aba1 mutant were due to increased
expression of JA cascade, we disrupted the JA- biosynthesis and signalling pathways in aba1 mutant
by generating the double mutants aos aba1-6 and coi1-1 aba1-6. The susceptibility of these double
mutants to P. cucumerina was compared with those of the corresponding single mutants by evaluating
disease rating and by quantifying fungal biomass. Twenty-one day-old plants from the wild-type,

aba1-6, aos, coi1-1, aos aba1-6 and coi1-1 aba1-6 genotypes were sprayed with water or with a
spore suspension (4x106 spores/ml) of P. cucumerina. Disease symptoms were evaluated 3, 8 and 10
dpi. Consistent with results previously reported (Berrocal-Lobo et al., 2002), P. cucumerina infection
was more severe on the JA- signalling and deficient mutants aos and coi1 (Figure 4.3.8). Strikingly,
disease rating on aos aba1 and on coi1 aba1 double mutants was significantly higher than on aba1
single mutant, but not as high as on aos or on coi1 (Figure 4.3.8A, B). These data were corroborated
by fungal biomass quantification on aos aba1 double mutant (Figure 4.3.8C) Therefore, JA signalling
and biosynthetic pathways are necessary for the full resistance phenotype of aba1 mutant to
necrotrophic fungi.
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Figure 4.3.8
4.3.8. JA is essential for aba1-medited resistance to necrotrophic pathogens.
(A) Wild-type plants (Col-0), aba1-6 and coi1-1 single mutants and aba1 coi1 double mutant, and (B and C)
C)
wild-type plants (Col-0), aba1-6 and aos-1 single mutants and aos aba1 double mutant were inoculated with a
suspension of 4x106 sp/ml of P. cucumerina. (A,B) Average disease ratings (DR± SE) of the indicated genotypes
at 8 days post inoculation (dpi) are represented. DR varies between 0 (no symptoms) and 5 (dead plants). (C)
qRT-PCR determination of fungal biomass in the indicated genotypes at 3 dpi. Specific primers of Pc β-TUBULIN
and Arabidopsis UBC21 were used. Values are represented as n-fold increased expression compared with that in
WT plants. Data represent average value of two replicates (± SE). Green bars represent aba1 mutant, orange
bars represent JA-signalling or biosynthesis mutants, and stripped bars represent the double mutants. At least 10
plants per genotype were analyzed. Letters (a, b, c, d) indicate genotypes significantly different (P ≤ 0.05,
ANOVA, Bonferroni test) from those of wild-type plants. The experiment was repeated 2 times with similar results.

4.3.5

DifferentiallyDifferentially-regulated

genes

upon

P. cucumerina

challenge
In order to evaluate the transcription profile of wild-type plants upon P. cucumerina challenge,
differentially regulated genes upon infection were further analysed. After infection with P. cucumerina,
1474 and 497 genes were differentially regulated (n-fold ≥ 2) in wild-type and in aba1 plants,
respectively (Figure 4.3.3C). Functional classification of proteins encoded by the differentially
regulated genes in wild-type plants was performed using the Classification SuperViewer tool (BAR,
Bio-Array Resource; http://bar.utoronto.ca/; Toufighi et al., 2005). Among the proteins analysed, the
most over-represented functional category included proteins involved in response to abiotic and biotic
stimulus, followed by the cell wall, plasma membrane and stress–responsive categories (Figure 4.3.9).
Cell wall has been described to have a relevant role in defence mechanisms against pathogens and,
specifically, against P. cucumerina (Hernandez-Blanco et al., 2007; Sanchez-Rodriguez, et al 2009).
In addition, as a necrotrophic pathogen, P. cucumerina may contain hydrolytic enzymes that could
alter the cell wall and consequently some plant genes encoding cell wall-related proteins could be
induced or repressed upon infection.
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Figure 4.3.9.
4.3.9. Functional classification of
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differentially expressed genes in wildwild-type
plants upon P. cucumerina challenge.
The 1474 genes differentially expressed in
wild-type

plants

upon

P. cucumerina

challenge (P ≤ 0.01; two-way analysis of
variance; Benjamini and Hochberg multiple
testing correction) were classified based on
MIPs catalogue (Munich Information centre
for

Protein

Sequences;

http://mips.gsf.de/projects/plants),
0
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2
3
Normalized Frequency

4

using

“Classification superviewer” bioinformatic
tool

in

BAR

website

(http://bar.utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer.cgi). The normalized score value [Nclass
(inputset)/Nclassified (inputset)]/[Nclass (overall)/Nclassified (overall)] for each functional class is represented.
Only over-represented functional classes in comparison with the whole genome (normalized score value ≥ 1) are
shown.

Interestingly, a significant overlap (425 genes) in the responses to P. cucumerina in both aba1
mutant and wild-type plants was detected, as shown in the Venn diagram (Figure 4.3.3C). However, it
is noteworthy that the majority of the genes (62.1%) differentially expressed in wild-type plants upon

P. cucumerina infection were not induced or repressed in aba1 plants after infection with the fungus
(Figure 4.3.3C). A more detailed observation of the expression profile in aba1 mutant of these genes
differentially expressed in wild-type plants upon pathogen challenge, revealed that the majority of the
genes showed a similar pattern of expression after infection with P. cucumerina to that in wild-type
plants; however in aba1 the induction was lower than 2-fold or not statistically significant, and,
therefore, these genes were not further considered and were not included in the Venn Diagram (Figure
4.3.3C). These differences in expression levels in wild-type plants and in aba1 mutant after

P. cucumerina infection could be due to: (1) The ABA-dependent regulation of the genes and
consequently, their expression was partially or completely inhibited in ABA-deficient mutants; (2) these
genes are expressed as a consequence of the infection progress and therefore their expression was
lower in aba1 mutant, that is more resistant to the fungal pathogen.

99

Results

0

3

WT Pc_M
aba1 Pc_M
SA
aba1_WT t0
ACC
MJ
ABA

-3

Figure 4.3.10
4.3.10 Hierarchical clustering of differentially expressed genes in
wildwild-type plants upon P. cucumerina challenge.
The

1474

genes

differentially

expressed

in

WT

plants

upon

P. cucumerina challenge (P ≤ 0.01; 2-way analysis of variance;
Benjamini and Hochberg multiple testing correction) were clustered.
Data from this work were clustered together with expression data from
hormone

treatment

experiments

available

at

the

AtGenExpress

consortioum. Genes (rows) and samples (columns) were clustered with
the MeV; TIGR using Pearson Uncentered distance and average linkage.

In order to elucidate a regulation pattern of the genes
differentially expressed in wild-type plants upon inoculation with

P. cucumerina, Hierarchical clustering was performed using the
data obtained in this work and those available from gene
expression analyses of wild-type plants treated with hormones
(AtGenExpress

database;

Goda

et

al.,

2008;

http://www.arabidopsis.org/info/expression/ATGenExpress.jsp).
As indicated previously, P. cucumerina response profile in wildtype and aba1 plants clustered together (Figure 4.3.10).
Interestingly, the SA treatment profile clustered the closest to that
of P. cucumerina infection. In fact, most of the genes up- or
down-regulated

by

P. cucumerina

infection

were

also

differentially regulated by this hormone. This result contrasts with
the current hypothesis that SA transduction pathway is mainly
involved in Arabidopsis defence mechanisms against biotrophic
pathogens. On the contrary, these genes are probably involved
in SA-mediated defence responses and are necessary for
resistance against P. cucumerina as SA-deficient mutants (sid2

and NahG plants) are more susceptible to this fungal pathogen
(Berrocal-Lobo et al., 2002).

The most distinct profiles from the P. cucumerina one were those corresponding to JA and
ABA treatment (Figure 4.3.10). In the case of JA, although most of the genes were regulated positively
respect to P. cucumerina infection, some genes were found to be regulated in the opposite direction.
The situation of ABA seemed to be different, as both positive and negative regulations of the genes
induced by P. cucumerina was observed upon ABA treatment, further confirming the complex role of
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ABA in Arabidopsis defence responses. Of special interest is the finding that some clusters were
regulated by both hormones, JA and ABA, suggesting that either these hormones cooperate or one
precede the other in the activation of this set of genes. Finally, aba1 and ACC patterns clustered
together (Figure 4.3.10), suggesting an activation of ET-signalling in ABA-deficient mutant.
Remarkably, these two gene profiles clustered close to P. cucumerina challenge and, with a few gene
exceptions the majority of the differentially regulated genes in aba1 mutant were also differentially
regulated after P. cucumerina infection, as previously mentioned (Figure 4.3.3C).

4.3.6 irx-transcriptional profile highly overlaps
overlaps with ABA
In the chapter 1 we hypothesised that the increased resistance of irx1 mutant to different
pathogens, including P. cucumerina, could be in part due to the enhanced constitutive levels of ABA
in these plants (Chen et al., 2005). However, this hypothesis could not be confirmed as disruption of
ABA biosynthetic or signalling pathways in this cell wall mutant resulted in not viable plants.
Comparison of irx and aba1 microarray expression data could represent an alternative way to clarify
the bases of irx-mediated resistance. Differentially regulated (≥2) genes in irx mutants (supplemental
table 4.1 and 4.2) were used to perform Hierarchical clustering with transcriptional data from aba1
and wild-type plants (Pearson Uncentered method). The irx profile clustered separately from the other
samples and, except for two small gene clusters, the expression profile was completely different to that
observed for P. cucumerina infection (Figure 4.3.11A).
A more detailed evaluation of the genes co-regulated by irx mutants and by P. cucumerina
challenge was performed. The genes that were up-regulated in both samples (cluster I) were not
differentially expressed in aba1 mutant plants; however, a positive ratio of the expression levels of
these genes after infection with P. cucumerina in aba1 plants was detected, suggesting that ABA is not
essential for their transcription activation (Figure 4.3.11A; Table 4.3.6). These genes were significantly
involved in stress response and in abiotic and biotic defences (Figure 4.3.11B). Interestingly, this
cluster included genes involved in the indole-metabolite biosynthetic pathway, such as CYP79B2,

CYP79B3 and ASA1, which is known to be essential for the irx-mediated resistance to necrotrophic
pathogens (Table 4.3.6). Cluster II contained genes down-regulated in irx mutants and also upon

P. cucumerina challenge (Figure 4.3.11A). The only two over-represented functional classes were
those of cell wall-related and of extracellular proteins (Figure 4.3.11B; Table 4.3.7). These data
further confirm the importance of cell wall and indole metabolites in resistance to P. cucumerina
infection.
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Figure 4.3.11. Comparative analyses of the genes differential expressed
in irx mutant
(A) Hierarchical cluster analysis of 566 genes differentially expressed in

irx mutant (Hernandez-Blanco et al., 2007) using a two-way analysis of
variance and a Benjamini and Hochberg multiple testing correction (P ≤
0.01; Gene-Spring 7.2 software). Data from the transcriptomic analyses
performed with irx mutants and with untreated and P. cucumerinainoculated wild-type and aba1 plants. Genes (rows) and samples
(columns) were clustered with the multi-experiment viewer (MeV) using
Pearson Uncentered distance and average linkage. Vertical bars indicate
the clusters I and II, further considered in the text (Tables 4.3.6 and
4.3.7). (B) Functional classification of the proteins encoded by the genes
in clusters I and II. Genes belonging to each cluster were classified
based on MIPs catalogue (Munich Information centre for Protein
Sequences; http://mips.gsf.de/projects/plants), using “Classification

II

superviewer” bioinformatic tool in BAR website (http://bar.utoronto.ca/).
The

normalized

score

value

[Nclass

(inputset)/Nclassified

(inputset)]/[Nclass (overall)/Nclassified (overall)] for each functional
class is represented. Only over-represented functional classes in each
cluster in comparison with the whole genome (normalized score value ≥
1) are shown. The functional categories related with response to stress,
biotic and abiotic stimuli or cell wall are indicated in dark blue.
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Figure 4.3.12. Profile of differentially
differentially expressed genes in irx mutant
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highly overlaps
overlaps with that of ABAABA-treatment.
treatment.
Hierarchical clustering of the 566 genes differentially expressed in

irx untreated plants. Data from this work were clustered together
with expression data from hormone treatment experiments available
at

the

AtGenExpress

consortioum

(http://www.arabidopsis.org/info/expression/ATGenExpress.jsp). All
data sets were normalized (RMA method), using Genespring
software. Genes (rows) and samples (columns) were clustered with
the multi-experiment viewer Tool (MeV; TIGR) using Pearson
Uncentered distance and average linkage.

In order to identify a regulation pattern in irx
differentially regulated genes, Hierarchical clustering using
data from this work and hormone-treatment experiments
from AtGenExpress database was performed. Notably, ABA
was the nearest treatment to irx profile (Figure 4.3.12). The
majority of the genes differentially regulated in irx mutants,
were also differentially regulated after ABA treatment, which
highly corroborates with the increased ABA levels previously
measured in the mutant (Chen et al., 2005). The next
nearest hormone treatment to irx profile was JA (Figure
4.3.12). Although its profile was not as similar as that
observed for ABA, a big cluster of genes were similarly
regulated in irx mutant and by JA treatment; however, it has
been shown that JA is not essential for irx-mediated
resistance to P. cucumerina (Figure 4.1.2; HernandezBlanco et al., 2007). Similarly, SA positively regulates a
cluster of genes up-regulated in irx mutants (Figure 4.3.12).
Once again, these genes are not considered essential as
disruption of SA biosynthesis in irx1 mutant does not lead to
an increased susceptibility (Figure 4.1.2; Hernandez-Blanco
et al., 2007). These data further suggest that irx-mediated
resistance may be regulated by ABA-signalling pathway.
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4.3.7 Discussion
In this work, we studied the effect of ABA on disease resistance against necrotrophic pathogens
in Arabidopsis. First, we suggested that high constitutive levels of ABA in irx mutants led to an
increased resistance to a broad range of pathogens, including the necrotroph P. cucumerina.
Although disruption of ABA-signalling or biosynthetic pathway in irx mutants led to dwarf and infertile
plants (Figure 4.1.9), the high similarities between irx and ABA-treatment transcription profiles
supported this hypothesis (Figure 4.3.12). In addition, the high resistance phenotype of ABA-deficient
and signalling mutants to P. cucumerina (Figure 4.3.1) indicated a negative function of ABA in the
control of Arabidopsis defensive response to this pathogen. Transcriptomic analysis of aba1 mutant
revealed higher constitutive transcript levels of defence-related genes (Table 4.3.1). Specifically, a
cluster of JA-regulated genes conferred increased resistance phenotype to aba1 (Figure 4.3.7 and
4.3.8). Finally, alterations in cell wall structure and composition are also proposed to be involved in

aba1-mediated resistance (Figure 4.3.3C). Taken together, these results suggest a role of ABA in
modulating defence gene expression and disease resistance in Arabidopsis.
The ABAdefence-related genes
ABA-deficient mutant aba1 display enhanced expression of defencePreviously, there have been several observations linking ABA with disease resistance in plants
that indicate a complex role that depends on the nature of the stress, on the host and on the
pathogen (Asselbergh et al., 2008). Here we reported that ABA-signalling mutant abi1 and ABAdeficient mutants aba1, aba2 and aba3, but not aao3, display an increased resistance phenotype to

P. cucumerina (Figure 4.3.1). The increased resistance phenotype was consistent with an increased
expression in aba1 mutant of P. cucumerina-responsive transcripts, including several defence-related
genes (Figure 4.3.3; Table 4.3.1), such as PDF1.2, PR-1, LTP3, ATRBOHD, PEN3, PAD3 and

CYP81F2.
Several defence related genes were up-regulated in aba1 plants (Table 4.3.1). Some of them
codified PR proteins, such as PDF1.2, PR-1, PR-4 and PR-3 that were previously described to be
regulated by SA, JA and ET signalling pathways (Thomma et al., 1998). In addition, other genes
known to be involved in defence were identified, such as PAD3, CYP81F2 and PEN3 (Glawischnig,
2007; Bednarek et al., 2009). The first two genes encode proteins involved in the biosynthesis of
indole metabolites. PAD3 is the enzyme that catalyzes the last step of the biosynthesis of camalexin.
Although camalexin is not essential for defence mechanisms to P. cucumerina (Figure 4.2.3E and F) a
putative enhanced accumulation of this metabolite in aba1 mutant could contribute to its increased
resistance phenotype. The CYP81F2 enzyme participates in the activation of indole glucosinates and it
has also been demonstrated to play an important role in resistance to P. cucumerina (Figure 4.3.3B
and C; Bednarek et al., 2009). Finally, PEN3 is an ABC transporter involved in the delivery of
antimicrobials and it is known to be essential for resistance against this necrotrophic fungus (Stein et
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al., 2006; Figure 4.2.3A and B). The putative higher content levels of camalexin and indole
glucosinolates active products may contribute to the increased resistance phenotype of aba1 plants.
Transcriptomic analysis and meta-analysis confirmed that a cluster of the up-regulated genes in

aba1 mutant was positively regulated by JA-treatment (cluster I in Figure 4.3.7), including defence
related genes such as ATRBOHD and PEN3. Furthermore, disrupting JA-signalling or biosynthetic
pathways in aba1 mutant confers an increased susceptibility, but not as high as that observed in the
single mutants coi1 and aos (Figure 4.3.8), suggesting that other mechanisms independent of JAsignalling pathway should be mediating aba1 resistance. In addition to the previously described
antagonistic interaction of ABA and JA/ET signalling pathways in resistance to the necrotrophic
pathogen F. oxysporum (Anderson et al., 2004), other JA/ET-independent defence-related genes,
such as PR-1, LTP3, PAD3 and CYP81F2, were found to be up-regulated in aba1 mutant.
Noteworthy, another cluster of genes up-regulated in aba1 contained predominantly SA-regulated
genes. Further negative interactions between SA and ABA have been previously described. In tomato
ABA-deficient mutant resistance against the necrotrophic pathogen B. cinerea and the hemibiotrophic
bacteria P. syringae was described to be dependent on an increased signalling of SA pathway
(Audenaert et al., 2002; Asselbergh et al., 2007). Similarly, Arabidopsis aao3 mutant increased
resistance to P. syringae was demonstrated to be dependent on SA (de Torres-Zabala et al., 2009).
Finally, antagonistic crosstalk has been described between the SA-mediated signalling of SAR
induction and the ABA-mediated signalling (Yasuda et al., 2008). These data together with the fact
that SA is essential for resistance against P. cucumerina, led us to propose that SA-responsive genes
could contribute to the increased resistance of aba1 mutant; however further analysis are necessary.
Interestingly, the genes belonging to SA-regulated cluster belong in their majority to the cell wall GO
category (Figure 4.3.7). As previously described (Hernandez-Blanco et al., 2007; Sanchez-Rodriguez
et al., 2009), cell wall is relevant for Arabidopsis resistance against P. cucumerina. In conclusion,
antagonistic interaction among SA, JA and ABA-mediated signalling appear to function in the
regulation of responses to exogenous biotic stresses.
In addition, the transcript profile that overlapped the closest to that of aba1 mutant was that
corresponding to plant treatment with ACC, suggesting an increased ET signalling pathway in ABAdeficient mutants (Figure 4.3.7A). In accordance, several studies have described the negative crosstalk
between ABA and ET signalling pathways to modulate plant development (Beaudoin et al., 2000;
Ghassemian et al., 2000; Anderson et al., 2004; LeNoble et al., 2004). Although ET and ABA have
also been described in defence signalling, the molecular mechanisms involved in the interaction
between these two hormones are still largely unknown (Asselbergh et al., 2008). Genetic analyses are
currently being performed in order to elucidate the role of ET in aba1-mediated resistance.
In untreated aba1 plants the induction of several genes involved in ROS production was
detected (Table 4.3.1). Concluding evidence suggests that ROS network is essential to induce
resistance to both biotic and abiotic stress (Apel and Hirt, 2004; Torres et al., 2005). The role of ROS
in defence responses seems to be dual. On one hand, some necrotrophs, such as B. cinerea, induce
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changes in the antioxidant systems of leaf peroxisomes at late stages of the infection in order to
increase cell death levels and colonise plant tissue quickly (Kużniak and Skłodowska, 2005). On the
other hand, it has been shown that a quick and controlled hyper-induction of H2O2-dependent
defences in the epidermal cell wall can effectively block early progression of B. cinerea infection
(Asselbergh et al., 2007). NADPH oxidases, encoded by Rboh (Respiratory burst-oxidase homolog)
genes, RbohD and RbohF, together with peroxidases, have been reported to be a source of ROS
detected in plants upon successful pathogen recognition (Torres et al., 2005). Recent work from the
laboratory, demonstrated that ROS produced by both NADPH oxidases is required in Arabidopsis
innate immunity response to necrotrophs, such as B. cinerea, F. oxysporum and P. cucumerina
(Sanchez-Rodriguez, unpublished results). Similarly, the role of peroxidases in defence mechanisms
has been proposed to be related with cell wall fortification and response-signalling (Tognolli et al.,
2002; Apel and Hirt, 2004). Specifically, reduced expression levels of PRX33 and PRX34 in
Arabidopsis plants led to an increased susceptibility to several pathogens, including B. cinerea and
overexpression lines of PRX34 led to an increased resistance to this necrotroph (Bindschedler et al.,
2006; Chassot et al., 2007). Therefore, both NADPH oxidases and peroxidases are involved in
resistance to necrotrophs. In untreated aba1 mutant expression levels of RbohD and PRX33 and

PRX34 genes were higher than in wild-type plants (Table 4.3.1), suggesting an increased production
of ROS after pathogen challenge in aba1 line. Similarly, in tomato ABA-deficient mutants a rapid and
localized production of ROS was suggested by the authors to block the progression of B. cinerea
infection (Asselbergh et al., 2007). Therefore, the increased accumulation of ROS in Arabidopsis

aba1 plants could lead to a fortification of cell wall or to a quicker plant defence-response that would
hinder P. cucumerina infection progress.
Finally, modifications in cell wall structure and composition in ABA-deficient plants can be
postulated based on the high percentage of differently regulated genes related with cell wall
biosynthesis/modification found in the aba1 mutant (Figure 4.3.5C). The irx mutants are known to be
impaired in secondary cell wall cellulose synthase genes (Taylor et al., 2003) and display an
enhanced resistance phenotype to several pathogens, including P. cucumerina (chapter 4.1)
(Hernandez-Blanco et al., 2007). Moreover, several evidences of modulation of cell wall
differentiation by ABA-mediated signalling has been previously described (Gimeno-Gilles et al.,
2009). This suggested that cell wall alterations could occur in aba1 plants. In ABA-deficient tomato
plants, cell wall alterations were proposed to modulate the resistance against E. chrisanthemi infection
(Asselbergh et al., 2008). Therefore, ABA-deficient mutants may have cell wall modifications that
would hinder pathogen growth on cell surface. Comparison of cell wall composition/structure of ABAdeficient mutant and wild-type plants is being currently performed.
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Figure 4.3.13. Scheme of the interconnections between alteration of cell wall integrity and hormone
signalling pathways in the regulation of Arabidopsis resistance to pathogens and osmotic stress
Pathogen infection and abiotic stresses lead to the activation of signalling pathways (ET, JA, SA or ABA) that
regulate the expression of different groups of antimicrobials compounds. Antagonistic interactions between the
SA, ET/JA and ABA signalling pathways have been described (Anderson et al., 2004; Lorenzo et al., 2004; Flors
et al., 2008; de Torres-Zabala et al., 2009). Modifications of the secondary cell walls caused by the impairment
of IRX1 and IRX5 proteins, as occurs in the irx/cesa mutants, triggers ABA signalling and may lead to the
accumulation of antimicrobial peptides and secondary metabolites (e.g., indole metabolites). Arrows indicate
activation, and broken arrows indicate negative regulation. Broken lines are used to represent data from
previously published work.

To have further insights in the regulation of defence-related genes of aba1 plants, analysis of

cis-regulatory elements was performed. An overrepresentation of the W-box and GCC-box in the
promoter regions of these genes indicated the relevance role of WRKY and ERF transcription factors
as regulators of the transcription of aba1-differentially regulated defence genes. The up-regulation of

ORA59, WRKY33 and WRKY26 in aba1 untreated plants and in wild-type plants after pathogen
challenge suggested that these proteins are good candidates for the transcription regulation of
defence-related genes, which are negatively regulated by the ABA-signalling pathway. Although the
JIN1/MYC2 transcriptional factor regulator of ABA/JA pathway could be a potential candidate
(Anderson et al., 2004; Lorenzo et al., 2004), the expression levels of the codifying gene JIN1 in

aba1 mutant did not differ from that of wild-type plants and remained unaltered upon infection with
P. cucumerina. Furthermore, T/G-box, the regulatory-element recognized by MYC transcription
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factors, was not overrepresented in the cis-elements of the up-regulated defence genes. Finally, in our
growing conditions, jin1 mutant susceptibility to P. cucumerina was not altered (Sanchez-Rodriguez et
al., unpublished results). Therefore, JIN1 is probably not a regulator of the aba1 defence-related
genes involved in P. cucumerina resistance.

The irx-transcription profile highly overlaps with ABAABA-treatment
Not only ABA has a negative role in defence responses to necrotrophic pathogens, yet, a
positive function is proposed to be relevant in resistance to P. cucumerina. As previously described,

irx-mediated resistance was suggested to be mediated by ABA (Hernandez-Blanco et al., 2007).
Comparative transcriptomic data revealed that irx differentially regulated genes highly overlapped with
ABA-triggered response in wild-type plants. On the other hand, in irx mutant basal resistance to

P. cucumerina seems to be constitutively repressed, as the majority of the P. cucumerina up-regulated
genes were found to be down-regulated in untreated irx plants. The unique cluster of genes that were
up-regulated both in irx and after pathogen challenge included several enzymes involved in the
biosynthesis of tryptophan-derived metabolites, which are considered essential in irx-mediated defence
response (see chapter 4.1). However, these genes are not ABA dependent, as they are also upregulated in aba1 mutant after pathogen challenge. Therefore, the role of ABA in irx-mediated
resistance to P. cucumerina is still not elucidated. Antimicrobial peptides such as LTP3 and LTP4
known to inhibit P. cucumerina growth in vitro (Figure 4.1.10) are known to be induced after ABA
treatment in wild-type plants (genevestigator data). Therefore, these increased expression levels of
antimicrobial compounds and cell wall modifications regulated by ABA-signalling pathway may
partially mediate the increased resistance phenotype of irx mutants.
In summary (Figure 4.3.13), ABA is a component of defence signalling in at least two ways,
activating defence mechanisms and negatively interacting with other defence response signalling.
Increased levels of ABA may lead to an increased expression of antimicrobials that would lead to
enhanced resistance levels; while blocking ABA results in the overexpression of defence-related genes
that are predominantly regulated by other hormone signalling pathways. Specifically, JA-related genes
are essential for full resistance of ABA-deficient mutants. Other defence components such as ROS
production and cell wall modifications are also altered in ABA-deficient mutants and this may also
confer enhanced disease resistance to necrotrophs. These results and recently published work
(Anderson et al., 2004; Adie et al., 2007; de Torres-Zabala et al., 2007; Asselbergh et al., 2008;
Flors et al., 2008) indicate the differential role of ABA within different pathosystem and suggests that
ABA may modulate distinctly disease resistance against particular pathogens.
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Table 4.3.2
4.3.2 Genes included in cluster I (Figure 4.3.7)
AGI

aba1 wt Pc a
SA
vs WTa vs Ma

Gene Title

AT2G36380 ABC transporter family protein

MJa

ACCa

2.813 1.636 0.308 1.728 -0.247

AT5G67480 TAZ zinc finger family protein / BTB/POZ domain- 1.760 1.339 0.111 2.093 -0.195
containing protein
AT2G39030 GCN5-related N-acetyltransferase (GNAT) family protein 2.113 2.974 -0.320 5.968 0.288
AT4G24350 phosphorylase family protein

1.213 2.127 -0.381 3.758 0.203

AT4G24340 phosphorylase family protein
AT4G24350

1.673 2.111 -0.539 3.167 0.174

AT5G36220 cytochrome P450 81D1 (CYP81D1) (CYP91A1)

1.120 1.937 0.661 3.600 0.652

AT1G70810 C2 domain-containing protein

1.234 2.042 1.653 1.837 0.040

AT2G25735 expressed protein

1.050 2.408 0.773 1.277 0.041

AT5G47910 respiratory burst oxidase protein D (RbohD) / NADPH 1.557 2.265 0.415 1.494 -0.148
oxidase
AT5G33290 exostosin family protein

1.438 2.266 0.914 1.678 -0.077

AT1G10070 branched-chain amino acid aminotransferase 2
branched-chain amino acid transaminase 2 (BCAT2)

/ 1.010 2.592 -0.117 1.368 0.076

AT1G73260 trypsin and protease inhibitor family protein / Kunitz family 1.871 3.148 -0.464 1.771 1.121
protein
AT4G36670 mannitol transporter, putative

1.033 2.574 -0.285 0.715 0.557

AT1G27730 zinc finger (C2H2 type) family protein (ZAT10) / salt- 1.059 4.628 0.577 1.593 0.353
tolerance zinc finger protein (STZ)
AT3G26830 cytochrome P450 71B15, putative (CYP71B15)

1.160 6.386 1.683 1.207 0.797

AT1G17745 D-3-phosphoglycerate dehydrogenase / 3-PGDH

1.727 3.823 0.532 0.904 0.233

AT4G34230 cinnamyl-alcohol dehydrogenase, putative

1.527 2.856 0.399 0.440 0.104

AT2G43510 trypsin inhibitor, putative

1.363 2.435 -0.004 0.963 0.209

AT5G03630 monodehydroascorbate reductase, putative

1.010 1.690 0.150 0.537 0.223

AT1G15670 kelch repeat-containing F-box family protein

1.461 2.047 0.530 0.441 0.681

AT1G59870 ABC transporter family protein

1.075 1.827 0.467 0.606 0.267

AT4G38540 monooxygenase, putative (MO2)

2.297 3.269 0.784 0.941 0.641

AT5G04340 zinc finger (C2H2 type) family protein

1.133 2.721 0.704 0.732 0.591

a

Normalized, average fold ratios of aba1 versus wild-type (WT) plants t=0; P. cucumerina (Pc) inoculated versus mock (M)
treated WT plants and SA, MJ and ACC treatment versus mock (Goda et al., 2004).
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Table 4.3.3
4.3.3 Genes included in cluster II
II (Figure 4.3.7)
AGI

Gene Title

aba1 wt Pc a
SA
vs WTa vs Ma

AT3G26210

cytochrome P450 71B23, putative (CYP71B23)

1.016

4.486 2.208 -1.634 0.550

AT1G51800

leucine-rich repeat protein kinase, putative

1.111

3.651 1.937 -0.828 0.707

AT2G38470

WRKY family transcription factor

1.155

3.741 1.454 0.152

0.275

AT1G14870
AT1G14880

expressed protein

1.733

4.920 1.845 0.277

0.685

AT2G18660

expansin family protein (EXPR3)

1.130

5.047 1.498 -0.606 0.666

AT3G01290

band 7 family protein

1.232

3.344 0.905 -0.708 0.637

AT5G18470

curculin-like (mannose-binding) lectin family protein

2.062

4.853 1.706 -0.220 1.798

AT5G55450

protease inhibitor/seed storage/lipid transfer protein 1.230
(LTP) family protein

2.105 2.468 -0.505 0.061

AT3G14620

cytochrome P450, putative

1.673

3.108 2.528 0.726

AT1G03850

glutaredoxin family protein

1.553

3.245 1.683 -0.089 0.353

AT1G13750

calcineurin-like phosphoesterase family protein

1.392

2.394 1.673 -0.416 0.448

AT2G15080

disease resistance family protein

1.269

2.465 1.565 -0.145 0.148

AT5G61010

exocyst subunit EXO70 family protein

1.058

1.906 1.363 0.119

0.261

AT4G33050

calmodulin-binding family protein

1.424

3.731 2.435 0.177

0.154

AT2G26440

pectinesterase family protein

1.218

3.279 1.834 -0.055 0.320

AT1G67810

Fe-S metabolism
protein

domain-containing 2.509

4.197 2.154 -0.092 0.556

AT2G14610

pathogenesis-related protein 1 (PR-1)

3.149

4.101 2.080 0.095

1.020

AT2G26560

patatin, putative

3.331

4.123 2.177 0.325

0.828

AT2G40750

WRKY family transcription factor

-1.053 3.741 5.212 -0.239 0.009

associated

a

MJa

ACCa

0.165

Normalized, average fold ratios of aba1 versus wild-type (WT) plants t=0; P. cucumerina (Pc) inoculated versus mock (M)
treated WT plants and SA, MJ and ACC treatment versus mock (Goda et al., 2004).
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Table 4.3.4
4.3.4 Genes included in cluster III
III (Figure 4.3.7)
AGI

Gene Title

aba1 WT Pc a
SA
vs WTa vs Ma

AT5G56870

beta-galactosidase, putative / lactase, putative

1.596

AT1G53430

leucine-rich repeat family protein / protein kinase family 1.080
protein

1.289 -0.631 0.465

0.256

AT4G08780

peroxidase, putative

1.724

1.556 0.212

0.305

1.039

AT3G23550

MATE efflux family protein

4.095

4.600 0.944

2.802

0.841

AT3G49620

2-oxoacid-dependent oxidase, putative (DIN11)

4.442

5.284 0.045

3.398

0.853

AT5G54960

pyruvate decarboxylase, putative

1.567

1.531 0.360

0.676

0.546

AT5G61160

transferase family protein

5.281

5.200 1.526

1.503

1.066

AT4G11650

osmotin-like protein (OSM34)

2.408

3.741 -0.281 -0.353 1.588

AT4G02380

late embryogenesis abundant 3 family protein / LEA3 1.530
family protein

3.449 0.051

-0.794 0.572

AT4G08770

peroxidase, putative

2.604

6.006 0.367

0.596

1.297

AT1G02920
///
AT1G02930

glutathione S-transferase, putative

1.461

4.471 0.199

0.011

0.261

AT2G02930
///
AT4G02520

glutathione S-transferase, putative

1.770

4.009 0.574

-0.113 0.626

AT5G57220

cytochrome P450, putative

1.503

4.364 0.801

0.028

AT5G60950

phytochelatin synthetase-related

1.438

3.306 0.707

-0.059 0.132

AT2G43570

chitinase, putative

2.051

4.837 0.428

0.147

AT5G20960

aldehyde oxidase 1 (AAO1)

1.058

2.735 0.364

-0.107 0.002

AT1G05300

metal transporter, putative (ZIP5)

1.248

1.924 0.055

-0.174 -0.413

AT2G26650

potassium channel protein 1 (AKT1)

1.305

1.349 -0.242 -0.129 -0.041

AT1G23090

sulfate transporter, putative

1.221

1.923 -0.361 -0.137 0.091

AT2G30870

glutathione S-transferase, putative

1.195

1.720 -0.006 0.319

0.114

AT1G22180

SEC14
cytosolic
factor
family
phosphoglyceride transfer family protein

/ 1.475

2.290 0.194

0.289

0.322

AT3G49110
///
AT3G49120

peroxidase 33 (PER33) (P33) (PRXCA) / neutral 1.201
peroxidase C (PERC)

2.017 0.105

0.306

0.256

AT3G09020

alpha 1,4-glycosyltransferase family protein / 1.543
glycosyltransferase sugar-binding DXD motif-containing
protein

2.795 0.374

-0.057 0.209

AT3G16530

legume lectin family protein

2.511

3.662 0.501

0.190

0.300

AT5G22300

nitrilase 4 (NIT4)

1.308

1.970 0.134

0.118

0.100

AT1G76930

proline-rich extensin-like family protein

2.693

3.704 -0.170 -0.287 0.395

AT4G22690
///
AT4G22710

cytochrome P450 family protein

1.015

1.240 0.097

-0.136 0.085

AT5G58787

zinc finger (C3HC4-type RING finger) family protein

1.102

1.259 0.161

0.057

AT5G55560

protein kinase family protein

1.158

1.630 0.294

-0.072 -0.085

AT5G20230

plastocyanin-like domain-containing protein

3.051

4.026 0.917

0.120
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MJa

ACCa

1.561 -1.072 -0.864 0.722

0.529

0.018

0.001

0.040

Results

AGI

Gene Title

aba1 WT Pc a
SA
vs WTa vs Ma

AT3G12500

basic endochitinase

3.390

4.128 -0.303 0.657

0.777

AT3G04720

hevein-like protein (HEL)

3.160

3.435 0.005

0.088

0.372

AT3G50740

UDP-glucoronosyl/UDP-glucosyl
protein

family 1.455

1.538 0.120

0.028

0.170

AT1G06160

ethylene-responsive factor, putative

2.879

3.199 0.009

0.193

0.621

AT4G16260

glycosyl hydrolase family 17 protein

4.199

4.743 -0.097 -0.088 1.191

AT2G19130

S-locus lectin protein kinase family protein

1.079

1.146 0.624

-0.194 -0.137

AT2G41180

sigA-binding protein-related

1.949

1.897 1.012

0.204

-0.228

AT1G55850

cellulose synthase family protein

1.932

1.278 0.996

0.008

0.060

AT2G41700

ABC transporter family protein

1.433

1.043 0.542

-0.197 0.281

AT3G26200

cytochrome P450 71B22, putative (CYP71B22)

2.750

1.093 -0.018 0.020

AT4G27300

S-locus protein kinase, putative

2.981

2.029 0.126

AT5G07100

WRKY family transcription factor

1.878

1.205 -0.001 -0.037 0.052

AT2G43590

chitinase, putative

5.923

5.107 -0.003 0.087

0.242

AT2G26020

plant defensin-fusion protein, putative (PDF1.2b)

7.784

5.806 -0.050 0.119

0.219

transferase

a

MJa

ACCa

0.354

-0.617 0.169

Normalized, average fold ratios of aba1 versus wild-type (WT) plants t=0; P. cucumerina (Pc) inoculated versus mock (M)
treated WT plants and SA, MJ and ACC treatment versus mock (Goda et al., 2004).
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Table 4.3.5
4.3.5 Genes included
included in cluster IV
IV (Figure 4.3.7)
AGI

Gene Title

AT2G20750

aba1 vs WT Pc

SAa

MJa

ACCa

WTa

vs Ma

beta-expansin, putative (EXPB1)

-1.252

-1.143 0.713

-0.309 -0.789

AT1G29395

stress-responsive protein, putative

-1.278

-1.498 0.240

0.140 -0.451

AT2G35620

leucine-rich repeat transmembrane protein kinase, -1.414
putative

-1.140 -0.126 -0.101 -0.029

AT1G75750

gibberellin-regulated protein 1 (GASA1) / gibberellin- -1.322
responsive protein 1

-1.403 -0.227 -0.431 -0.522

AT3G21950

S-adenosyl-L-methionine:carboxyl
family protein

-1.004 0.047

AT4G37800

xyloglucan:xyloglucosyl transferase, putative / xyloglucan -1.213
endotransglycosylase, putative / endo-xyloglucan
transferase, putative

-1.494 -0.216 -0.621 -0.012

AT1G14700

purple acid phosphatase, putative

-1.202

-1.421 -1.366 -1.595 -0.081

AT3G02380

zinc finger protein CONSTANS-LIKE 2 (COL2)

-1.205

-2.677 -1.107 -1.029 -0.160

AT3G44990

xyloglucan:xyloglucosyl transferase, putative / xyloglucan -1.063
endotransglycosylase, putative / endo-xyloglucan
transferase, putative

-2.199 -0.621 -0.962 0.339

AT2G23130

arabinogalactan-protein (AGP17)

-1.865

-1.880 -1.014 -0.730 -0.823

AT3G16570

rapid alkalinization factor (RALF) family protein

-1.531

-1.382 -0.841 -0.854 -0.658

AT1G23205

invertase/pectin methylesterase inhibitor family protein

-1.340

-1.746 -1.535 -0.774 -0.919

AT3G12110

actin 11 (ACT11)

-1.048

-1.453 -0.883 -0.367 -0.550

AT3G45970

expansin family protein (EXPL1)

-1.129

-1.972 -0.603 -0.956 -0.670

AT3G29030

expansin, putative (EXP5)

-1.343

-1.424 -0.393 -0.369 -1.220

AT4G28780

GDSL-motif lipase/hydrolase family protein

-1.098

-1.366 -0.701 -1.084 -1.703

AT4G02130

glycosyl transferase family 8 protein

-1.620

-1.230 -0.458 0.280 -0.632

AT2G32990

glycosyl hydrolase family 9 protein

-1.288

-1.328 -0.654 0.427 -0.786

AT4G12730

fasciclin-like arabinogalactan-protein (FLA2)

-1.096

-1.173 -0.774 0.348 -0.409

AT5G02230

haloacid dehalogenase-like hydrolase family protein

-1.395

-2.117 -1.166 0.844 -1.275

AT4G25780

pathogenesis-related protein, putative

-1.377

-2.134 -1.703 0.064 -0.662

AT1G62510

protease inhibitor/seed storage/lipid transfer protein -1.284
(LTP) family protein

-2.742 -1.146 -0.200 -0.243

AT1G60550

naphthoate synthase, putative / dihydroxynaphthoic acid -1.008
synthetase, putative / DHNA synthetase, putative

-1.173 -0.629 -0.158 -0.219

AT2G01890

purple acid phosphatase, putative

-1.089

-1.334 -0.784 -0.257 -0.191

AT4G35320

expressed protein

-1.019

-1.489 -0.528 -0.319 -0.295

AT5G03120

expressed protein

-1.359

-1.432 -0.578 -0.401 -0.329

AT3G05890

hydrophobic protein (RCI2B) / low temperature and salt -1.453
responsive protein (LTI6B)

-2.812 -0.335 0.112 -0.184

AT5G55730

fasciclin-like arabinogalactan-protein (FLA1)

-1.281 -0.387 0.093 -0.167

methyltransferase -1.042

a

-1.066

-0.371 -0.150

Normalized, average fold ratios of aba1 versus wild-type (WT) plants t=0; P. cucumerina (Pc) inoculated versus mock (M)
treated WT plants and SA, MJ and ACC treatment versus mock (Goda et al., 2004).
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Table 4.3.6
4.3.6 Genes included in cluster I (Figure 4.3.11)
n-fold a
Locus

Gene description

wt Pc
vs M

irx vs
WT

wt t0

vs M

At4g34230 CAD5 (CINNAMYL ALCOHOL DEHYDROGENASE 5)

2.86

1.21

1.53

1.07

At4g39950 CYP79B2 (cytochrome P450, family 79, subfamily B)

4.17

1.20

-0.04

2.12

At3g47420 glycerol-3-phosphate transporter, putative

1.54

1.36

-0.03

0.26

At2g22330 CYP79B3(cytochrome P450, family 79, subfamily B)

2.07

1.80

-0.35

0.87

At3g51450 strictosidine synthase family protein

2.43

1.74

-0.72

0.82

At1g69870 proton-dependent oligopeptide transport (POT) family protein

1.36

1.21

0.23

0.47

At4g01870 tolB protein-related

1.50

1.62

0.20

0.93

At4g16760 ACX1 (ACYL-COA OXIDASE 1)

0.99

1.17

0.20

0.45

At4g19390 similar to unknown protein

1.21

1.36

0.52

0.32

At1g67920 similar to unknown protein

1.95

1.81

0.14

1.63

At4g23600 CORI3 (coronatine induced 1, jasmonic acid responsive 2)

1.91

1.53

0.03

1.13

At5g05600 oxidoreductase, 2OG-Fe(II)

3.13

2.51

-0.13

1.43

At1g02850 glycosyl hydrolase family 1 protein

2.45

1.18

0.31

1.66

At2g37760 aldo/keto reductase family protein

2.76

1.51

0.31

1.32

At5g05730 ASA1 (ANTHRANILATE SYNTHASE ALPHA SUBUNIT 1)

2.80

1.66

0.49

1.56

At4g29210 GGT3/GGT4 (GAMMA-GLUTAMYL TRANSPEPTIDASE 3)

1.88

1.32

0.66

0.97

At3g17790 ACP5 (acid phosphatase 5)

2.27

1.41

0.66

1.09

At4g39980 DHS1 (3-deoxy-7-phosphoheptulonate synthase)

1.85

1.21

0.44

0.93

At5g17860 CAX7 (CALCIUM EXCHANGER 7)

2.19

1.41

0.56

0.86

a

aba1 vs aba1 Pc

Normalized, average fold ratios of P. cucumerina (Pc) inoculated versus mock (M) treated wild-type (WT) and aba1 plants; irx
versus WT and aba1 mutant versus WT.
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Table 4.3.7
4.3.7 Genes included in cluster II (Figure 4.3.11)
n-fold a
Locus

Gene description

wt Pc
vs M

irx vs

aba1 vs aba1 Pc

WT

wt t0

vs M

At4g12980 auxin-responsive protein, putative

-2.21

-1.12

-0.86

-1.14

At5g48490 protease inhibitor/seed storage/lipid transfer protein (LTP)

-1.84

-1.35

-0.44

-0.98

At1g73600 phosphoethanolamine N-methyltransferase
At1g73602

-0.70

-1.29

0.04

-0.54

At3g60320 DNA binding

-0.62

-1.14

0.10

-0.44

At3g46970 PHS2 (ALPHA-GLUCAN PHOSPHORYLASE 2)

-0.77

-1.22

0.22

-0.22

At1g73830 BEE3 (BR ENHANCED EXPRESSION 3)

-0.67

-1.22

-0.03

-0.18

At4g19120 ERD3 (EARLY-RESPONSIVE TO DEHYDRATION 3)

-0.75

-1.22

0.05

-0.25

At5g44680 methyladenine glycosylase family protein

-1.17

-1.11

0.14

-0.67

At1g79720 aspartyl protease family protein

-0.92

-1.07

-0.42

-0.71

At1g14280 PKS2 (PHYTOCHROME KINASE SUBSTRATE 2)

-1.42

-1.38

-0.35

-0.77

At3g18050 similar to unknown protein

-1.01

-1.01

-0.37

-0.61

At5g35490 unknown protein

-1.14

-1.20

-0.51

-0.55

At5g43270 SPL2 (squamosa promoter binding protein-like 2); DNA
binding / transcription factor

-0.58

-1.00

-0.32

-0.59

At2g33570 similar to unknown protein

-1.23

-1.23

-0.25

-0.28

At4g34760 auxin-responsive family protein

-1.14

-1.25

-0.02

-0.38

At1g11545 xyloglucan:xyloglucosyl transferase

-1.27

-1.84

-0.78

-0.24

At4g23820 glycoside hydrolase family 28 protein / polygalacturonase
(pectinase)

-1.30

-1.95

-0.87

-0.45

At1g55330 AGP21 (ARABINOGALACTAN PROTEIN 21)

-1.15

-1.62

-0.67

-0.62

At2g10940 protease inhibitor/seed storage/lipid transfer protein (LTP)

-1.15

-1.55

-0.50

-0.51

At1g64640 plastocyanin-like domain-containing protein

-1.25

-1.35

-0.66

-0.43

At3g06750 hydroxyproline-rich glycoprotein family protein

-1.08

-1.24

-0.50

-0.34

At5g16590 leucine-rich repeat transmembrane protein kinase, putative

-1.18

-1.50

-0.57

-0.38

At1g20010 TUB5 (tubulin beta-5 chain)

-1.02

-1.61

-0.23

-0.43

At1g58440 SQE1 (SQUALENE EPOXIDASE 1)

-0.72

-1.08

-0.32

-0.28

At1g04430 dehydration-responsive protein-related

-0.78

-1.34

-0.34

-0.30

At4g22010 SKS4 (SKU5 Similar 4); copper ion binding / oxidoreductase -1.00

-1.60

-0.41

-0.36

At1g75780 TUB1 (tubulin beta-1 chain)

-0.89

-1.44

-0.32

-0.51

At5g08330 TCP family transcription factor, putative

-0.95

-1.59

-0.40

-0.47

At5g65730 xyloglucan:xyloglucosyl transferase, putative

-1.98

-3.36

-0.80

-1.11

a

Normalized, average fold ratios of P. cucumerina (Pc) inoculated versus mock (M) treated wild-type (WT) and aba1 plants; irx
versus WT and aba1 mutant versus WT.
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Discussion

As sessile organisms, plants have to defend themselves with complex mechanisms against biotic
and abiotic agents (Agrios, 1997). Constitutive barriers, including structural components and
antimicrobial compounds, are key factors in resistance against pathogens (Garcia-Olmedo et al.,
1998; Thordal-Christensen, 2003; Schulze-Lefert, 2004; Bednarek and Schulze-Lefert, 2008). In
addition, inducible mechanisms have been identified as key components in disease resistance (Jones
and Dangl, 2006). The phytohormones salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) are
important stress signals that are involved in defence response against pathogen challenge (Thomma
et al., 1998; Glazebrook, 2005). However, other novel, uncharacterized mechanisms must be
involved in the regulation of plant innate immunity as the resistance phenotypes of some plant
mutants/genotypes can not be explained by the already described resistance mechanisms (Asselbergh
et al., 2008; Bari and Jones, 2008). We have taken advantage of the highly resistant phenotype of irx
mutants, to identify novel, uncharacterized elements of plant resistance, and we have explored the
bases of irx-mediated resistance.
The irx1 mutant, which is impaired in one CESA required for the biosynthesis of secondary cell
wall, was identified in a screening of mutants with enhanced resistance to necrotrophs (ern1). The irx1
as well as the irx5 and irx3, impaired in two additional CESA that form part of the same biosynthetic
complex, were later on found to show a broad spectrum resistance to several pathogens, including
fungi (P. cucumerina, B. cinerea and powdery mildew) and bacteria (R. solanacearum GMI1000)
(Hernandez-Blanco et al., 2007). This resistance has been demonstrated to be specific, as impairment
of CESA required for primary cell wall cellulose biosynthesis (e.g. ixr1 and ixr2 mutants) does not lead
to an increased resistance to P. cucumerina or R. solanacearum GMI1000 (Hernandez-Blanco et al.,
2007). We have now demonstrated that irx1-mediated resistance mechanisms is not directly caused
by the developmental or cell wall structural changes associated to the irregular xylem phenotype, as

irx13 mutant, which has this phenotypic characteristics (Brown et al., 2005; Persson et al., 2005), was
demonstrated to have the same resistance phenotype to P. cucumerina than wild-type plants (Figure
4.1.1). Other mutants with irregular xylem phenotype (i.e. irx8 and irx9) were demonstrated to show
an enhanced resistance to P. cucumerina, though the molecular bases of this phenotype have not
been characterised (Figure 4.1.1). The elucidation of the mechanisms involved in this resistance, will
clarify the effects of the alteration of the cell wall on plant innate immunity. Nevertheless, the
relevance of cell wall structure and composition in the regulation of plant innate immunity has been
now supported by our results, which are in line with some data previously published (Cantu et al.,
2008).
Interestingly, the increased resistance of irx1 and irx5 mutants is independent of the wellcharacterized signalling pathways, SA, JA and ET (Figure 4.1.2). A comparative transcriptomic
analysis revealed that a high number of constitutively up-regulated genes in irx1 and irx5 were ABA-

119

Discussion

regulated (Figure 4.1.4) and suggested that ABA could mediate the enhanced resistance phenotype to
pathogen challenge of these mutants. In line with this transcriptomic data, it was demonstrated that

irx1 mutant had constitutive higher levels of ABA than wild-type plants and were highly resistant to
drought stress (Chen et al., 2005). To corroborate the function of ABA signalling in irx1-mediated
resistance, we disabled ABA biosynthesis and signalling in the irx1-1, irx1-6 and irx3-1 mutants by
generating irx1-1 abi1-1, irx1-6 aba1-6 and irx3-1 aba3-2 double mutants. A small number of dwarf
plants with pronounced developmental abnormalities, corresponding to the double homozygous
mutants, were identified under high-humidity conditions. However, these double mutants died, making
it impossible to test their resistance to pathogens. These results suggest that ABA signalling played a
significant role in the regulation of the irx developmental phenotype.
In line with the complex function of ABA in Arabidopsis resistance to necrotrophs, we found that
mutations in the ABA-signalling or biosynthetic pathway, such as aba1, led to an increased resistance
to P. cucumerina (Figure 4.3.1). Several recent data have described the crosstalk existing among ABA
and JA, SA and ET signalling pathways (Anderson et al., 2004; Lorenzo et al., 2004; de TorresZabala et al., 2007; Asselbergh et al., 2008; Flors et al., 2008) that would explain the increased
resistance phenotype of aba1 mutant to this necrotrophic pathogen. To find out the mechanisms
involved in aba1-mediated resistance, an approach based on a comparative transcriptomic analysis
was undertaken. Interestingly a high percentage of the up-regulated genes in the aba1 mutant were
also up-regulated upon P. cucumerina challenge (Figure 4.3.5), suggesting that in this mutant there is
a constitutive expression of defence-related genes (Table 4.3.1). Of these defence-related genes,
approximately the 60% were regulated by either SA, JA or ET-signalling pathways (Figure 4.3.7).
Interestingly, gene clusters that highly overlapped with transcription profiles after JA or SA-treatment
were identified (Figure 4.3.9A). The former contained an overrepresentation of defence-related genes
that could be mediating the aba1-resistance (Figure 4.3.9B). Further supporting this hypothesis, the
analysis of the resistance to P. cucumerina of the double mutants impaired in the ABA-biosynthetic
pathway and in the JA-biosynthetic or signalling pathway, aba1-6 aos-1 and aba1-6 coi1-1
demonstrated that an increased expression of JA is mediating, at least partially, the enhanced
resistance phenotype of aba1 plants (Figure 4.3.10).
Besides, a high number of genes codifying antimicrobial peptides or enzymes involved in the
synthesis or regulation of secondary metabolism were identified in irx1 and irx5 mutants (Table 4.1.1).
The putative increased levels of these antimicrobials would explain the enhanced resistant phenotype
of these plants. LTP3, LTP4 and thionin codifying genes are constitutively up-regulated in irx mutants
and therefore, its antimicrobial activity against R. solanacearum and P. cucumerina was tested in vitro
(Figure 4.1.10). These compounds were not only demonstrated to be highly active against these two
pathogens, but they were also shown to have synergistic activity in vitro (Figure 4.1.10). Therefore,
they are proposed to inhibit in vivo the pathogen growth on the leaf surface. We have also
demonstrated that the irx1 mutant contains constitutive, enhanced levels of tryptophan-derived
compounds when compared with wild-type plants, and that some of these compounds accumulate in
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Arabidopsis upon P. cucumerina infection (Figure 4.1.12). These metabolites have been
demonstrated to be involved in the resistance phenotype of irx1 as disruption of their synthesis or
transport, restores the irx1 susceptibility to wild-type levels (Figure 4.1.14).
Tryptophan-derived compounds were demonstrated to be involved in irx-mediated resistance
and Arabidopsis basal defence mechanisms against virulent necrotrophs. Interestingly, these
metabolities were found to be also required for Arabidopsis resistance to nonadapted isolates of

P. cucumerina, as these fungi were able to colonize the cyp79B2 cyp79B3 and on the pen3 mutants,
deficient in the synthesis and in the delivery of tryptophan-derived compounds, respectively (Figure
4.2.4). The specific indole-derived compounds that are actually inhibiting P. cucumerina growth are
still unknown, but we have demonstrated that camalexin was not essential and that the PEN2- and
CYP81F2-derived products are required for basal resistance to adapted necrotrophs, but not to
nonadapted fungal isolates (Figures 4.2.3 and 4.2.4). In contrast, in nonhost resistance against
powdery mildew, PEN2-derived products and camalexin have been shown to be essential (Bednarek
et al., 2009). Therefore, although some mechanisms of defence are shared with nonhost resistance to
powdery mildew, new and unknown components are mediating resistance to nonadapted

P. cucumerina. Interestingly, antimicrobial peptides are also proposed to be essential for nonadapted
resistance against this necrotrophic fungus, as disruption of IRX1 gene in pen3 single mutant and in

cyp79B2 cyp79B3 double mutant partially restores its resistance phenotype (Figure 4.2.7). In contrast,
the resistance to the nonhost powdery mildew E. pisi of the irx1 cyp79B2 cyp79B3 and irx1pen3,
mutants was reduced compared with that of the cyp79B2 cyp79B3 and pen3 (Figure 4.2.8). These
data suggest that different mechanisms are involved in the nonhost resistance against nonadapted
biotrophic and necrotrophic pathogens and imply differential contributions of antimicrobials in this
resistance..
In summary, in this thesis, the mechanisms involved in the enhanced resistance phenotype of
secondary cell wall cellulose synthase-deficient mutants (irx1 and irx5) were analysed. Increased levels
of abscisic acid (ABA; Chen et al., 2005) are proposed to enhance the resistance of irx1 and irx5
mutants against P. cucumerina and R. solanacearum infection. Further analysis of ABA-signalling
pathway suggested that it has a key role as a modulator of plant defence signalling against the
necrotrophic pathogen P. cucumerina, as positive and negative interactions with innate immunity are
proposed to be exerted. Finally, a constitutive accumulation of antimicrobial compounds in irx1
mutant were identified as the major causes of the highly resistance phenotype. Nevertheless, the
mechanisms that link the alteration of cell wall structure and composition with the increased resistance
phenotype against pathogens needs to be further investigated.
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Conclusions

1.

The Arabidopsis resistance to necrotrophic pathogens is dependent on the cell wall structure and

composition, as some irregular xylem mutants irx1, irx8 and irx9 are more resistant to P. cucumerina,
while irx13 did not differ from the wild-type resistance phenotype, although it displayed alterations in
cell wall composition.

2.

The irx-mediated resistance to P. cucumerina does not depend on SA, JA or ET signalling

pathways, as the impairment of SA-biosynthetic pathway (sid2 and NahG), JA- (coi1) or ET-signalling
pathways (ein2) in irx1 mutant does not lead to increased susceptibility to P. cucumerina.

3.

Comparative transcriptomic analysis performed in untreated plants had led to the identification of

566 genes, which expression is significantly different in irx1 and irx5 mutants compared with wild-type
(Col-0) plants. Of these, 301 genes are up-regulated and 265 are down-regulated. The 58% of the
overexpressed genes in irx1 and irx5 mutants are also up-regulated by ABA treatment. Consistently, a
high overlap was also observed between differentially regulated genes in irx1 and irx5 mutants and
upon osmotic or salt stress.

4.

A significant number of the up-regulated genes in irx1 and irx5 mutants encoded proteins that

are involved in response to stress. Among the genes related to biotic stress, some encode
antimicrobial peptides (e.g., LTPs and THs) or enzymes involved in the synthesis and activation of
indole secondary metabolites (e.g., ASA1, CYP79B2, CYP79B3 and ATR1). In addition, a significant
number of the down-regulated genes in irx1 and irx5 mutants encoded proteins that were included in
cell wall and response to stress Gene Ontology categories. Several genes previously described to be
involved in biotic stress, such as PDF1.2a, PDF1.2b, PEN3 and WRKY33, were identified.

5.

A significant low overlap between the profiles of irx1 and irx5 mutants and of wild-type plants

after P. cucumerina challenge was observed. Only two clusters of genes, containing 19 and 39
genes, respectively, were identified to have the same expression pattern between the two experiments.
The cluster that included up-regulated genes in irx mutants and upon pathogen challenge contained
the genes encoding enzymes involved in the biosynthesis of indole metabolites that were demonstrated
to be essential in irx-mediated resistance.

6.

In wild-type plants upon P. cucumerina challenge, an increase in the expression levels of the

genes that encode enzymes involved in the synthesis of tryptophan-derived metabolites, i.e. CYP79B2,

CYP79B3, CYP81F2 and PAD3, was detected. Consistently, increased levels of 4-methoxy-indol-3ylmethyl glucosinolate and of camalexin and reduced levels of indol-3-ylmethyl glucosinolate were
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found upon pathogen challenge. PEN2-derived products indol-3-ylmethylamine and raphanusamic
acid levels also increased upon P. cucumerina infection.

7.

Disruption of the biosynthesis of indole-derived metabolites, but not of camalexin, leads to an

increased susceptibility to P. cucumerina. In addition, the PEN2-derived products, indol-3ylmethylamine and 4-methoxy-indol-3-ylmethylamine and the camalexin are the most active indolderived metabolites tested in vitro against P. cucumerina. These data suggest the role of indole
glucosinolate derived products as antimicrobial compounds in plant innate immunity.

8.

PEN2-derived products and indole glucosinolates content in irx1 mutant is higher than in wild-

type plants. In addition, disruption of tryptophan-derived metabolites synthesis or delivery in irx1
mutant leads to a partial suppression of irx1 resistance, suggesting that irx-mediated resistance is
partially dependent on the high content of these antimicrobials.

9.

Two nonadapted P. cucumerina isolates (Pc1187 and Pc2127) that are not able to grow on wild-

type (Col-0) leaf surface were identified. Resistance against these isolates is not mediated by SA, JA or
ET signalling pathways, since disruption of any of these pathways does not lead to an increased
resistance phenotype. Yet, the synthesis and delivery of the tryptophan-derived metabolites are
essential for the complete resistance phenotype. However, additional components present in irx
mutants are essential for full resistance against nonadapted necrotrophic pathogen, but not against
nonhost powdery mildew.

10. Comparative transcriptomic analysis revealed that 1474 genes were differentially regulated in
wild-type plants upon P. cucumerina challenge. A significant overlap (425 genes) in the transcription
pattern of both aba1 mutant and wild-type plants after P. cucumerina was detected.

11. Impairment of the ABA-biosynthetic or the signalling pathways leads to an increased resistance to

P. cucumerina, due to a constitutive expression of defence-related genes. A high overlap in the
transcriptomic profile of aba1 untreated plants and of wild-type plants challenged with P. cucumerina
was observed. Specifically, of the 213 genes differentially regulated in aba1 mutant plants, 128
(about the 60%) were also differentially regulated in wild-type plants upon P. cucumerina challenge.

12. JA cascade is essential for full resistance to P. cucumerina of aba1 mutant plants, since
disruption of the signalling or the biosynthetic pathway in aba1 mutant reverts partially the resistance
phenotype.
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Supplemental table 1

Supplemental table 1. Genes constitutively upirx5--5 and irx1-6 mutants
up-regulated in the irx5
mutants
Probe Set ID

irx5/irx1 vs
WT

AGI

Gene Title

261059_at

2.045

AT1G01250 member of the DREB subfamily A-4 of ERF/AP2 transcription factor
family..

259426_at

1.255

AT1G01470 late embryogenesis abundant protein, putative / LEA protein,
putative

261564_at

1.890

AT1G01720 no apical meristem (NAM) family protein

264146_at

3.266

AT1G02205 CER1 protein, identical to maize gl1 homolog (glossy1 locus)

262118_at

1.175

AT1G02850 glycosyl hydrolase family 1 protein

264318_at

1.729

AT1G04220 beta-ketoacyl-CoA synthase, putative

264580_at

2.745

AT1G05340 expressed protein

262635_at

1.456

AT1G06570 4-hydroxyphenylpyruvate dioxygenase (HPD)

261077_at

3.162

AT1G07430 protein phosphatase 2C, putative / PP2C, putative

261410_at

1.080

AT1G07610 metallothionein-like protein 1C (MT-1C)

261415_at

1.092

AT1G07750 cupin family protein

264779_at

1.271

AT1G08570 thioredoxin family protein

264510_at

1.712

AT1G09530 phytochrome interacting factor 3 (PIF3)

260969_at

1.187

AT1G12240 beta-fructosidase (BFRUCT4)

259511_at

1.334

AT1G12520 superoxide dismutase copper chaperone, putative

261203_at

1.343

AT1G12845 expressed protein

262590_at

1.984

AT1G15100 zinc finger (C3HC4-type RING finger) family protein

256114_at

2.166

AT1G16850 expressed protein

261033_at

2.019

AT1G17380 expressed protein

261431_at

3.231

AT1G18710 myb family transcription factor (MYB47)

261248_at

1.562

AT1G20030 pathogenesis-related thaumatin family protein, similar to receptor
serine/threonine kinase PR5K (Arabidopsis thaliana)

261247_at

2.281

AT1G20070 expressed protein

261224_at

2.010

AT1G20160 subtilase family protein

262801_at

1.106

AT1G21010 expressed protein

260900_s_at

1.541

AT1G21400; [AT1G21400, 2-oxoisovalerate dehydrogenase, putative / 3AT5G34780 methyl-2-oxobutanoate dehydrogenase, putative];[AT5G34780,
dehydrogenase E1 component family protein]

260875_at

1.975

AT1G21410 F-box family protein, similar to SKP1 interacting partner 2 (SKIP2)

262503_at

1.296

AT1G21670 expressed protein, similar to TolB protein precursor

262496_at

1.564

AT1G21790 expressed protein

263031_at

3.060

AT1G24070 glycosyl transferase family 2 protein

261266_at

2.440

AT1G26770 expansin, putative (EXP10)

264415_at

3.816

AT1G43160 encodes a member of the ERF (ethylene response factor) subfamily
B-4 of ERF/AP2 transcription factor family (RAP2.6)

245244_at

2.580

AT1G44350 IAA-amino acid hydrolase 6, putative (ILL6)

260727_at

2.362

AT1G48110; [AT1G48110, expressed protein];[AT1G48100, glycoside
AT1G48100 hydrolase family 28 protein / polygalacturonase (pectinase) family
protein]
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262448_at

2.809

AT1G49450 transducin family protein / WD-40 repeat family protein

245748_at

1.479

AT1G51140 basic helix-loop-helix (bHLH) family protein

265053_at

1.951

AT1G52000 jacalin lectin family protein, similar to myrosinase binding protein
(Brassica napus)

265058_s_at

1.545

AT1G52030; [AT1G52030, myrosinase-binding protein];[AT1G52040, jacalin
AT1G52040 lectin family protein, nearly identical to myrosinase-binding protein
homolog]

259609_at

1.904

AT1G52410 caldesmon-related, weak similarity to Caldesmon (CDM)

262128_at

7.482

AT1G52690 late embryogenesis abundant protein, putative (LEA protein)

262159_at

1.826

AT1G52720 expressed protein

260203_at

2.553

AT1G52890 no apical meristem (NAM) family protein

260983_at

1.472

AT1G53560 expressed protein

260986_at

1.068

AT1G53580 hydroxyacylglutathione hydrolase, putative

262226_at

1.920

AT1G53885 senescence-associated protein-related, similar to senescenceassociated protein SAG102

263161_at

3.573

AT1G54020 myrosinase-associated protein, putative, strong similarity to
myrosinase-associated proteins

263157_at

1.885

AT1G54100 aldehyde dehydrogenase, putative / antiquitin, putative

256321_at

1.032

AT1G55020 lipoxygenase (LOX1)

262098_at

1.307

AT1G56170 transcription factor, putative, similar to Transcription factor

245627_at

2.232

AT1G56600 galactinol synthase, putative

245628_at

1.762

AT1G56650 myb family transcription factor (MYB75)

246403_at

1.239

AT1G57590 similar to pectinacetylesterase, putative

256229_at

1.037

AT1G58200 mechanosensitive ion channel domain-containing protein

256021_at

2.533

AT1G58270 meprin and TRAF homology domain-containing protein / MATH

264217_at

3.305

AT1G60190 armadillo/beta-catenin repeat family protein / U-box domaincontaining protein

264886_at

2.254

AT1G61120 terpene synthase/cyclase family protein, similar to S-linalool
synthase

264758_at

1.772

AT1G61340 F-box family protein, contains Pfam PF00646: F-box domain;
similar to late embryogenesis abundant protein GI:1350540 from
(Picea glauca)

265030_at

1.931

AT1G61610 S-locus lectin protein kinase family protein, similar to KI domain
interacting kinase 1 (Zea mays)

264289_at

1.281

AT1G61890 MATE efflux family protein

265111_at

4.008

AT1G62510 protease inhibitor/seed storage/lipid transfer protein (LTP) family
protein

265122_at

2.264

AT1G62540 flavin-containing monooxygenase family protein / FMO family
protein, similar to flavin-containing monooxygenase

265119_at

2.721

AT1G62570 flavin-containing monooxygenase family protein / FMO family
protein, low similarity to flavin-containing monooxygenase FMO3

265118_at

1.790

AT1G62660 beta-fructosidase (BFRUCT3) / beta-fructofuranosidase / invertase,
vacuolar, identical to beta-fructosidase

262354_at

1.599

AT1G64200 vacuolar ATP synthase subunit E, putative / V-ATPase E subunit,
putative
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261957_at

2.236

AT1G64660 Cys/Met metabolism pyridoxal-phosphate-dependent enzyme family
protein

261922_at

2.141

AT1G65890 acyl-activating enzyme 12 (AAE12), similar to AMP-binding protein

256324_at

2.468

AT1G66760 similar to MATE efflux family protein

260005_at

1.814

AT1G67930; [AT1G67930, Golgi transport complex proteinAT1G67920 related][AT1G67920, expressed protein ]

262281_at

1.812

AT1G68570 proton-dependent oligopeptide transport (POT) family protein

260357_at

3.555

AT1G69260 expressed protein

260352_at

1.162

AT1G69295 beta-1,3-glucanase-related, low similarity to elicitor inducible

260361_at

1.518

AT1G69360 expressed protein

256299_at

1.407

AT1G69530 expansin, putative (EXP1)

260420_at

1.594

AT1G69610 expressed protein

260410_at

1.206

AT1G69870 proton-dependent oligopeptide transport (POT) family protein

260205_at

1.786

AT1G70700 expressed protein

259802_at

2.457

AT1G72260 thionin (THI2.1), identical to thionin (Arabidopsis thaliana)

259922_at

1.998

AT1G72770 protein phosphatase 2C P2C-HA / PP2C P2C-HA (P2C-HA),
identical to protein phosphatase 2C (AtP2C-HA)

245724_at

1.975

AT1G73390 expressed protein

245734_at

1.591

AT1G73480 hydrolase, alpha/beta fold family protein, low similarity to
monoglyceride lipase from (Homo sapiens)

260393_at

1.030

AT1G73920 lipase family protein, similar to lipase

262171_at

1.793

AT1G74950 expressed protein

259970_at

1.296

AT1G76570 chlorophyll A-B binding family protein, similar to chlorophyll A-B
binding protein

259878_at

3.150

AT1G76790 O-methyltransferase family 2 protein, similar to caffeic acid Omethyltransferase (Catharanthus roseus)(GI:18025321), catechol
O-methyltransferase GB:CAA55358 (Vanilla planifolia)

259705_at

2.567

AT1G77450 no apical meristem (NAM) family protein

262164_at

1.288

AT1G78070 WD-40 repeat family protein

263127_at

1.196

AT1G78610 mechanosensitive ion channel domain-containing protein / MS ion
channel domain-containing protein, contains Pfam profile PF00924:
Mechanosensitive ion channel

264250_at

1.047

AT1G78680 gamma-glutamyl hydrolase (GGH1) / gamma-Glu-X
carboxypeptidase / conjugase

264102_at

1.189

AT1G79270 expressed protein

262940_at

1.624

AT1G79520 cation efflux family protein, contains cation efflux family protein
domain

262055_at

1.362

AT1G79970 expressed protein

262061_at

2.261

AT1G80110 expressed protein, contains similarity to SKP1 interacting partner 3

267477_at

1.176

AT2G02710 PAC motif-containing protein, similar to nonphototropic hypocotyl 1
(Zea mays) GI:2687358; contains Pfam profile PF00785: PAC motif

264042_at

1.386

AT2G03760 steroid sulfotransferase

263482_at

1.206

AT2G03980 GDSL-motif lipase/hydrolase family protein

263406_at

1.671

AT2G04160 subtilisin-like protease (AIR3)
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263325_at

1.999

AT2G04240 zinc finger (C3HC4-type RING finger) family protein

265892_at

1.651

AT2G15020 expressed protein, and genefinder

265359_at

2.886

AT2G16720 myb family transcription factor

263073_at

2.288

AT2G17500 auxin efflux carrier family protein, contains auxin efflux carrier
domain

264787_at

1.060

AT2G17840 senescence/dehydration-associated protein-related (ERD7)

265817_at

2.572

AT2G18050 histone H1-3 (HIS1-3)

266695_at

1.710

AT2G19810 zinc finger (CCCH-type) family protein

265305_at

1.541

AT2G20340 tyrosine decarboxylase, putative

264014_at

1.371

AT2G21210 auxin-responsive protein, putative, similar to small auxin-up
regulated protein SAUR

263544_at

2.086

AT2G21590 glucose-1-phosphate adenylyltransferase large subunit, putative /
ADP-glucose pyrophosphorylase, putative

263881_at

2.727

AT2G21820 expressed protein

264052_at

1.804

AT2G22330 cytochrome P450, putative, similar to cytochrome P450 79B2

263796_at

1.502

AT2G24540 kelch repeat-containing F-box family protein, similar to SKP1
interacting partner 4 (Arabidopsis thaliana)

265913_at

1.653

AT2G25625 expressed protein

265276_at

1.639

AT2G28400 expressed protein

264056_at

1.165

AT2G28510 Dof-type zinc finger domain-containing protein, similar to elicitorresponsive Dof protein ERDP

266271_at

1.317

AT2G29440 glutathione S-transferase, putative

266299_at

1.518

AT2G29450 glutathione S-transferase (103-1A)

265680_at

1.774

AT2G32150 haloacid dehalogenase-like hydrolase family protein, contains

255795_at

2.050

AT2G33380 calcium-binding RD20 protein (RD20), induced by abscisic acid
during dehydration

255787_at

1.265

AT2G33590 cinnamoyl-CoA reductase family

256725_at

1.870

AT2G34070 expressed protein

267425_at

2.591

AT2G34810 FAD-binding domain-containing protein

267423_at

1.077

AT2G35060 potassium transporter family protein, similar to HAK2 (Hordeum
vulgare)

267181_at

1.509

AT2G37760 aldo/keto reductase family protein

267168_at

2.510

AT2G37770 aldo/keto reductase family protein, similar to chalcone reductase

266098_at

3.894

AT2G37870 protease inhibitor/seed storage/lipid transfer protein (LTP) family
protein

267035_at

1.749

AT2G38400 alanine--glyoxylate aminotransferase, putative / beta-alaninepyruvate aminotransferase, putative

266418_at

1.175

AT2G38750 annexin 4 (ANN4)

251775_s_at

2.559

AT2G39800; [AT2G39800, delta 1-pyrroline-5-carboxylate synthetase A /
AT3G55610 (P5CS1)];[AT3G55610, delta 1-pyrroline-5-carboxylate synthetase
B / P5CS B (P5CS2)]

267337_at

1.086

AT2G39980 transferase family protein, contains Pfam profile PF02458
transferase family

255825_at

1.198

AT2G40475 expressed protein
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267080_at

2.773

AT2G41190 amino acid transporter family protein, low similarity to vesicular
GABA transporter

263495_at

1.192

AT2G42530 cold-responsive protein / cold-regulated protein (cor15b)

263497_at

1.106

AT2G42540 cold-responsive protein / cold-regulated protein (cor15a),

263972_at

1.587

AT2G42760 expressed protein

263986_at

1.204

AT2G42790 citrate synthase, glyoxysomal, putative

260546_at

1.067

AT2G43520 Encodes a defensin-like (DEFL) family protein.

260547_at

1.291

AT2G43550 Encodes a defensin-like (DEFL) family protein.

266555_at

1.848

AT2G46270 G-box binding factor 3 (GBF3), identical to G-box binding factor 3
(GBF3)

265452_at

1.384

AT2G46510 basic helix-loop-helix (bHLH) family protein

266327_at

2.917

AT2G46680 homeobox-leucine zipper protein 7 (HB-7) / HD-ZIP transcription
factor 7

266322_at

1.814

AT2G46690 auxin-responsive family protein, similar to indole-3-acetic acid
induced protein ARG7

263320_at

2.345

AT2G47180 galactinol synthase, putative, similar to galactinol synthase, isoform
GolS-1

266462_at

4.152

AT2G47770 benzodiazepine receptor-related, contains weak similarity to
Peripheral-type benzodiazepine receptor (PBR) (PKBS)

266503_at

3.083

AT2G47780 rubber elongation factor (REF) protein-related, similar to Small
rubber particle protein (SRPP) (22 kDa rubber particle protein) (22
kDa RPP) (Latex allergen Hev b 3)

258498_at

5.722

AT3G02480 ABA-responsive protein-related, similar to ABA-inducible protein

258901_at

3.275

AT3G05640 protein phosphatase 2C, putative / PP2C

258507_at

1.580

AT3G06500 beta-fructofuranosidase, putative / invertase, putative / saccharase,
putative / beta-fructosidase, putative, similar to neutral invertase
(Daucus carota) GI:4200165; contains Pfam profile PF04853: Plant
neutral invertase

258983_at

1.412

AT3G08860 alanine--glyoxylate aminotransferase, putative / beta-alaninepyruvate aminotransferase, putative / AGT

259232_at

1.209

AT3G11420 fringe-related protein

259286_at

4.743

AT3G11480 The gene encodes for an enzyme that methylates benzoic acid and
salicylic acid to the corresponding methyl esters. It is highly
expressed in flowers, induced by biotic and abiotic stress and
thought to be involved in direct defense mechanism.

256789_at

1.412

AT3G13672 seven in absentia (SINA) family protein

258209_at

1.510

AT3G14060 expressed protein

256997_at

1.055

AT3G14067 subtilase family protein

257280_at

2.574

AT3G14440 9-cis-epoxycarotenoid dioxygenase, putative / neoxanthin cleavage
enzyme, putative

258263_at

1.119

AT3G15780 expressed protein

258264_at

1.495

AT3G15790 methyl-CpG-binding domain-containing protein

259384_at

2.059

AT3G16450 jacalin lectin family protein

259383_at

1.440

AT3G16470 jacalin lectin family protein

257876_at

1.275

AT3G17130 invertase/pectin methylesterase inhibitor family protein
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258347_at

3.624

AT3G17520 late embryogenesis abundant domain-containing protein / LEA
domain-containing protein

258158_at

1.406

AT3G17800; [AT3G17800, expressed protein ];[AT3G17790, acid phosphatase
AT3G17790 type 5 (ACP5)]

257024_at

1.645

AT3G19100 calcium-dependent protein kinase, putative / CDPK, putative, similar
to calcium/calmodulin-dependent protein kinase CaMK3 (Nicotiana
tabacum)

257017_at

1.698

AT3G19620 glycosyl hydrolase family 3 protein, similar to beta-xylosidase A

257672_at

1.506

AT3G20300 expressed protein

258181_at

1.499

AT3G21670 nitrate transporter (NTP3), nearly identical to nitrate transporter
(Arabidopsis thaliana)

257954_at

1.067

AT3G21760 UDP-glucoronosyl/UDP-glucosyl transferase family protein

256937_at

1.708

AT3G22620 protease inhibitor/seed storage/lipid transfer protein (LTP) family
protein, similar to pEARLI 1

256861_at

2.134

AT3G23920 beta-amylase, putative / 1,4-alpha-D-glucan maltohydrolase,
putative

257628_at

1.279

AT3G26290 cytochrome P450 71B26, putative (CYP71B26)

257271_at

3.187

AT3G28007 nodulin MtN3 family protein

256577_at

2.798

AT3G28220 meprin and TRAF homology domain-containing protein / MATH
domain-containing protein

256603_at

4.177

AT3G28270 expressed protein, similar to At14a protein

256601_s_at

3.232

AT3G28290; [AT3G28290, Possesses a transmembrane domain and a small
AT3G28300 region that has sequence similarities to integrins from fungi, insects
and humans];[AT3G28300, integrin-related protein 14a]

255723_at

2.290

AT3G29575 expressed protein

252740_at

1.872

AT3G43270 pectinesterase family protein

252619_at

1.191

AT3G45210 expressed protein

252525_at

1.135

AT3G46450 SEC14 cytosolic factor family protein / phosphoglyceride transfer
family protein

252487_at

3.138

AT3G46660 UDP-glucoronosyl/UDP-glucosyl transferase family protein

252482_at

1.265

AT3G46670 UDP-glucoronosyl/UDP-glucosyl transferase family protein

252415_at

1.757

AT3G47340 asparagine synthetase 1 (glutamine-hydrolyzing) / glutaminedependent asparagine synthetase 1 (ASN1)

252414_at

1.360

AT3G47420 glycerol-3-phosphate transporter, putative / glycerol 3-phosphate
permease, putative

252368_at

2.028

AT3G48520 cytochrome P450 family protein, similar to Cytochrome P450 94A1

252226_at

1.066

AT3G49880 glycosyl hydrolase family protein 43,)

252102_at

2.162

AT3G50970 dehydrin xero2 (XERO2) / low-temperature-induced protein LTI30
(LTI30)

252114_at

1.736

AT3G51450 strictosidine synthase family protein, similar to hemomucin

246302_at

2.076

AT3G51860 cation exchanger, putative (CAX3), similar to high affinity calcium
antiporter CAX1

246310_at

1.084

AT3G51895 sulfate transporter (ST1), identical to sulfate transporter (Arabidopsis
thaliana)

251928_at

4.266

AT3G53980 protease inhibitor/seed storage/lipid transfer protein (LTP) family
protein
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251858_at

1.072

AT3G54820 aquaporin, putative, similar to plasma membrane aquaporin

251780_s_at

1.657

AT3G55310; [AT3G55310, similar to short-chain dehydrogenase/reductase
AT3G55290 (SDR) family protein [Arabidopsis thaliana]];[AT3G55290, shortchain dehydrogenase/reductase (SDR) family protein, contains
similarity to 3-oxoacyl-(acyl-carrier protein) reductase]

251757_at

1.753

AT3G55640 mitochondrial substrate carrier family protein

251768_at

1.411

AT3G55940 phosphoinositide-specific phospholipase C, putative, similar to
phosphoinositide specific phospholipase C

251770_at

2.826

AT3G55970 oxidoreductase, 2OG-Fe(II) oxygenase family protein, similar to
leucoanthocyanidin dioxygenase

251668_at

2.912

AT3G57010 strictosidine synthase family protein, similar to strictosidine synthase

251658_at

1.254

AT3G57020 strictosidine synthase family protein

251665_at

1.051

AT3G57040 two-component responsive regulator / response reactor 4 (RR4),
identical to responce reactor4

251644_at

1.379

AT3G57540 remorin family protein, contains Pfam domain

251505_at

1.054

AT3G59050 amine oxidase family protein, similar to polyamine oxidase (EC
1.5.3.11) precursor

251342_at

1.716

AT3G60690 auxin-responsive family protein, similar to auxin-induced protein
SAUR-AC1

251272_at

2.728

AT3G61890 homeobox-leucine zipper protein 12 (HB-12) / HD-ZIP transcription
factor 12

255543_at

1.616

AT4G01870 tolB protein-related, contains weak similarity to TolB protein
precursor

255521_at

2.343

AT4G02280 sucrose synthase, putative / sucrose-UDP glucosyltransferase,
putative, strong similarity to sucrose synthase

255527_at

3.373

AT4G02360 expressed protein, contains Pfam profile PF04398: Protein of
unknown function, DUF538

255132_at

1.763

AT4G08170 inositol 1,3,4-trisphosphate 5/6-kinase family protein, similar to
inositol phosphate kinase

255032_at

1.142

AT4G09500 glycosyltransferase family protein

254996_at

1.873

AT4G10390 protein kinase family protein, contains protein kinase domain

254874_at

1.221

AT4G11570 haloacid dehalogenase-like hydrolase family protein, similar to
genetic modifier (Zea mays)

254773_at

2.641

AT4G13410 glycosyl transferase family 2 protein, similar to beta-(1-3)-glucosyl
transferase

245253_at

1.818

AT4G15440 hydroperoxide lyase (HPL1), identical to hydroperoxide lyase
GI:3822403 from (Arabidopsis thaliana)

245523_at

1.214

AT4G15910 drought-responsive protein / drought-induced protein (Di21),

245465_at

2.193

AT4G16590 glucosyltransferase-related, low similarity to beta-(1-3)-glucosyl
transferase (Bradyrhizobium japonicum)

245249_at

1.174

AT4G16760 acyl-CoA oxidase (ACX1), identical to acyl-CoA oxidase
(Arabidopsis thaliana)

245422_at

2.103

AT4G17470 palmitoyl protein thioesterase family protein

254667_at

1.097

AT4G18280 glycine-rich cell wall protein-related, glycine-rich protein 1.0
precursor, Phaseolus vulgaris

254580_at

1.359

AT4G19390 expressed protein
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254389_s_at

1.975

AT4G21910; [AT4G21910, MATE efflux family protein, similar to ripening
AT4G21900 regulated protein];[AT4G21900, MATE efflux family protein, similar
to ripening regulated protein DDTFR18 (Lycopersicon esculentum) ]

254305_at

1.107

AT4G22200 potassium channel protein 2 (AKT2) (AKT3), identical to potassium
channel (Arabidopsis thaliana)

254333_at

1.458

AT4G22753 sterol desaturase family protein, similar to sterol 4-alpha-methyloxidase

254276_at

1.545

AT4G22820 zinc finger (AN1-like) family protein

254269_at

1.402

AT4G23050 protein kinase, putative, similar to MAP3K delta-1 protein kinase
(Arabidopsis thaliana)

254232_at

1.535

AT4G23600 coronatine-responsive tyrosine aminotransferase / tyrosine
transaminase, similar to nicotianamine aminotransferase from
Hordeum vulgare

253994_at

1.690

AT4G26080 protein phosphatase 2C ABI1 / PP2C ABI1 / abscisic acidinsensitive 1 (ABI1)

253872_at

2.255

AT4G27410 no apical meristem (NAM) family protein (RD26)

253842_at

1.726

AT4G27860 integral membrane family protein

253751_at

1.192

AT4G29070 expressed protein

253708_at

1.321

AT4G29210 gamma-glutamyltranspeptidase family protein

253629_at

1.679

AT4G30450 glycine-rich protein

253619_at

2.775

AT4G30460 glycine-rich protein

253638_at

1.208

AT4G30470 cinnamoyl-CoA reductase-related, similar to cinnamoyl-CoA
reductase

253630_at

1.375

AT4G30490 AFG1-like ATPase family protein

253382_at

1.042

AT4G33040 glutaredoxin family protein

253373_at

2.877

AT4G33150 lysine-ketoglutarate reductase/saccharopine dehydrogenase
bifunctional enzyme

253344_at

2.965

AT4G33550 similar to protease inhibitor/seed storage/lipid transfer protein (LTP)
family protein [Arabidopsis thaliana] (TAIR:At4g30880.1); similar to
seed specific protein Bn15D18B [Brassica napus]

253263_at

2.237

AT4G34000 ABA-responsive element-binding protein / abscisic acid responsive
elements-binding factor (ABRE) / ABA-responsive elements-binding
factor (ABF3)

253277_at

1.214

AT4G34230 cinnamyl-alcohol dehydrogenase, putative, similar to cinnamyl
alcohol dehydrogenase

253254_at

1.246

AT4G34650 farnesyl-diphosphate farnesyltransferase 2 / squalene synthase 2
(SQS2), nearly identical to GI:2228795; synonomous with farnesyldiphosphate farnesyltransferase, FPP:FPP farnesyltransferase, and
squalene synthetase

253203_at

2.244

AT4G34710 arginine decarboxylase 2 (SPE2)

253220_s_at

1.228

AT4G34930; [AT4G34930, 1-phosphatidylinositol phosphodiesterase-related,
AT4G34920 contains weak similarity to 1-phosphatidylinositol phosphodiesterase
precursor];[AT4G34920, 1-phosphatidylinositol phosphodiesteraserelated, contains weak similarity to 1-phosphatidylinositol
phosphodiesterase precursor]

253172_at

2.216

AT4G35060 heavy-metal-associated domain-containing protein / copper
chaperone (Facchini and St-Pierre)-related, low similarity to copper
homeostasis factor
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246272_at

2.200

AT4G37150 esterase, putative, similar to ethylene-induced esterase (Citrus
sinensis)

253073_at

2.750

AT4G37410 cytochrome P450, putative, similar to cytochrome p450

253101_at

1.203

AT4G37430 cytochrome P450 81F1 (CYP81F1) (CYP91A2)

253038_at

1.238

AT4G37790 homeobox-leucine zipper protein 22 (HAT22) / HD-ZIP protein 22,
identical to homeobox-leucine zipper protein HAT22

252984_at

2.472

AT4G37990 mannitol dehydrogenase, putative (ELI3-2)

253022_at

1.035

AT4G38060 expressed protein

252827_at

1.203

AT4G39950 cytochrome P450 79B3 (CYP79B3)

252831_at

1.208

AT4G39980 2-dehydro-3-deoxyphosphoheptonate aldolase 1 / 3-deoxy-Darabino-heptulosonate 7-phosphate synthase 1 / DAHP synthetase 1
(DHS1)

251084_at

2.255

AT5G01520 zinc finger (C3HC4-type RING finger) family protein, similar to
MTD2 (Medicago truncatula)

251010_at

1.084

AT5G02550 expressed protein

250956_at

2.404

AT5G03210 expressed protein

250881_at

1.032

AT5G04080 expressed protein

250781_at

2.078

AT5G05410 encodes a member of the DREB subfamily A-2 of ERF/AP2
transcription factor family (DREB2A).

250793_at

2.513

AT5G05600 oxidoreductase, 2OG-Fe(II) oxygenase family protein, similar to
flavonol synthase

250738_at

1.662

AT5G05730 anthranilate synthase, alpha subunit, component I-1 (ASA1)

250648_at

4.386

AT5G06760 late embryogenesis abundant group 1 domain-containing protein /
LEA group 1 domain-containing protein

250500_at

1.932

AT5G09530 hydroxyproline-rich glycoprotein family protein, contains proline-rich
extensin domains

250483_at

2.007

AT5G10300 hydrolase, alpha/beta fold family protein, similar to ethyleneinduced esterase

250408_at

1.891

AT5G10930 CBL-interacting protein kinase 5 (CIPK5), identical to CBLinteracting protein kinase 5

250350_at

1.056

AT5G12010 expressed protein

250320_at

1.075

AT5G12840 CCAAT-binding transcription factor (CBF-B/NF-YA) family protein

245982_at

3.668

AT5G13170 nodulin MtN3 family protein

250292_at

2.621

AT5G13220 expressed protein

250293_s_at

1.195

AT5G13370; [AT5G13370, auxin-responsive GH3 family protein ];[AT5G13360,
AT5G13360 auxin-responsive GH3 family protein]

250259_at

1.083

AT5G13800 hydrolase, alpha/beta fold family protein

250158_at

2.912

AT5G15190 expressed protein

250109_at

1.276

AT5G15230 gibberellin-regulated protein 4 (GASA4) / gibberellin-responsive
protein 4

246481_s_at

1.093

AT5G15960; [AT5G15960, stress-responsive protein (KIN1) / stress-induced
AT5G15970 protein (KIN1)];[AT5G15970, stress-responsive protein (KIN2) /
stress-induced protein (KIN2) / cold-responsive protein (COR6.6) /
cold-regulated protein (COR6.6)]

250054_at

1.405

AT5G17860 cation exchanger, putative (CAX7)
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Probe Set ID

irx5/irx1 vs
WT

AGI

Gene Title

246161_at

1.257

AT5G20900 expressed protein

249944_at

1.100

AT5G22290 no apical meristem (NAM) family protein

249910_at

1.240

AT5G22630 prephenate dehydratase family protein

249860_at

1.286

AT5G22860 serine carboxypeptidase S28 family protein

249817_at

1.396

AT5G23820 MD-2-related lipid recognition domain-containing protein

249769_at

1.380

AT5G24120 RNA polymerase sigma subunit SigE (sigE)

249775_at

1.250

AT5G24160 squalene monooxygenase 1,2 (SQP1,2)

249732_at

3.320

AT5G24420 glucosamine/galactosamine-6-phosphate isomerase-related

245928_s_at

2.542

AT5G24770; [AT5G24770, vegetative storage protein 2 (VSP2)];[AT5G24780,
AT5G24780 vegetative storage protein 1 (VSP1)]

246779_at

1.269

AT5G27520 mitochondrial substrate carrier family protein

249626_at

1.220

AT5G37540 aspartyl protease family protein, weak similarity to CND41,
chloroplast nucleoid DNA binding protein (Nicotiana tabacum)

249411_at

1.328

AT5G40390 raffinose synthase family protein, similar to galactinol-raffinose
galactosyltransferase (Vigna angularis)

249208_at

1.123

AT5G42650 allene oxide synthase (AOS) / hydroperoxide dehydrase /
cytochrome P450 74A (CYP74A)

249148_at

1.267

AT5G43260 chaperone protein dnaJ-related, similar to Chaperone protein dnaJ

249122_at

1.200

AT5G43850 acireductone dioxygenase (ARD/ARD') family protein, similar to irondeficiency induced gene (Hordeum vulgare)

248756_at

1.245

AT5G47560 Encodes a tonoplast malate/fumarate transporter.

248764_at

1.390

AT5G47640; [AT5G47640, CCAAT-box binding transcription factor subunit B
AT5G47650 (NF-YB) (HAP3 ) (AHAP3) family (Hap3b), similar to CAAT-box DNA
binding protein subunit B (NF-YB];[AT5G47650, MutT/nudix family
protein, similar to Nucleoside diphosphate-linked moiety X motif 6
(Protein GFG) from {Xenopus laevis}]

248713_at

1.236

AT5G48180 kelch repeat-containing protein, contains Pfam PF01344: Kelch
motif (5 repeats)

248382_at

1.503

AT5G51890 similar to peroxidase 64 (PER64) (P64) (PRXR4)

248352_at

4.428

AT5G52300 low-temperature-responsive 65 kD protein (LTI65) / desiccationresponsive protein 29B (RD29B)

248337_at

1.082

AT5G52310 low-temperature-responsive protein 78 (LTI78) / desiccationresponsive protein 29A (RD29A)

248091_at

1.469

AT5G55120 expressed protein, strong similarity to unknown protein

247957_at

1.853

AT5G57050 protein phosphatase 2C ABI2 / PP2C ABI2 / abscisic acidinsensitive 2 (ABI2)

247918_at

1.014

AT5G57610 protein kinase family protein, similar to protein kinase (Glycine max)

247884_at

1.000

AT5G57800 CER1 protein, putative (WAX2), similar to maize glossy1 homolog

247863_at

1.445

AT5G57900 SKP1/ASK1 interacting partner 1 (SKIP1) / SCF (Skp1-cullin-F-box)
ubiquitin ligase

247723_at

4.254

AT5G59220 protein phosphatase 2C, putative / PP2C

247718_at

3.467

AT5G59310 lipid transfer protein 4 (LTP4)

247717_at

3.729

AT5G59320 lipid transfer protein 3 (LTP3)

247600_at

2.106

AT5G60890 receptor-like protein kinase (ATR1) (MYB34)

247488_at

1.812

AT5G61820 expressed protein, MtN19
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Probe Set ID

irx5/irx1 vs
WT

AGI

Gene Title

247175_at

1.673

AT5G65280 lanthionine synthetase C-like family protein

247193_at

1.054

AT5G65380 ripening-responsive protein, putative, similar to ripening regulated
protein DDTFR18

247109_at

1.460

AT5G65870 phytosulfokines 5 (PSK5)

247095_at

3.543

AT5G66400 dehydrin (RAB18)

247097_at

1.426

AT5G66460 (1-4)-beta-mannan endohydrolase, putative, similar to (1-4)-betamannan endohydrolase

* Normalized, Average log2 n-fold ratios (irx5-5/irx1-6 mutants versus wild type plants); genes were selected
using values of p ≤ 0.01 and raw data in the mutants higher than 70 (see Material and Methods)
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Supplemental table 2. Genes constitutively
irx5--5 and irx1-6 mutants
constitutively downdown-regulated in the irx5
mutants
Probe Set ID

irx5/irx1 vs

AGI

Gene Title

wt
265066_at

-3.587

AT1G03870

fasciclin-like arabinogalactan-protein (FLA9)

265042_at

-1.705

AT1G04040

acid phosphatase class B family protein

263662_at

-1.343

AT1G04430

dehydration-responsive protein-related, similar to early-responsive to
dehydration stress ERD3 protein

264609_at

-1.176

AT1G04530

expressed protein

260831_at

-1.816

AT1G06830

glutaredoxin family protein

264624_at

-3.115

AT1G08930

early-responsive to dehydration stress protein (ERD6) / sugar
transporter family protein, identical to ERD6 protein

264672_at

-1.228

AT1G09750

chloroplast nucleoid DNA-binding protein-related

264521_at

-2.789

AT1G10020

expressed protein

262456_at

-1.579

AT1G11260

glucose transporter (STP1)

262507_at

-1.303

AT1G11330

S-locus lectin protein kinase family protein

261825_at

-1.837

AT1G11545

xyloglucan:xyloglucosyl
transferase,
putative
/
endotransglycosylase, putative / endo-xyloglucan
putative

264348_at

-1.035

AT1G12110

nitrate/chlorate transporter (NRT1.1) (CHL1)

262793_at

-1.460

AT1G13110

cytochrome P450 71B7 (CYP71B7)

259364_at

-3.226

AT1G13260

DNA-binding protein RAV1 (RAV1)

261480_at

-1.381

AT1G14280

phytochrome kinase, putative

262832_s_at

-3.921

AT1G14870; [AT1G14870, expressed protein, similar to PGPS/D12 (Petunia x
AT1G14880 hybrida)];[AT1G14880, expressed protein, similar to PGPS/D12
(Petunia x hybrida)]

262705_at

-1.298

AT1G16260

255895_at

-1.013

AT1G18020; [AT1G18020, 12-oxophytodienoate reductase, putative, similar to
AT1G17990 OPR1 (GI:3882355) and OPR2 (GI:3882356) ];[AT1G17990, 12oxophytodienoate reductase, putative, similar to OPR1
(GI:3882355) and OPR2 (GI:3882356) ]

261405_at

-1.585

AT1G18740

expressed protein

260656_at

-2.716

AT1G19380

expressed protein

261143_at

-1.851

AT1G19770

purine permease-related, low similarity to purine permease
(Arabidopsis thaliana)

261221_at

-2.578

AT1G19960

expressed protein

261230_at

-1.613

AT1G20010

tubulin beta-5 chain (TUB5)

262797_at

-1.302

AT1G20840

transporter-related, low similarity to D-xylose proton-symporter
(Lactobacillus brevis)

261453_at

-1.970

AT1G21130

O-methyltransferase, putative

259561_at

-1.680

AT1G21250

wall-associated kinase 1 (WAK1), identical to wall-associated kinase
1 (Arabidopsis thaliana)

259560_at

-2.411

AT1G21270

wall-associated kinase 2 (WAK2), identical to wall-associated kinase
2 (Arabidopsis thaliana)

260856_at

-5.079

AT1G21910

encodes a member of the DREB subfamily A-5 of ERF/AP2
transcription factor family.

261926_at

-3.240

AT1G22530

SEC14 cytosolic factor family protein / phosphoglyceride transfer
family protein

xyloglucan
transferase,

protein kinase family protein
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Probe Set ID

irx5/irx1 vs

AGI

Gene Title

wt
264195_at

-2.673

AT1G22690

gibberellin-responsive protein, putative, similar to SP:P46688
Gibberellin-regulated protein 2 precursor

264770_at

-2.835

AT1G23030

armadillo/beta-catenin repeat family protein / U-box domaincontaining
protein,
contains
Pfam
domain,
PF00514:
Armadillo/beta-catenin-like repeats and Pfam, PF04564: U-box
domain

264857_at

-1.844

AT1G24170

glycosyl transferase family 8 protein, contains Pfam profile:
PF01501 glycosyl transferase family 8

255733_at

-1.719

AT1G25400

expressed protein, similar to unknown protein

257407_at

-1.491

AT1G27100

expressed protein

259786_at

-2.532

AT1G29660

GDSL-motif lipase/hydrolase family protein, low similarity to family II
lipase EXL1

261594_at

-1.767

AT1G33240

trihelix DNA-binding protein, putative

245768_at

-1.116

AT1G33590

disease resistance protein-related / LRR protein-related, contains
leucine rich-repeat domains

261981_at

-2.064

AT1G33811

GDSL-motif lipase/hydrolase family protein, similar to family II
lipases EXL3

245757_at

-5.413

AT1G35140

phosphate-responsive protein, putative, similar to phi-1 (phosphateinduced gene)

261339_at

-1.575

AT1G35710

leucine-rich repeat transmembrane protein kinase, putative, similar
to many predicted protein kinases

261308_at

-1.748

AT1G48480

leucine-rich repeat transmembrane protein kinase, putative, contains
similarity to many predicted protein kinases

261598_at

-1.888

AT1G49750

leucine-rich repeat family protein

256168_at

-1.333

AT1G51805

leucine-rich repeat protein kinase, putative, similar to light
repressible receptor protein

246371_at

-2.412

AT1G51940

protein kinase family protein / peptidoglycan-binding LysM domaincontaining protein

259671_at

-1.757

AT1G52290

protein kinase family protein

260975_at

-1.826

AT1G53430

leucine-rich repeat family protein / protein kinase family protein

259664_at

-1.619

AT1G55330

arabinogalactan-protein (AGP21)

265075_at

-2.024

AT1G55450

embryo-abundant protein-related

246408_at

-1.887

AT1G57680

expressed protein

245866_s_at

-3.226

AT1G57990; [AT1G57990, purine permease-related, low similarity to purine
AT1G57980 permease (Arabidopsis thaliana)];[AT1G57980, purine permeaserelated]

245809_at

-1.080

AT1G58440

squalene monooxygenase, putative / squalene epoxidase, putative,

262899_at

-1.223

AT1G59870

ABC transporter family protein, similar to PDR5-like ABC transporter

260637_at

-1.105

AT1G62380

1-aminocyclopropane-1-carboxylate oxidase, putative /
oxidase, putative, nearly identical to ACC oxidase (ACC ox1)

261975_at

-1.353

AT1G64640

plastocyanin-like domain-containing protein

264636_at

-1.963

AT1G65490

expressed protein

256525_at

-1.210

AT1G66180

aspartyl protease family protein

255856_at

-1.330

AT1G66940

protein kinase-related

262286_at

-1.219

AT1G68585

expressed protein
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Probe Set ID

irx5/irx1 vs

AGI

Gene Title

wt
260037_at

-3.184

AT1G68840

DNA-binding protein RAV2 (RAV2) / AP2 domain-containing protein
RAP2.8, identical to RAV2

264704_at

-2.029

AT1G70090

glycosyl transferase family 8 protein

260427_at

-3.157

AT1G72430

auxin-responsive protein-related, similar to auxin-induced protein
TGSAUR22

259892_at

-2.496

AT1G72610

germin-like protein (GER1), identical to germin-like protein
subfamily 3 member 1

262374_s_at

-2.547

AT1G72910; [AT1G72910, disease resistance protein (TIR-NBS class), putative,
AT1G72930 domain signature TIR-NBS exists, suggestive of a disease resistance
protein. ];[AT1G72930, Toll-Interleukin-Resistance (TIR) domaincontaining protein, domain signature TIR exists, suggestive of a
disease resistance protein. ]

262383_at

-1.495

AT1G72940

disease resistance protein (TIR-NBS class), putative, domain
signature TIR-NBS exists, suggestive of a disease resistance protein.

259842_at

-1.294

AT1G73600

phosphoethanolamine N-methyltransferase 3, putative (NMT3),

260070_at

-1.219

AT1G73830

basic helix-loop-helix (bHLH) family protein

260227_at

-1.353

AT1G74450

expressed protein

262165_at

-1.179

AT1G75020

phospholipid/glycerol acyltransferase family protein

262978_at

-1.436

AT1G75780

tubulin beta-1 chain (TUB1)

259980_at

-1.402

AT1G76520

auxin efflux carrier family protein

259979_at

-2.160

AT1G76600

expressed protein

259875_s_at

-1.375

AT1G76700; [AT1G76700, DNAJ heat shock N-terminal domain-containing
AT1G76690; protein]
AT1G76680
[AT1G76690, 12-oxophytodienoate reductase (OPR2)]
[AT1G76680, 12-oxophytodienoate reductase (OPR1)]

261346_at

-1.075

AT1G79720

aspartyl protease family protein

265737_at

-1.614

AT2G01180

phosphatidic acid phosphatase family protein / PAP2 family protein

266746_s_at

-1.258

AT2G02930; [AT2G02930, glutathione S-transferase, putative ]
AT4G02520
[AT4G02520, glutathione S-transferase, putative ]

265716_at

-1.096

AT2G03350

expressed protein

266215_at

-1.250

AT2G06850

xyloglucan:xyloglucosyl
transferase
/
xyloglucan
endotransglycosylase / endo-xyloglucan transferase (EXT) (EXGT-A1)

265400_at

-1.551

AT2G10940

protease inhibitor/seed storage/lipid transfer protein (LTP) family
protein, similar to proline-rich cell wall protein (Medicago sativa)

264107_s_at

-1.175

AT2G13790; [AT2G13790, leucine-rich repeat family protein / protein kinase
AT2G13800 family protein]
[AT2G13800, leucine-rich repeat family protein / protein kinase
family protein]

265837_at

-4.405

AT2G14560

expressed protein

265918_at

-1.346

AT2G15090

fatty acid elongase, putative, similar to fatty acid elongase 1

263241_at

-1.264

AT2G16500

arginine decarboxylase 1 (SPE1) (ARGDC)

265414_at

-1.762

AT2G16660

nodulin family protein, similar to nodulin-like protein

263584_at

-2.574

AT2G17040

no apical meristem (NAM) family protein, similar to petunia NAM
(X92205) and A. thaliana sequences ATAF1 (X74755) and ATAF2
(X74756); probable DNA-binding protein
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irx5/irx1 vs

AGI

Gene Title

wt
263421_at

-3.916

AT2G17230

phosphate-responsive 1 family protein, similar to phi-1 (phosphateinduced gene) (Nicotiana tabacum)

263549_at

-3.544

AT2G21650

myb family transcription factor

267126_s_at

-1.090

AT2G23600; [AT2G23600, hydrolase, alpha/beta fold family protein, similar to
AT2G23590 ethylene-induced esterase (Citrus sinensis)]
[AT2G23590, hydrolase, alpha/beta fold family protein, similar to
ethylene-induced esterase (Citrus sinensis)]

267293_at

-1.754

AT2G23810

similar to
thaliana]

senescence-associated

family

protein

[Arabidopsis

263800_at

-1.591

AT2G24600

ankyrin repeat family protein, contains ankyrin repeats

257365_x_at

-3.473

AT2G26020

plant defensin-fusion protein, putative (PDF1.2b)

267381_at

-2.175

AT2G26190

calmodulin-binding family protein

245052_at

-3.018

AT2G26440

pectinesterase family protein

245038_at

-2.912

AT2G26560

patatin, putative, similar to patatin-like latex allergen

266805_at

-1.456

AT2G30010

expressed protein

267523_at

-1.336

AT2G30600

BTB/POZ domain-containing protein

267209_at

-2.806

AT2G30930

expressed protein

267199_at

-1.839

AT2G30990

similar to expressed protein [Arabidopsis thaliana]

263478_at

-1.739

AT2G31880; [AT2G31880, leucine-rich repeat transmembrane protein kinase,
AT2G31890 putative]
[AT2G31890, expressed protein]

255818_at

-1.230

AT2G33570

expressed protein

266956_at

-2.642

AT2G34510

expressed protein

265962_at

-1.773

AT2G37460

nodulin MtN21 family protein

267169_at

-1.130

AT2G37540

short-chain dehydrogenase/reductase (SDR) family protein

267165_at

-1.027

AT2G37710

lectin protein kinase, putative, similar to receptor lectin kinase 3
(Arabidopsis thaliana)

267034_at

-3.078

AT2G38310

expressed protein, low similarity to early flowering protein 1
(Asparagus officinalis)

267028_at

-2.262

AT2G38470

WRKY family transcription factor

263804_at

-1.056

AT2G40270

protein kinase family protein

257382_at

-3.823

AT2G40750

WRKY family transcription factor

267076_at

-3.100

AT2G41090

calmodulin-like calcium-binding protein, 22 kDa (CaBP-22),

267083_at

-2.830

AT2G41100

touch-responsive protein / calmodulin-related protein 3, touchinduced (TCH3)

267064_at

-1.220

AT2G41110

calmodulin-2/3/5 (CAM2) (CAL1)

245119_at

-2.706

AT2G41640

expressed protein

263499_at

-1.948

AT2G42580

tetratricopeptide repeat (TPR)-containing protein

266447_at

-1.898

AT2G43290

calmodulin-like protein (MSS3), identical to calmodulin-like MSS3

260560_at

-1.314

AT2G43590

chitinase, putative, similar to basic endochitinase CHB4 precursor

267367_at

-1.177

AT2G44210

expressed protein

266123_at

-1.811

AT2G45180

protease inhibitor/seed storage/lipid transfer protein (LTP) family
protein
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irx5/irx1 vs

AGI

Gene Title

wt
266552_at

-1.994

AT2G46330

arabinogalactan-protein (AGP16)

245176_at

-3.138

AT2G47440

DNAJ heat shock N-terminal domain-containing protein

259272_at

-3.369

AT3G01290

band 7 family protein, similar to hypersensitive-induced response
protein (Zea mays)

259104_at

-2.304

AT3G02170

expressed protein

258537_at

-4.769

AT3G04210

disease resistance protein (TIR-NBS class), putative.

258589_at

-1.741

AT3G04290

GDSL-motif lipase/hydrolase family protein, similar to family II
lipases EXL3

258593_at

-1.133

AT3G04480

endoribonuclease L-PSP family protein

258792_at

-2.275

AT3G04640

glycine-rich protein, predicted proteins, Arabidopsis thaliana

258468_at

-2.972

AT3G06070

expressed protein

258535_at

-1.244

AT3G06750

hydroxyproline-rich glycoprotein family protein

259020_at

-1.967

AT3G07470

expressed protein

258764_at

-1.810

AT3G10720

pectinesterase, putative

259072_at

-1.415

AT3G11700

beta-Ig-H3 domain-containing protein / fasciclin domain-containing
protein

258786_at

-1.121

AT3G11820

syntaxin 121 (SYP121) / syntaxin-related protein (SYR1)

258369_at

-1.394

AT3G14310

pectinesterase family protein

256547_at

-1.458

AT3G14840

leucine-rich repeat family protein / protein kinase family protein

258394_at

-1.058

AT3G15530

expressed protein

257206_at

-2.491

AT3G16530

legume lectin family protein

258419_at

-2.977

AT3G16670

expressed protein

258415_at

-1.488

AT3G17380; [AT3G17380, meprin and TRAF homology domain-containing
AT3G17390 protein / MATH domain-containing protein, similar to ubiquitinspecific protease 12 (Arabidopsis thaliana)]
[AT3G17390, S-adenosylmethionine synthetase, putative, similar to
S-adenosylmethionine synthetase 2 (Methionine adenosyltransferase
2, AdoMet synthetase 2)]

258156_at

-1.009

AT3G18050

expressed protein

257076_at

-3.789

AT3G19680

expressed protein

257939_at

-1.569

AT3G19930

sugar transport protein (STP4)

257083_s_at

-1.995

AT3G20600; [AT3G20600, non-race specific disease resistance protein (NDR1),
AT3G20590 identical to non-race specific disease resistance protein (NDR1)]
[AT3G20590, non-race specific disease resistance protein, putative,
similar to non-race specific disease resistance]

256766_at

-3.639

AT3G22231

expressed protein

256617_at

-2.819

AT3G22240

expressed protein

257203_at

-2.414

AT3G23730

xyloglucan:xyloglucosyl
transferase,
putative
/
endotransglycosylase, putative / endo-xyloglucan
putative

256755_at

-2.283

AT3G25600

calmodulin, putative, similar to calmodulin

257071_at

-1.544

AT3G28180

glycosyl transferase family 2 protein, similar to beta-(1-3)-glucosyl
transferase

252712_at

-1.198

AT3G43800

glutathione S-transferase
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Probe Set ID

irx5/irx1 vs

AGI

Gene Title

wt
252679_at

-2.258

AT3G44260

CCR4-NOT transcription complex protein

252592_at

-1.904

AT3G45640

mitogen-activated protein kinase, putative / MAPK, putative (MPK3),
identical to mitogen-activated protein kinase homolog (AtMPK3)

252549_at

-2.837

AT3G45860

receptor-like protein kinase, putative, similar to receptor-like protein
kinase 4

252483_at

-2.359

AT3G46600

scarecrow transcription factor family protein, scarecrow-like 11 -

252468_at

-1.219

AT3G46970

Encodes a cytosolic alpha-glucan phosphorylase.

252220_at

-1.038

AT3G49940

LOB domain protein 38 / lateral organ boundaries domain protein
38 (LBD38)

252193_at

-3.964

AT3G50060

myb family transcription factor

252170_at

-2.133

AT3G50480

broad-spectrum mildew resistance RPW8 family protein

252131_at

-1.882

AT3G50930

AAA-type ATPase family protein

252053_at

-2.772

AT3G52400

syntaxin, putative (SYP122)

252048_at

-1.095

AT3G52500

aspartyl protease family protein

251861_at

-1.990

AT3G54810

zinc finger (GATA type) family protein, GATA transcription factor 3

251745_at

-2.991

AT3G55980

zinc finger (CCCH-type) family protein

251705_at

-3.224

AT3G56400

WRKY family transcription factor

246293_at

-2.613

AT3G56710

sigA-binding protein, identical to SigA binding protein

251649_at

-1.290

AT3G57330

calcium-transporting ATPase, plasma membrane-type, putative /
Ca2+-ATPase, putative (ACA11)

251516_s_at

-1.003

AT3G59300; [AT3G59300, expressed protein, hypothetical protein]
AT3G59310;
[AT3G59310, expressed protein, identical to anthocyanin-related
AT3G59320
membrane protein 1]
[AT3G59320, integral membrane protein, putative]

251413_at

-1.136

AT3G60320

expressed protein

251192_at

-1.940

AT3G62720

galactosyl transferase GMA12/MNN10 family protein, low similarity
to alpha-1,2-galactosyltransferase

255549_at

-2.468

AT4G01950

Encodes a member of a family of proteins with glycerol-3-phosphate
acyltransferase activity.

255504_at

-1.075

AT4G02200

drought-responsive family protein, similar to drought-induced
mRNA, Di19

255524_at

-3.011

AT4G02330

pectinesterase family protein

255484_at

-1.581

AT4G02540

DC1 domain-containing protein

255411_at

-1.445

AT4G03110

RNA-binding protein, putative,

255433_at

-2.805

AT4G03210

xyloglucan:xyloglucosyl
transferase,
putative
/
endotransglycosylase, putative / endo-xyloglucan
putative

255344_s_at

-2.420

AT4G04570; [AT4G04570, protein kinase family protein];[AT4G04540, protein
AT4G04540 kinase family protein]

255148_at

-1.709

AT4G08470

mitogen-activated protein kinase, putative, similar to mitogenactivated protein

255116_at

-1.363

AT4G08850

leucine-rich repeat family protein / protein kinase family protein

255064_at

-5.308

AT4G08950

phosphate-responsive protein, putative (EXO), similar to phi-1
(phosphate-induced gene)

161

xyloglucan
transferase,

Supplemental table 2

Probe Set ID

irx5/irx1 vs

AGI

Gene Title

wt
254926_at

-2.999

AT4G11280

1-aminocyclopropane-1-carboxylate synthase 6 / ACC synthase 6
(ACS6)

254815_at

-1.370

AT4G12420

multi-copper oxidase, putative (SKU5), identical to multi-copper
oxidase-related protein (SKU5)

254818_at

-1.567

AT4G12470

protease inhibitor/seed storage/lipid transfer protein (LTP) family
protein, similar to pEARLI 1

254785_at

-1.876

AT4G12730

fasciclin-like arabinogalactan-protein (FLA2)

254746_at

-1.121

AT4G12980

auxin-responsive protein, putative, similar to auxin-induced protein
AIR12

254770_at

-3.076

AT4G13340

leucine-rich repeat family protein / extensin family protein, similar to
extensin-like protein

254723_at

-1.102

AT4G13510

ammonium transporter 1, member 1 (AMT1.1)

245329_at

-2.561

AT4G14365

zinc finger (C3HC4-type RING finger) family protein / ankyrin repeat
family protein

245265_at

-3.103

AT4G14400

ankyrin repeat family protein, contains ankyrin repeats

245318_at

-1.650

AT4G16980

arabinogalactan-protein family, similar to arabinogalactan protein
(Arabidopsis thaliana)

245346_at

-1.583

AT4G17090

beta-amylase (CT-BMY) / 1,4-alpha-D-glucan maltohydrolase,
identical to beta-amylase enzyme

245362_at

-2.437

AT4G17460

homeobox-leucine zipper protein 1 (HAT1) / HD-ZIP protein 1,
identical to Homeobox-leucine zipper protein HAT1

245250_at

-3.369

AT4G17490

encodes a member of the ERF (ethylene response factor) subfamily
B-3 of ERF/AP2 transcription factor family (ATERF-6).

254563_at

-1.218

AT4G19120

early-responsive to dehydration stress protein (ERD3)

254343_at

-1.239

AT4G21990

5'-adenylylsulfate reductase (APR3) / PAPS reductase homolog
(PRH26)

254363_at

-1.604

AT4G22010

multi-copper oxidase type I family protein, similar to pollen-specific
BP10 protein

254331_s_at

-1.811

AT4G22690; [AT4G22690, cytochrome P450 family protein, flavonoid 3',5'AT4G22710 hydroxylase Hf1, Petunia x hybrida,]
[AT4G22710, cytochrome P450 family protein]

254256_at

-1.872

AT4G23180

receptor-like protein kinase 4, putative (RLK4)

254231_at

-2.422

AT4G23810; [AT4G23810,
WRKY family transcription factor, AR411 AT4G23800 Arabidopsis thaliana]
[AT4G23800, high mobility group (HMG1/2) family protein]

254221_at

-1.950

AT4G23820

glycoside hydrolase family 28 protein / polygalacturonase
(pectinase) family protein, weak similarity to polygalacturonase PG1
(Glycine max)

254120_at

-3.572

AT4G24570

mitochondrial substrate carrier family protein

254102_at

-1.106

AT4G25050

acyl carrier family protein / ACP family protein, similar to Acyl
carrier protein

254098_at

-2.430

AT4G25100

superoxide dismutase (Fe), chloroplast (SODB) / iron superoxide
dismutase (FSD1)

245229_at

-1.256

AT4G25620

hydroxyproline-rich glycoprotein family protein, contains proline-rich
extensin domains,

253925_at

-1.572

AT4G26690

glycerophosphoryl diester phosphodiesterase family protein
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Probe Set ID

irx5/irx1 vs

AGI

Gene Title

wt
253915_at

-3.800

AT4G27280

calcium-binding EF hand family protein

253780_at

-1.513

AT4G28400

protein phosphatase 2C, putative

253643_at

-2.422

AT4G29780

expressed protein

253666_at

-1.653

AT4G30270

MERI-5 protein (MERI-5) (MERI5B) / endo-xyloglucan transferase /
xyloglucan endo-1,4-beta-D-glucanase (SEN4)

253485_at

-2.364

AT4G31800

WRKY family transcription factor

253414_at

-1.586

AT4G33050

calmodulin-binding family protein

253284_at

-1.456

AT4G34150

C2 domain-containing protein, similar to calcium-dependent protein
kinase (Dunaliella tertiolecta)

253255_at

-1.250

AT4G34760

auxin-responsive family protein, auxin-induced protein X15

246270_at

-1.488

AT4G36500

expressed protein

246200_at

-3.348

AT4G37240

expressed protein

246253_at

-2.207

AT4G37260; [AT4G37260, myb family transcription factor (MYB73)]
AT4G37270
[AT4G37270, cadmium/zinc-transporting ATPase, putative (HMA1)]

253061_at

-2.751

AT4G37610

TAZ zinc finger family protein / BTB/POZ domain-containing protein

252976_s_at

-2.354

AT4G38550

expressed protein

251059_at

-1.602

AT5G01810

CBL-interacting protein kinase 15 (CIPK15)

250990_at

-1.079

AT5G02290

protein kinase, putative, similar to protein kinase APK1A

250939_at

-1.056

AT5G03040

calmodulin-binding family protein, similar to SF16 protein

250942_at

-2.743

AT5G03350

legume lectin family protein

250829_at

-1.224

AT5G04720

disease resistance protein (CC-NBS-LRR class), putative

250676_at

-1.149

AT5G06310; [AT5G06310, similar to expressed protein [Arabidopsis thaliana]]
AT5G06320
[AT5G06320, harpin-induced family protein / HIN1 family protein /
harpin-responsive family protein / NDR1/HIN1-like protein 3]

250582_at

-2.779

AT5G07580

encodes a member of the ERF (ethylene response factor) subfamily
B-3 of ERF/AP2 transcription factor family

246011_at

-1.594

AT5G08330

TCP family transcription factor, putative, similar to PCF1 and PCF2

245906_at

-1.722

AT5G11070

expressed protein

250217_at

-1.219

AT5G14120

nodulin family protein, similar to nodulin-like protein

250110_at

-2.255

AT5G15350

plastocyanin-like domain-containing protein

250102_at

-1.505

AT5G16590

leucine-rich repeat transmembrane protein kinase, putative

249923_at

-1.937

AT5G19120; [AT5G19120, expressed protein, low similarity to extracellular
AT5G19130 dermal glycoprotein EDGP precursor (Daucus carota)]
[AT5G19130, GPI transamidase component family protein / Gaa1like family protein]

249918_at

-2.406

AT5G19240

expressed protein

249919_at

-1.314

AT5G19250

expressed protein

245915_s_at

-1.372

AT5G19780; [AT5G19780,
tubulin
alpha-3/alpha-5
chain
AT5G19770 (TUA5)];[AT5G19770, tubulin alpha-3/alpha-5 chain (TUA3)]

249862_at

-1.749

AT5G22920

zinc finger (C3HC4-type RING finger) family protein

249777_at

-2.021

AT5G24210

lipase class 3 family protein

249750_at

-1.108

AT5G24570

expressed protein
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Probe Set ID

irx5/irx1 vs

AGI

Gene Title

wt
246932_at

-2.590

AT5G25190

encodes a member of the ERF (ethylene response factor) subfamily
B-6 of ERF/AP2 transcription factor family

245925_at

-1.470

AT5G28770

bZIP transcription factor family protein, similar to seed storage
protein opaque-2(bZIP family)

249727_at

-1.196

AT5G35490

expressed protein (MRU1)

249581_at

-1.653

AT5G37600

glutamine synthetase, putative, similar to glutamine synthetase,
cytosolic isozyme

249583_at

-2.400

AT5G37770

touch-responsive protein / calmodulin-related protein 2, touchinduced (TCH2)

249480_s_at

-1.112

AT5G38990; [AT5G38990, protein kinase family protein]
AT5G39000
[AT5G39000, protein kinase family protein]

249144_at

-1.005

AT5G43270

squamosa promoter-binding protein-like 2 (SPL2), identical to
squamosa promoter binding protein-like 2 (Arabidopsis thaliana)

249123_at

-1.077

AT5G43760

beta-ketoacyl-CoA synthase, putative

249073_at

-3.004

AT5G44020

acid phosphatase class B family protein, similar to SP:P15490 STEM
28 kDa glycoprotein precursor (Vegetative storage protein A)
{Glycine max}, acid phosphatase (Glycine max)

249052_at

-4.437

AT5G44420

plant defensin protein, putative (PDF1.2a)

249008_at

-1.110

AT5G44680

methyladenine glycosylase family protein, similar to SP:P05100
DNA-3-methyladenine glycosylase I

248981_at

-1.595

AT5G45110

ankyrin repeat family protein / BTB/POZ domain-containing protein

248964_at

-4.178

AT5G45340

cytochrome P450 family protein

248868_at

-1.608

AT5G46780

VQ motif-containing protein

248821_at

-1.024

AT5G47070

protein kinase, putative, similar to protein kinase (Lophopyrum
elongatum)

248683_at

-1.352

AT5G48490

protease inhibitor/seed storage/lipid transfer protein (LTP) family
protein,

248619_at

-1.866

AT5G49630

amino acid permease 6 (AAP6)

248327_at

-2.601

AT5G52750

heavy-metal-associated domain-containing protein

248302_at

-1.110

AT5G53160

expressed protein, similar to unknown protein

248276_at

-1.178

AT5G53550

transporter, putative, similar to iron-phytosiderophore transporter
protein yellow stripe 1 (Zea mays)

248179_at

-2.095

AT5G54380

protein kinase family protein, contains protein kinase domain

248164_at

-2.397

AT5G54490

calcium-binding EF-hand protein, putative, similar to EF-hand
Ca2+-binding protein CCD1 (Triticum aestivum)

248169_at

-2.386

AT5G54610

ankyrin repeat family protein

248062_at

-1.357

AT5G55450

protease inhibitor/seed storage/lipid transfer protein (LTP) family
protein

247996_at

-1.008

AT5G56170

expressed protein, contains similarity to GPI-anchored protein

247923_at

-1.144

AT5G57490

porin, putative, similar to 36kDA porin II (Solanum tuberosum)

247925_at

-4.657

AT5G57560

xyloglucan:xyloglucosyl
transferase
/
xyloglucan
endotransglycosylase / endo-xyloglucan transferase (TCH4)

247794_at

-1.280

AT5G58670

phosphoinositide-specific phospholipase C (PLC1)

247543_at

-3.698

AT5G61600

encodes a member of the ERF (ethylene response factor) subfamily
B-3 of ERF/AP2 transcription factor family
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irx5/irx1 vs

AGI

Gene Title

wt
247327_at

-1.309

AT5G64120

peroxidase, putative

247189_at

-2.548

AT5G65390

arabinogalactan-protein (AGP7)

247162_at

-3.364

AT5G65730

xyloglucan:xyloglucosyl
transferase,
putative
/
endotransglycosylase, putative / endo-xyloglucan
putative

247137_at

-1.487

AT5G66210

calcium-dependent protein kinase family protein / CDPK family
protein

xyloglucan
transferase,

* Normalized, Average log2 n-fold ratios (irx5-5/irx1-6 mutants versus wild type plants); genes were selected
using values of p ≤ 0.01 and raw data in the mutants higher than 70 (see Material and Methods)
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Supplemental table 3. Genes constitutively upup-regulated in the aba1 mutant
Probe Set ID

aba1 vs wt Pc
wt t=0* vs M*

vs M*

aba1 Pc

AGI

Gene Title

267596_s_at

1.250

0.373

-0.069

AT2G33050;
AT2G33060

leucine-rich repeat family protein

267610_at

1.305

1.349

0.789

AT2G26650

potassium channel protein 1 (AKT1)

267490_at

1.079

1.146

0.695

AT2G19130

S-locus lectin protein kinase family protein

267461_at

1.047

0.141

0.126

AT2G33830

dormancy/auxin associated family protein

267230_at

1.285

0.708

0.363

AT2G44080

expressed protein

267154_at

1.195

1.720

0.681

AT2G30870

glutathione S-transferase, putative

267084_at

1.949

1.897

0.641

AT2G41180

sigA-binding protein-related

267028_at

1.155

3.741

2.445

AT2G38470

WRKY family transcription factor

266746_s_at

1.770

4.009

2.433

AT2G02930;
AT4G02520

glutathione S-transferase, putative

266658_at

1.050

2.408

1.740

AT2G25735

expressed protein

266385_at

3.149

4.101

0.127

AT2G14610

pathogenesis-related protein 1 (PR-1)

266292_at

1.407

3.116

1.296

AT2G29350

tropinone reductase, putative / tropine
dehydrogenase, putative

266142_at

2.113

2.974

0.197

AT2G39030

GCN5-related N-acetyltransferase (GNAT) family
protein

266070_at

1.130

5.047

4.167

AT2G18660

expansin family protein (EXPR3)

266012_s_at

1.057

0.449

0.375

AT2G07699;
AT2G07741

pseudogene, similar to ATPase subunit 6

265917_at

1.269

2.465

0.729

AT2G15080

disease resistance family protein

265471_at

1.705

-0.131

0.313

AT2G37130

peroxidase 21 (PER21) (P21) (PRXR5)

265067_at

1.553

3.245

1.855

AT1G03850

glutaredoxin family protein

265028_at

1.178

0.272

0.115

AT1G24530

transducin family protein / WD-40 repeat family
protein

264958_at

1.384

3.751

1.703

AT1G76960

expressed protein

264960_at

2.693

3.704

1.104

AT1G76930

proline-rich extensin-like family protein

264901_at

1.221

1.923

1.134

AT1G23090

sulfate transporter, putative

264741_at

2.101

-0.511

-0.253

AT1G62290

aspartyl protease family protein

264574_at

1.248

1.924

1.284

AT1G05300

metal transporter, putative (ZIP5)

264507_at

1.086

0.799

0.316

AT1G09415

NPR1/NIM1-interacting protein 3 (NIMIN-3)

264524_at

1.010

2.592

1.622

AT1G10070

branched-chain amino acid transaminase 2 (BCAT2)

263904_at

2.813

1.636

0.103

AT2G36380

ABC transporter family protein

263847_at

1.152

0.790

0.470

AT2G36970

UDP-glucoronosyl/UDP-glucosyl transferase family
protein

262899_at

1.075

1.827

0.864

AT1G59870

ABC transporter family protein

262832_s_at

1.733

4.920

2.137

AT1G14870;
AT1G14880

expressed protein

262314_at

1.234

2.042

0.656

AT1G70810

C2 domain-containing protein

262137_at

1.109

0.675

0.441

AT1G77920

bZIP family transcription factor

262119_s_at

1.461

4.471

2.373

AT1G02920;

glutathione S-transferase, putative
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Probe Set ID

aba1 vs wt Pc
wt t=0* vs M*

aba1 Pc
vs M*

Gene Title

AGI

AT1G02930
261648_at

1.059

4.628

2.418

AT1G27730

zinc finger (C2H2 type) family protein (ZAT10) / salttolerance zinc finger protein (STZ)

261591_at

1.087

0.257

-0.168

AT1G01740

protein kinase family protein

260975_at

1.080

1.289

0.234

AT1G53430

leucine-rich repeat family protein / protein kinase
family protein

260783_at

2.879

3.199

1.129

AT1G06160

ethylene-responsive factor, putative

260799_at

1.504

0.371

-0.033

AT1G78270

UDP-glucose glucosyltransferase, putative

260592_at

1.932

1.278

0.262

AT1G55850

cellulose synthase family protein

260560_at

5.923

5.107

1.060

AT2G43590

chitinase, putative

260568_at

2.051

4.837

2.104

AT2G43570

chitinase, putative

260551_at

1.363

2.435

0.508

AT2G43510

trypsin inhibitor, putative

260496_at

1.433

1.043

0.646

AT2G41700

ABC transporter family protein

260146_at

1.005

0.542

0.100

AT1G52770

phototropic-responsive NPH3 family protein

260101_at

1.871

3.148

0.386

AT1G73260

trypsin and protease inhibitor family protein / Kunitz
family protein

259977_at

1.075

0.683

0.334

AT1G76590

zinc-binding family protein

259980_at

1.020

0.880

0.454

AT1G76520

auxin efflux carrier family protein

259502_at

1.461

2.047

1.371

AT1G15670

kelch repeat-containing F-box family protein

259403_at

1.727

3.823

1.836

AT1G17745

D-3-phosphoglycerate dehydrogenase / 3-PGDH

259272_at

1.232

3.344

2.253

AT3G01290

band 7 family protein

259211_at

1.543

2.795

1.432

AT3G09020

alpha 1,4-glycosyltransferase family protein /
glycosyltransferase sugar-binding DXD motifcontaining protein

259005_at

1.121

0.555

0.003

AT3G01930

nodulin family protein

258791_at

3.160

3.435

1.162

AT3G04720

hevein-like protein (HEL)

258419_at

1.217

-0.722

-0.714

AT3G16670

expressed protein

258277_at

1.160

6.386

4.156

AT3G26830

cytochrome P450 71B15, putative (CYP71B15)

258100_at

4.095

4.600

1.524

AT3G23550

MATE efflux family protein

258063_at

1.673

3.108

1.530

AT3G14620

cytochrome P450, putative

258064_at

1.035

-0.032

0.199

AT3G14680

cytochrome P450, putative

257927_at

4.806

0.521

-0.448

AT3G23240

ethylene-responsive factor 1 (ERF1)

257623_at

1.016

4.486

2.893

AT3G26210

cytochrome P450 71B23, putative (CYP71B23)

257636_at

2.750

1.093

0.279

AT3G26200

cytochrome P450 71B22, putative (CYP71B22)

257206_at

2.511

3.662

1.909

AT3G16530

legume lectin family protein

256874_at

1.551

0.599

-0.295

AT3G26320

cytochrome P450 71B36, putative (CYP71B36)

256825_at

1.102

0.163

-0.017

AT3G22120

protease inhibitor/seed storage/lipid transfer protein
(LTP) family protein

256243_at

3.390

4.128

1.123

AT3G12500

basic endochitinase

256169_at

1.111

3.651

1.771

AT1G51800

leucine-rich repeat protein kinase, putative

256100_at

1.392

2.394

0.919

AT1G13750

calcineurin-like phosphoesterase family protein

256053_at

1.458

0.758

0.574

AT1G07260

UDP-glucoronosyl/UDP-glucosyl transferase family
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Probe Set ID

aba1 vs wt Pc
wt t=0* vs M*

aba1 Pc
vs M*

Gene Title

AGI

protein
256060_at

1.812

0.106

0.193

AT1G07050

CONSTANS-like protein-related

255923_at

1.475

2.290

1.268

AT1G22180

SEC14 cytosolic factor family protein /
phosphoglyceride transfer family protein

255895_at

1.083

0.600

0.092

AT1G17990;
AT1G18020

12-oxophytodienoate reductase, putative

255479_at

1.530

3.449

2.220

AT4G02380

late embryogenesis abundant 3 family protein / LEA3
family protein

255110_at

2.604

6.006

2.723

AT4G08770

peroxidase, putative

255111_at

1.724

1.556

1.033

AT4G08780

peroxidase, putative

254889_at

2.408

3.741

0.403

AT4G11650

osmotin-like protein (OSM34)

254833_s_at

1.957

3.214

0.874

AT4G12280;
AT4G12290

copper amine oxidase family protein

254331_s_at

1.015

1.240

0.683

AT4G22690;
AT4G22710

cytochrome P450 family protein

254150_at

1.213

2.127

0.845

AT4G24350

phosphorylase family protein

254163_s_at

1.673

2.111

0.725

AT4G24340;
AT4G24350

phosphorylase family protein

253911_at

2.981

2.029

0.430

AT4G27300

S-locus protein kinase, putative

253414_at

1.424

3.731

2.041

AT4G33050

calmodulin-binding family protein

253277_at

1.527

2.856

1.066

AT4G34230

cinnamyl-alcohol dehydrogenase, putative

252993_at

2.297

3.269

1.424

AT4G38540

monooxygenase, putative (MO2)

252629_at

1.216

-0.233

-0.063

AT3G44970

cytochrome P450 family protein

252291_s_at

1.201

2.017

0.929

AT3G49110;
AT3G49120

peroxidase 33 (PER33) (P33) (PRXCA) / neutral
peroxidase C (PERC)

252265_at

4.442

5.284

2.108

AT3G49620

2-oxoacid-dependent oxidase, putative (DIN11)

252183_at

1.455

1.538

0.830

AT3G50740

UDP-glucoronosyl/UDP-glucosyl transferase family
protein

251304_at

1.548

0.197

0.217

AT3G61990

O-methyltransferase family 3 protein

251144_at

1.106

0.567

0.245

AT5G01210

transferase family protein

250916_at

1.010

1.690

0.638

AT5G03630

monodehydroascorbate reductase, putative

250777_at

1.187

-0.004

0.188

AT5G05440

expressed protein

250666_at

1.878

1.205

0.348

AT5G07100

WRKY family transcription factor

250476_at

1.162

-0.404

-0.023

AT5G10140

MADS-box protein flowering locus F (FLF)

250028_at

1.096

0.843

0.402

AT5G18130

expressed protein

249983_at

2.062

4.853

2.798

AT5G18470

curculin-like (mannose-binding) lectin family protein

249942_at

1.308

1.970

0.741

AT5G22300

nitrilase 4 (NIT4)

249850_at

1.132

0.894

0.391

AT5G23240

DNAJ heat shock N-terminal domain-containing
protein

249775_at

1.645

0.373

-0.041

AT5G24160

squalene monooxygenase 1,2 / squalene epoxidase
1,2 (SQP1,2)

249580_at

1.221

0.835

0.794

AT5G37740

C2 domain-containing protein

249052_at

8.895

6.201

0.688

AT5G44420

plant defensin protein, putative (PDF1.2a)
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Probe Set ID

aba1 vs wt Pc
wt t=0* vs M*

vs M*

aba1 Pc

AGI

Gene Title

248719_at

1.557

2.265

1.020

AT5G47910

respiratory burst oxidase protein D (RbohD) / NADPH
oxidase

248581_at

1.043

0.145

-0.403

AT5G49900

expressed protein

248138_at

1.567

1.531

0.469

AT5G54960

pyruvate decarboxylase, putative

248083_at

3.342

1.607

1.455

AT5G55420

248060_at

1.158

1.630

1.351

AT5G55560

protein kinase family protein

248062_at

1.230

2.105

1.212

AT5G55450

protease inhibitor/seed storage/lipid transfer protein
(LTP) family protein

247954_at

1.596

1.561

0.564

AT5G56870

beta-galactosidase, putative / lactase, putative

247949_at

1.503

4.364

3.040

AT5G57220

cytochrome P450, putative

247867_at

1.705

1.000

0.751

AT5G57630

CBL-interacting protein kinase 21, putative (CIPK21)

247792_at

1.102

1.259

0.325

AT5G58787

zinc finger (C3HC4-type RING finger) family protein

247717_at

3.743

-0.128

-0.043

AT5G59320

lipid transfer protein 3 (LTP3)

247604_at

1.438

3.306

2.323

AT5G60950

phytochelatin synthetase-related

247554_at

1.058

1.906

0.812

AT5G61010

exocyst subunit EXO70 family protein

247573_at

5.281

5.200

1.723

AT5G61160

transferase family protein

247478_at

1.471

0.547

0.251

AT5G62360

invertase/pectin methylesterase inhibitor family protein

247013_at

1.760

1.339

0.463

AT5G67480

TAZ zinc finger family protein / BTB/POZ domaincontaining protein

246682_at

1.438

2.266

0.892

AT5G33290

exostosin family protein

246620_at

1.120

1.937

0.221

AT5G36220

cytochrome P450 81D1 (CYP81D1) (CYP91A1)

246633_at

1.007

0.007

-0.063

AT1G29720

protein kinase family protein

246238_at

1.033

2.574

0.852

AT4G36670

mannitol transporter, putative

246133_at

1.058

2.735

1.156

AT5G20960

aldehyde oxidase 1 (AAO1)

246099_at

3.051

4.026

1.297

AT5G20230

plastocyanin-like domain-containing protein

245756_at

1.128

0.312

0.345

AT1G35190

oxidoreductase, 2OG-Fe(II) oxygenase family protein

245771_at

1.120

-0.017

-0.028

AT1G30250

expressed protein

245711_at

1.133

2.721

1.209

AT5G04340

zinc finger (C2H2 type) family protein

245638_s_at

1.327

-0.260

-0.541

AT1G24822;
AT1G24996;
AT1G25097;
AT1G25170

expressed protein

245487_at

1.020

0.771

0.132

AT4G16250

phytochrome D (PHYD)

245393_at

4.199

4.743

1.159

AT4G16260

glycosyl hydrolase family 17 protein

245193_at

2.509

4.197

2.174

AT1G67810

Fe-S metabolism associated domain-containing
protein

245052_at

1.218

3.279

1.824

AT2G26440

pectinesterase family protein

245038_at

3.331

4.123

1.417

AT2G26560

patatin, putative

245047_at

1.041

-0.297

-0.340

244972_at

1.350

-0.614

0.307

257365_x_at

7.784

5.806

0.448

AT2G26020

plant defensin-fusion protein, putative (PDF1.2b)

* Normalized, Average log2 n-fold ratios; genes were selected using values of p ≤ 0.01
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Supplemental table 4. Genes constitutively downdown-regulated in the aba1 mutant
Probe Set ID

aba1 vs
wt t=0*

wt Pc
vs M*

vs M*

aba1 Pc

267595_at

-1.288

-1.328

267260_at

-1.865

266820_at

AGI

Gene Title

-1.115

AT2G32990

glycosyl hydrolase family 9 protein

-1.880

-0.186

AT2G23130

arabinogalactan-protein (AGP17)

-1.206

-1.070

-0.264

AT2G44940

AP2 domain-containing transcription factor
TINY, putative

266253_at

-1.068

0.360

0.504

AT2G27840

histone deacetylase-related / HD-related

265844_at

-1.414

-1.140

-0.461

AT2G35620

leucine-rich repeat transmembrane protein
kinase, putative

265633_at

-1.235

-0.642

-0.057

AT2G25490

F-box family protein (FBL6)

265572_at

-1.160

1.670

0.830

AT2G28210

carbonic anhydrase family protein

265443_at

-1.252

-1.143

-0.287

AT2G20750

beta-expansin, putative (EXPB1)

265111_at

-1.284

-2.742

-1.100

AT1G62510

protease inhibitor/seed storage/lipid transfer
protein (LTP) family protein

265032_at

-1.154

0.412

0.231

AT1G61580

60S ribosomal protein L3 (RPL3B)

264920_at

-1.008

-1.173

-0.594

AT1G60550

naphthoate
synthase,
putative
/
dihydroxynaphthoic acid synthetase, putative

264898_at

-1.340

-1.746

-0.547

AT1G23205

invertase/pectin methylesterase inhibitor family
protein

264636_at

-1.224

0.269

0.757

AT1G65490

expressed protein

264147_at

-1.554

-0.537

-0.119

AT1G02205

CER1 protein

263841_at

-1.099

-0.946

-0.404

AT2G36870

xyloglucan:xyloglucosyl transferase, putative /
xyloglucan endotransglycosylase, putative /
endo-xyloglucan transferase, putative

263595_at

-1.089

-1.334

-0.151

AT2G01890

purple acid phosphatase, putative

263132_at

-1.145

-0.433

-0.043

AT1G78560

bile acid:sodium symporter family protein

262947_at

-1.322

-1.403

-0.796

AT1G75750

gibberellin-regulated protein 1 (GASA1) /
gibberellin-responsive protein 1

262830_at

-1.202

-1.421

-0.506

AT1G14700

purple acid phosphatase, putative

262354_at

-1.005

-0.552

-0.702

AT1G64200

vacuolar ATP synthase subunit E, putative / VATPase E subunit, putative / vacuolar proton
pump E subunit, putative

262212_at

-1.095

-0.060

-0.136

AT1G74890

two-component responsive regulator
response regulator 15 (ARR15)

262039_at

-1.049

-0.617

-0.099

AT1G80050

adenine phosphoribosyltransferase 2 (APT2)

261896_at

-1.171

-0.471

0.055

AT1G80670

transducin family protein / WD-40 repeat
family protein

261727_at

-1.410

-0.987

-0.437

AT1G76090

S-adenosyl-methionine-sterol-Cmethyltransferase

260957_at

-1.511

-2.867

-1.030

AT1G06080

delta 9 desaturase (ADS1)

260205_at

-1.711

0.882

0.163

AT1G70700

expressed protein

260143_at

-1.223

0.907

0.886

AT1G71880

sucrose
transporter
symporter (SUC1)

259789_at

-1.278

-1.498

-1.043

AT1G29395

stress-responsive protein, putative

259018_at

-1.399

2.059

1.503

AT3G07390

auxin-responsive
protein (AIR12)
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Probe Set ID

aba1 vs
wt t=0*

wt Pc
vs M*

vs M*

aba1 Pc

258958_at

-1.299

-0.665

258751_at

-1.453

258545_at

AGI

Gene Title

0.050

AT3G01390

vacuolar ATP synthase subunit G 1 (VATG1) /
V-ATPase G subunit 1 (VAG1) / vacuolar
proton pump G subunit 1 (VMA10)

-2.812

-1.065

AT3G05890

hydrophobic
protein
temperature and salt
(LTI6B)

-1.186

-0.030

-0.181

AT3G07050

GTP-binding family protein

258497_at

-1.205

-2.677

-1.207

AT3G02380

zinc finger protein CONSTANS-LIKE 2 (COL2)

258432_at

-1.531

-1.382

-0.578

AT3G16570

rapid alkalinization factor (RALF) family protein

258217_at

-1.209

-0.125

0.124

AT3G18000

phosphoethanolamine N-methyltransferase 1
/ PEAMT 1 (NMT1)

258218_at

-1.040

-0.138

-0.155

AT3G18000

phosphoethanolamine N-methyltransferase 1
/ PEAMT 1 (NMT1)

258159_at

-1.016

-0.664

-0.483

AT3G17840

leucine-rich repeat transmembrane protein
kinase, putative

258003_at

-1.343

-1.424

-0.778

AT3G29030

expansin, putative (EXP5)

257654_at

-1.309

1.271

0.810

AT3G13310

DNAJ heat shock
containing protein

257254_at

-1.042

-1.004

-0.619

AT3G21950

S-adenosyl-L-methionine:carboxyl
methyltransferase family protein

256577_at

-1.095

-1.093

-0.518

AT3G28220

meprin and TRAF homology domaincontaining protein / MATH domain-containing
protein

256275_at

-1.048

-1.453

-0.686

AT3G12110

actin 11 (ACT11)

255899_at

-1.023

-0.743

-0.523

AT1G17970

zinc finger (C3HC4-type RING finger) family
protein

255604_at

-1.424

-0.545

0.050

AT4G01080

expressed protein

255506_at

-1.620

-1.230

-0.343

AT4G02130

glycosyl transferase family 8 protein

254785_at

-1.096

-1.173

-0.680

AT4G12730

fasciclin-like arabinogalactan-protein (FLA2)

254306_at

-1.111

-0.444

0.002

AT4G22330

alkaline phytoceramidase family / aPHC
family

254024_at

-1.377

-2.134

-0.314

AT4G25780

pathogenesis-related protein, putative

253964_at

-1.191

-0.775

-0.002

AT4G26480

KH domain-containing protein

253736_at

-1.098

-1.366

-0.862

AT4G28780

GDSL-motif lipase/hydrolase family protein

253172_at

-1.009

-1.431

-0.979

AT4G35060

heavy-metal-associated
protein

253165_at

-1.019

-1.489

-0.644

AT4G35320

expressed protein

253040_at

-1.213

-1.494

-0.541

AT4G37800

xyloglucan:xyloglucosyl transferase, putative /
xyloglucan endotransglycosylase, putative

252957_at

-1.014

-0.542

-0.214

AT4G38680

cold-shock DNA-binding family protein

252624_at

-1.126

-0.336

0.099

AT3G44735

phytosulfokines-related

252607_at

-1.063

-2.199

-0.403

AT3G44990

xyloglucan:xyloglucosyl transferase, putative /
xyloglucan endotransglycosylase, putative

252563_at

-1.129

-1.972

-1.255

AT3G45970

expansin family protein (EXPL1)

252374_at

-1.033

-0.304

-0.153

AT3G48100

two-component responsive regulator /
response regulator 5 (ARR5) / response
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Probe Set ID

aba1 vs
wt t=0*

wt Pc
vs M*

aba1 Pc
vs M*

AGI

Gene Title
reactor 2 (RR2)

252073_at

-1.438

-0.489

-0.174

AT3G51750

expressed protein

251961_at

-1.009

-0.554

-0.532

AT3G53620

inorganic pyrophosphatase, putative (soluble)
/ pyrophosphate phospho-hydrolase, putative
/ PPase, putative

251028_at

-1.395

-2.117

-0.935

AT5G02230

haloacid dehalogenase-like hydrolase family
protein

250936_at

-1.359

-1.432

-0.543

AT5G03120

expressed protein

250794_at

-1.038

-0.678

-0.240

AT5G05270

chalcone-flavanone isomerase family protein

250034_at

-1.463

-0.536

-0.036

AT5G18280

apyrase (APY2)

249383_at

-1.217

-1.341

-0.360

AT5G39860

bHLH protein

248607_at

-1.284

0.703

0.349

AT5G49480

sodium-inducible
(ACP1)

248268_at

-1.034

-0.254

-0.349

AT5G53480

importin beta-2, putative

248074_at

-1.066

-1.281

-0.591

AT5G55730

fasciclin-like arabinogalactan-protein (FLA1)

247955_at

-1.025

-0.257

0.320

AT5G56950

nucleosome assembly protein (NAP), putative

247814_at

-1.272

-0.861

-0.380

AT5G58310

hydrolase, alpha/beta fold family protein

247555_at

-1.296

0.035

-0.044

AT5G61020

YT521-B-like family protein

247406_at

-1.073

-0.329

0.044

AT5G62920

two-component responsive
response regulator 6 (ARR6)

247166_at

-1.292

-0.816

-0.151

AT5G65840

expressed protein

247056_at

-1.080

-0.150

-0.117

AT5G66750

SNF2 domain-containing protein / helicase
domain-containing protein

245867_at

-1.125

-0.267

-0.262

AT1G58080

ATP phosphoribosyl transferase 1 (ATP-PRT1)

245250_at

-1.027

1.733

1.605

AT4G17490

ethylene-responsive element-binding protein,
putative

245060_at

-1.201

-0.269

0.023

AT2G39770

GDP-mannose pyrophosphorylase (GMP1)

244965_at

-1.101

-0.593

-0.737

AtCg00590

ORF31__hypothetical protein

257382_at

-1.053

3.741

3.147

AT2G40750

WRKY family transcription factor

* Normalized, Average log2 n-fold ratios; genes were selected using values of p≤0.01
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