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Abstract

Despite the significant progress achieved in molecular biology in the last few years, our
knowledge about the mechanisms of plant resistance against necrotrophic and non-host
pathogens is still rudimentary. Here, we report the isolation and characterization of three
Arabidopsis mutants selected for altered resistance against B. cinerea. Mutations in the
Increased Botrytis Resistance (/BRI) gene resulted in significant resistance against B.
cinerea and A. brassicicola, another necrotrophic fungus. Interestingly, ibrl plants also
exhibited enhanced susceptibility to the host and non-host bacterial pathogens P. syringae
pv. fomato and P. fluorescens, respectively. Conversely, resistance against B. graminis f.
sp. tritici and E. cichoracearum was not affected, suggesting IBR] is required for resistance
against some, but not all pathogens. By TAIL-PCR /BRI gene was found to be allelic to
asymetric leaves 1 (asl). ASI belongs to the R2R3 subfamily of the MYB-domain and has
been extensively studied because of its central function in leaf development. Interestingly,
neither as2 or erecta mutants or the conditional line KNI are affected in resistance against
B. cinerea or PstDC3000. These results suggest that as/-mediated disease resistance and
susceptibility is independent from the 4S/-dependent pathway regulating leaf development.
Moreover, we show that AS7 function in disease resistance & susceptibility is conserved in
at least three evolutionary divergent plant species, suggesting A4S/ function in disease
resistance is relatively ancient. The analysis of a substantial series of as/ double mutants in
Arabidopsis revealed that both the production and perception of jasmonate (JA) and
ethylene (ET) are required for as/-mediated disease resistance against necrotrophic
pathogens. Moreover, the expression of JA/ET-dependent defence genes was shown to be
accelerated in as/ plants in response to B. cinerea challenge. While as/ resistance against
necrotrophic pathogens seems to be associated with enhanced expression of ‘JA/ET-
dependent genes, susceptibility against the different strains of host and non-host bacterial
pathogens occurred in the presence of normal PR-I expression and salicylic acid
accumulation, suggesting susceptibility towards bacterial pathogens is not associated with
defects in the activation of SA signalling pathway. In sum, our findings indicate that 457 is
a negative regulator of resistance against necrotrophic fungi and a positive regulator of non-
host resistance and basal protection against bacterial pathogens in both Arabidopsis and
other plant species. In contrast to ibrl, the ibr2 and ebs! (Enhanced Botrytis susceptible 1) -
mutants seem to specifically affect resistance against B. cinerea. The ibr2 was mapped to a
short interval on chromosome five. Despite ibr2 cloning is not accomplished, we speculated
that the mutation is in an alpha-tubulin gene because ib72 plant morphology resembles the
phenotype of the previously characterized leftyl and lefty2 mutants, which also encode
alpha-tubulins. Our speculation is supported by the presence of two alpha-tubulins in the
mapped region on chromosome 5, close to the predicted location of ibr2. The Botrytis
susceptible line ebs] co-segregates with basta resistance, indicating that the mutated gene is
tagged. However, the T-DNA inserted contains additional sequences on its left border that
prevented successful cloning. The ebs! plants show impaired resistance against B. cinerea,
but unaffected resistance against virulent and avirulent strains of PstDC3000, suggetsing
EBS1 plays a more specific role in resistance against necrotrophic pathogens. Further
characterization of ibr2 and ebs! is required in order to elucidate their role in plant disease
resistance. '

Vii



4x358
Adrl
Adsl
asl

avr
BLAST
BTH
bZIP
CaMV
CcC
CDPK
CNL
DEX
DNA
EBS
ET
GST
HR -
HSP
IBR
ISR

JA

KB
LUC
LRR
MAPK
MEME
Me-JA
MS
NBS
PCR
PDF
Pst Dc3000
PR protein
R gene
ROI
ROS

Abbreviations

tetramer of CaMV 35S enhancer element
Acquired disease resistance 1
Acquired disease susceptibility
assymetric leaves 1

avirulence gene

Basic Local Alignment Search Tool
benzothiadiazole

Basic Leucine Zipper

Cauliflower Mosaic Virus
Coiled-Coil

Calcium-Dependent Protein Kinases
CC-NBS-LRR

dexamethasone

deoxyribonucleic acid

Enhanced Botrytis Susceptibility
Ethylene

Glutathione S-Transferase
Hypersensitive Response

Heat Shock Protein

Increased Botrytis Resistance
Induced Systemic Resistance
Jasmonic Acid

King's Broth media

luciferase

Leucine-Rich Repeat

Mitogen Activated Protein Kinase
Multiple Expectation Maximisation for Motif Elicitation
Methyl Jasmonate

Murashige and Skoog media
Nucleotide-Binding Site
Polymerase Chain Reaction

plant defensin

Pseudomonas syringae pv tomato DC3000
Pathogen Related protein

Resistance gene

Reactive Oxygen Intermediate
Reactive Oxygen Species

viii



SA

SAR

SSC
TAIL-PCR
TAIR

TIR

TNL

Salicylic Acid

Systemic Acquired Resistance
Solution of Sodium Citrate

Thermal Asymmetric Interlaced PCR
The Arabidopsis Information Resource
Toll/Interleukin-1 Receptor
TIR-NBS-LRR

ix



1.1.1
1.1.2
1.2.1
1.2.3a
1.2.3b
3.1
4.1.1
4.1.2
4.2
43

4.4
4.5a
4.5b
4.6
4.7
4.8
5.1

52
53
5.4
6.1

6.2
6.3

7.1
7.2
7.3
7.4

List of Figures

Interactions between pathogen Avr proteins and plant R proteins

Major families of R proteins

.Proposed pathways for the biosynthesis of SA in plants

JA Biosynthesis of jasmonic acid and related jasmonates
Structure of jasmonic acid (JA) and methyl jasmonate (Me-JA)
Molecular architecture of the activation tagging vectors

asl plants show increased resistance to B. cinerea

asl plants show increased resistance against A. brassicola
Disease index for B. cinerea infected plants

IBR1 1is required for basal and non-host resistance against bacterial
pathogen

asl is required for R gene-mediated resistance

asl plants are not affected in drought tolerance

Loss of A4S function did not affect salinity stress tolerance
ASI function is conserved in Antirrhinum

4.7 as1 function is conserved in tobacco

Induced expression of JA/ET-dependent defense genes

Pathogen induced accumulation of SA is not significantly affected in
as! plants

Jasmonate synthesis is not affected in as! plants
as] plants present higher basal levels of the hormone ET
Pst DC3000 (avrB) induced accumulation of camalexin

asl-mediated resistance against necrotrophic pathogens is JA/ET
dependent

Molecular architecture of the silencing vector
pJIT166+pGreen0049+Coil
Molecular architecture of the silencing vector

pJIT166Green0049Coil. The pJIT166Green0049Coil

ibr2 shows enhanced resistance against B. cinerea

B. cinerea induced defence gene expression in wild type and ibr2
ibr2 is not affect in resistance against bacterial pathogens

Seed yield is reduced in the ibr2 mutant

Page N°

10
18
19
57
63
64
66
67

68
70
71
72
74
75
81

82
83
84
88

90

91

96
98
100
101



7.5 SSLP markers distributed over the Arabidopsis genome used 103

7.6.1  Results of bulked segregant analysis 103

7.6.2  Markers on chromosome 5 used for fine mapping of ibr2 104

7.6.3 PCR amplified TUA3 and TUAS genes ' 113

7.7 ibr2 resembles the lefty] and lefty2 morphological phenotype 115

8.1 ebs! plants show enhanced susceptibility towards B. cinerea 119

8.3 ebs] and wilt type seedlings show similar response to exogenous Me- 121
JA

8.4 ebsl plants are not affected in resistance against virulent or avirulent 123
strains of Pst DC3000

9 Proposed model of as/-mediated disease resistance 132

Xi



2.1
2.2
2.7
2.8.1
2.8.2
7.5

7.6.1

7.6.2

List of Tables

Arabidopsis, Antirrhinum and tobacco lines used in this project
DNA probes employed for northern blot analysis

Web-sites used for sequence search and analysis

Arbitrary degenerated primers for TAIL-PCR

Primers used for RT-PCR

SSLP markers used with respective location and recombination
frequency

Recombination frequency after mistakenly selected plants are
discarded

Recombination frequency after mistakenly selected plants are
discarded.

xii

Page N°
39

46

51

52

53

102

105

111



1 Introduction

It is expected that human global population will rise up to 8 billion by 2025 and up to 10
billion by 2050, which means that in less‘ than half a century the global population will
almost double in size (Huang et al., 2002a). Hence, despite the significant advances
achieved in food production, we must continue attempting to develop novel plant varieties
with new traits. For example, tolerance to biotic and abiotic stresses. We will then be able
to produce sufficient food for all. Of course, however, we must take into account the
problem of unequal distribution. In addition, we have to consider the demand for better

quality of food, which is also an increasing requirement.

Since antiquity, a major hindrance for improving crop productivity has been disease
susceptibility, which accounts for at least 12.7% of pre-and post-harvested global crop
losses (Agrios, 1997). Considering that most arable land has already been incorporated into
the productive system, the extra food required by the increasing population has to come
from improvements made in éreas like soil fertility and plant nutrition, crop protection and
plant breeding. Plant disease can be controlled by chemical treatments, however, their
application can be compromised by adverse environmental conditions and efficiency
affected by resistant pzithogen strains (McDowell and Woffenden, 2003). Moreover, it is an
expensive measure, not easily accessed in developing countries and its inappropriate use
results in significant environmental pollution, and intoxication of humans and animals.
Therefore, plant breeders have been continually engaged in the development of new

varieties genetically resistant to the adverse conditions, such as diseases.

Plant breeding techniques promoted an extraordinary increase in crop yield in the last
century and will certainiy remain as a major pivot for food production in future. The
methodologies used have been updated and are efficient for a variety of species and
different purposes, being of crucial importance for our society. Biotechnology associated to
traditional plant breeding has a great potential for the future of agriculture. While, still
rejected in most countries across Europe, use of genetically modified (GM) crops continues
to grow in other continents for the ninth consecutive year. In 2004 there was a 20%
increase in global area compared to 2003, totalling 81.0 million hectares (James, 2004).

This expansion in area cultivated with GM crops is due, along with other factors, to an



extra 1.25 million new farmers, 90% of which are resource-poor farmers from developing

countries.

This frank expansion of genetic engineered varieties reflects the substantial advantages in
terms of productivity, reduced environmental pollution, cost cutting and health. For
example, in China, use of Bt (Bacillus thuringiensis) transgenic cotton varieties carrying a
microbial gene which conveys resistance to insects allowed up to 80% reduction in
pesticide applications and a 25-30% cutting of cost of production (Huang et al., 2002a;
Huang ef al., 2002b). In 2004 there were 14 countries growing 50,000 hectares or more of
transgenic crops from which nine were in the developing world and five from industrial
countries (USA, Argentina, Canada, Brazil, China, Paraguay, India, South Africa, Uruguay,

Australia, Romania, Mexico, Spain and Philipines) (James, 2004).



1.1 Plant-pathogens interactions

Continuous interaction between plants and pathogens favoured the evolution of complex
resistance networks. The primary barrier that pathogens have to breach in order to cause
disease is the plant surface, which shows a diversity of structure and defence compounds.
The amount and composition of wax and cuticle that cover the epidermal cells, the structure
and thickness of epidermal cell wall, the location, size and shape of stomata and lenticels
are some of the factors that will interfere with resistance at the first stage. Theée pre-formed
barriers are present independent of attempted pathogen ingress (Agrios, 1997). Wax, like
thick layers of trichomes form a water repellent surface, preventing the formation of a film
of water, which is needed for spore germination of many species of fungi and is also vital
for many bacterial phytopathogens. Plants also synthesize, and exude a series of

compounds which help preventing pathogen ingress.

In addition to pre-formed barriers, a plethora of inducible defence responses is activated
following pathogen recognition (Glazebrook, 2001). One of the first steps in the plant
defence response is the generation and accumulation of reactive oxygen species (ROS) at

sites of infection (Grant and Loake, 2000). Nitric oxide (NO) also accumulates
| concomitantly with the oxidative burst (Delledonne et al., 1998). Moreover, synchronized
accumulation of ROS and NO is required for the development of the hypersensitive
response (HR) (Delledonne et al., 2001), a programmed cell death programme deployed by
plants in order to stop pathogen spread (Dangl e al, 1996; Jones and Dangl, 1996).
Biotrophic pathogens require living host cells to survive while necrotrophic pathogens kill
host cells to thrive on released nutrients. Therefore, the efficiency of HR as a defence
mechanism will depend on the nature of the parasite, whether it is necrotrophic or
biotrophic. In fact it has been shown that HR facilitates infection by the necrotrophic
pathogen Botrytis cinerea on Arabidopsis plants (Govrin and Levine, 2000).

Pathogen recognition is normally associated with the expression of a given resistance (R)
gene in the host plant together with its corresponding avirulent (avr) gene in the pathogen
(Flor, 1971). This type of resistance, also called gene-for-gene resistance, is the most well

understood genetic mechanism of defence in plants and will be discussed in more detail in



the next session. Subsequent to pathogen recognition, defence signalling molecules rapidly
accumulate both locally and systemically. At least two independent defence signalling
pathways have been reported, one of which is salicylic acid (SA) dependent and the other a
jasmonic acid (JA) /ethylene (ET) dependent pathway (Thomma et al., 1998; Ton et al.,
2002; Glazebrook et al., 2003; Shah, 2003). Details of these signalling molecules and their

roles in the defence response will be commented on item 1.2 of this introduction.

1.1.1 Gene-for-gene resistance and the guard cell hypothesis

In controlling plant diseases, one of the most successful means is the development of
varieties genetically resistant to pathogen attack. Mankind has since the pre-historic period
involuntary selected those lines genetically more resistant to diseases, pests and other biotic
and abiotic adverse conditions. Nowadays, breeding for disease resistance is one of the
most important goals of plant breeding programmes across the different continents. Specific
or vertical resistance is easily manipulated in breeding programmes and therefore has been
the most commonly used in crop species. The effectiveness of gene-for-gene resistance
depends on the existence of matching pairs of R genes and avr genes in the host and
parasite, respectively (Flor, 1971). If either R or avr gene is missing the plant host will be

unable to recognise the invading pathogen resulting in disease, see Figure 1.1.1.

During the 1990s genes conveying resistance to bacteria, viruses, fungi, nematodes and
even pest insects were cloned. However, despite the broad diversity of parasites with
different life-styles, R genes cloned so far are classified into only five different classes
(Figure 1.1.2) (Dangl and Jones, 2001; Jones, 2001). Class /- NB-LRR are cytoplasmic
proteins that are thought to function exclusively as R gene products. This class can be sub-
divided into -those gene possessing homology in their amino terminus to the Toll and
Iterleukin-1 receptor (TIR) (the TIR-NB-LRR family) and those which do not, most of
which carry a putative coiled coil (CC) at their terminus (the CC-NB-LRR family) (Jones,
2001). The LRR repeat domain is found in many proteins and is involved in protein-protein

interactions, peptide-ligand binding and protein-carbohydrate interactions (Jones and Jones,



1996; Kobe and Kajava, 2001). It has been shown that the NB domain binds to ATP rather
than any other nucleoside triphosphate (Tameling ef al., 2002).
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Fig. 1.1.1 Interactions between pathogen Avr proteins and plant R proteins. A hypothetical pathogen
(grey) has attached to a plant cell and is expressing a suite of virulence proteins (red). These proteins are
translocated into plant cells via Type III secretion (bacteria) (Nimchuk ef al, 2001) or other unknown
mechanisms (fungi and ocomycetes). Once inside, they target host proteins (green) that control defense
responses, metabolism or other plant process that affect pathogen virulence (note that virulence proteins
could also be targeted towards extracellular proteins). (a) In this panel, the plant cell does not express an R
protein that is capable of recognizing any virulence protein. Thus, the plant cannot detect the pathogen
efficiently and defenses are, at best, only weakly induced. Disease then results from the collective action
of the virulence proteins. (b) This panel depicts the classic receptor—elicitor hypothesis, in which an R
protein directly binds a virulence protein. This recognition event activates a complex signal transduction
network, which in tum triggers defense responses. (c) This panel depicts the guard hypothesis, in which
an R protein (guard) detects a modified host protein (guardee, red star), perhaps as a complex with the
‘attacking’ virulence protein. Source: MeDowell and Woffenden (2003).

Members of TIR-NB-LRR gene family function through an EDS! dependent signalling
pathway, while CC-NB-LRR are NDRI-dependent, with some exceptions (Aarts ef al.,
1998). For example, RPP8 does not require either EDSI or NDRI in isolate-specific
resistance to P. parasitica, although resistance is weakly compromised by eds/. Similarly,
the EDSI-dependent RPP4 and RPP35 mediated resistance is partially affected by ndrl



mutation. EDS1 (enhanced disease susceptibility) encodes a plant specific lipase-like
protein (Falk e al, 1999). NDR1 (non-race specific disease resistance) encodes a
glycosylphosphatidylinositol (GPI) anchored protein (Holt e? al., 2003). Functions of EDS]
and NDRI! in disease resistance will be explored in more details together with non-host

resistance SA-dependent responses later in this review.
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Figure 1.1.2 Major families of R proteins. The majority of R proteins contain tandem leucine-rich
repeats (LRRs, depicted in blue), which have a major role in recognition specificity (Jones, 2001).
Members of the most widely represented R protein family (NBLRR) also contain a nucleotide-binding
site and a region of similarity to proteins that regulate programmed cell death in metazoans (Dangl and
Jones, 2001; Kachroo ef al., 2001). NB-LRR proteins are likely localized in the cytoplasm, perhaps as
peripheral membrane protems Some NBLRR proteins contain a TIR domain with homology to the
metazoan superfamily of Toll-like innate immunity receptors. Other NB-LRR proteins contain a putative
coiled-coil domain (CC) at the N-terminus. The eLRR protein family consists of extracytoplasmic
leucine-rich repeats, anchored to a transmembrane domain. The LRR-kinase superfamily consists of an
eLRR fused to a cystoplasmic serine-threonine kinase domain (KIN). One resistance protein (tomato
Pto) is a Ser-Thr kinase, without LRRs, and another (maize Rpgl) contains two kinase domains. The
Arabidopsis RPW8 protein contains a membrane anchor, fused to a putative coiled-coil domain (CC).
The tomato Vel and Ve2 proteins contain putative extracellular LRRs, along with a PEST domain for
protein degradation (found only in Ve2, and not Vel), and short proteins motifs that might target the
protein for receptormediated endocytosis (RME). Source: (McDowell and Woffenden, 2003)



The other four and less abundant classes of R-genes encode proteins with diverse structure
and function, some of which have demonstrated functions in cellular and developmental
processes unrelated to defence (Dangl and Jones, 2001)]. Class 2: Represented by the
tomato Pto gene, possibly the most well studied R-gene product, encodes a Ser/Thr kinase
protein and conveys resistance to strains of Pseudomonas syringae pv tomato (Pst) carrying
the avirulence gene avrPfo (Martin et al., 1993). A possible direct interaction between Pto-
avrPto is likely to activate a phosphorylation cascade (Tang et al., 1996). Pto function
requires the NB-LRR protein Prf (Salmeron et al., 1996) and these two gene products are
thought to function in combination as a bi-partite switch (Rathjen, personal
communication). Class 3: Another tomato R-gene, the tomato Cf-9 encodes a single pass
transmembrane protein with an extracellular LRR domain (Jones et al., 1994). Class 4: The
Xa2l from rice conveys resistance to the race 6 of Xanthomonas oryzae pv oryzae. Xa2l
encodes a transmembrane receptor with a large extracellular LRR domain and an
intracellular protein kinase domain (Song et al., 1995). Class 5: In this groups is the the
recently cloned RPW8 gene from Arabidopsis, which has no homology to any other
previously described class of R-gene and encodes a small putative transmembrane coiled-

coil protein (Xiao et al., 2001).

The gene-for-gene model predicted a direct interaction between receptor (product of an R
gene) and elicitor (4vr protein). Because this direct interaction was only demonstrated in
two cases (Tang et al., 1996; Jia et al., 2000) another model has been proposed (the guard
cell hypothesis) in which the R protein interact with another plant protein (the guardee)
activating resistance (Van der Biezen and Jones, 1998). In this case, the guardee is targeted
by the Avr protein and resistance is activated when the R protein detects Avr binding to or
modification of the targeted protein. Evidence based on Pro, AvrPto and Fen interaction
(PTO the target, Fen the guardee) supporting the second hypothesis was found for the
Arabidopsis Rom1-avrRpm] and Rps2-avrRps?2 interactions (Mackey et al., 2002), and also
between Rpml -avrRps2 (Mackey et al., 2003). In addition it was shown that RPS2 and
RIN4 physically interact in Arabidopsis and that delivery of aviRPS2 in the plant releases
RIN4 and thus indirectly activates RPS2 (Axtell and Staskawicz, 2003; Mackey et al,
2003). Recently, it was demonstrated that avrRps2 is delivered into the plant cells as an

inactive protein, which is then activated by the plant CPRI, a single-domain cyclophilin



peptidyl-prolyl cis-trans isomerase (PPlase) (Coaker et al., 2005). Nevertheless, it seems
that the deployment of one or another recognition system is likely to be on a case-by-case

basis.

1.2 Plant defence signalling Pathways

The plant defence response is mediated through a complex network of signalling pathways,
with frequent crosstalk and antagonism. Activation of one signalling pathway or another
depends on the nature of the invading pathogen. Thus, biotrophic pathogens are believed to
activate a signalling pathway that is SA-dependent, while necrotrophic pathogens are

responsible for activating a SA-independent and JA/ET-dependent (Thomma ef al., 1998).

1.2.1 Salicylic acid (SA)-dependent disease resistance

SA has been implicated in many aspects of the plant defence response against invading
pathogens. However, the mechanisms by which SA accumulates and modulates defence
activation are still not well characterized, although it appears that SA acts as a signal
amplifier (Shirasu et al., 1997). SA rapidly accumulates both locally and systemically
following attempted pathogen attack (Malamy et al., 1990; Metraux et al., 1990; Ryals et
al., 1996). Recognition of an elicitor (pathogen avirulence gene product) by the
corresponding R gene leads to a rapid response at the site of infection named the
hypersensitive response -HR (Jones and Dangl, 1996). HR, a mechanisfn deployed by host
planfs to restrict pathogen spread, precedes the activation of a systemic resistance against a
broad spectrum of pathogens termed systemic acquired resistance (SAR) (Uknes ef al,
1992). Salicylic acid has long been recognised as one of the essential molecules for the

induction of SAR (Gaffney ef al., 1993; Lawton et al., 1995).

Pathogen induced accumulation of SA correlates with induction of SAR marker genes such
as PRI, PR2 and PR5 (Metraux et al., 1990; Ryals et al., 1996). Moreover, exogenous

application of SA or its chemical analog 2,6-dichloroisonicotinic acid (INA) (Ward et al.,



1991) or benzotiadazole (BTH) (Gorlach et al., 1996) also cués defence gene induction and
SAR activation. Moreover, transgenic nahG plants, that constitutively express a salicylate
hydroxylase gene, are unable to accumulate SA. The active salicylate hydoxylase enzyme
degrades SA into catechol (Gaffney ef al., 1993). These plants are not only depleted in SA
accumulation, but also are unable to activate SAR. Depletion of SA; accumulation also
compromises gene-for-gene resistance (Delaney et al., 1994). Grafting experiments using
transgenic nahG plants demonstrated that SA is not the translocating SAR-inducing signal
- as previously speculated, even though reciprocal graft experiments showed a requirement
for SA in challenged tissue (Vernooij et al., 1994). The non-expresser of PRI (nprl)
Arabidopsis mutant is non-responsive to SA and shows reduced expression of PR proteins
and enhanced susceptibility to the fungal pathogen Hyaloperonospora parasitica and the
bacterial pathogen Pseudomonas syringae pv tomato DC3000 (Cao et al., 1998). NPRI
encodes a protein with a BTB/BOZ domain and an ankyrin repeat domain, which are
involved in protein-protein interactions. NPRI was shown to translocate to the nucleus,
following SA accumulation, where it interacts with leucine zipper (bZIP) transcription
factors (Spoel et al., 2003). bZIP transcription factors are invoived in SA-dependent PR
gene expression. bZIP transcription factors have been shown to specifically bind sis-
elements in the PRI promoter and to be responsible for SA-mediated gene induction (Lebel

et al., 1998).

Moreover, mutations in the SID2 (Salicylic-acid induction defficient2) gene of Arabidopsbis
abolish SA accumulation and compromise resistance against a range of biotrophic
pathogens and also the non-host fungal pathogen Uromyces vignae (Nawrath and Metraux,
1999; Mellersh and Heath, 2003). SID2 encodes a putative chloroplast-localized"
isochorismate synthase (ICS) which catalyzes the conversion of chorismate to
isochorismate. By analogy to bacterial SA biosynthesis it is assumed isochorismate is
converted to SA by the enzyme isochorismate pyruvate lyase. Exogenous application of SA
restores resistance confirming involvement of SID2 in SA biosynthesis. Furthermore,
expression of SID2 is induced by pathogen attack and also in tissue expressing SAR

(Nawrath and Metraux, 1999; Wildermuth et al., 2001).



A series of other mutants affected in SA-dependent resistance have been uncovered. The
mutants eds!, pad4 and ndrl (non-race specific disease resistance) are examples of mutants
compromised in specific or basal resistance. Both EDS1 and PAD4 expression are
enhanced by exogenous application of SA as part of a positive feedback loop important for
signal amplification, while ndrl mutation blocks ROS-dependent SA accumulation (Zhou
et al., 1998; Falk ef al., 1999; Jirage et al., 1999; Shapiro and Zhang, 2001; Shirano et al.,
2002; Shah, 2003; Xiao et al., 2003). Both EDSI and PAD4 encode plant specific lipase-
like proteins, while NDRI encodes a glycosylphosphatidylinositol (GPI) anchored protein
(Century et al., 1997; Falk et al., 1999; Jirage et al., 1999). involving the processing of
ROI-derived signals around the site of infection (Feys et al., 2001; Rusterucci et al., 2001).

Shikimate Figure 1.2.1 Proposed pathways for
the biosynthesis of SA in plants. The
l shikimate pathway provides chorismate,
which can be converted into SA. The
main chorismate pool occurs in the
NHy* COO0- chloroplast. The Arabidopsis SID2 gene
encodes a predicted ICS that has a
J\ putative plastid-transit sequence. The
“coo- SID2-encoded ICS is proposed to
OH catalyze the conversion of chorismate to
Chorismate Phanylalaning isochorismate, presumably in the
chloroplast. By analogy to the

l PAL

joleleny

mechanism of SA biosynthesis in
bacteria, it is suggested that an IPL
Ics Trans-cinnamic acid catalyzes the conversion of
isochorismate to SA. An alternative

l pathway that has been studied in

coo- coo- tobacco ‘synthesizes SA frqm
OH phenylalanine  via  benzoic  acid.
/L Phenylalanine ammonia lyase (PAL)

o~ Coo- catalyzes the first step in this pathway,
which is the conversion  of
phenylalanine to trans-cinnamic acid.
Trans-cinnamic acid is subsequently

CT OO-OH converted into benzoic acid. A benzoic-

Isochorismate Benzoic acid

acid-2- hydroxylase (BA2H) catalyzes
the final step, the conversion of benzoic
Salicylic acid acid to SA. Source (Shah, 2003)
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EDS1 and PAD4 proteins interact in vivo with each other in soluble cell extracts of healthy
plants, showing a pre-existing EDS1-PAD4 interaction, with the amount of this complex
increasing with pathogen attack (Feys et al., 2001). The EDS1-PAD4 complex is shown to
play a central role in basal resistance to invasive biotrophic and hemi-biotrophic pathogens
and to be required for TIR-NB-LRR protein-triggered resistance in different plant species
(Aarts et al., 1998; Feys et al., 2001; Liu et al., 2002; Peart et al., 2002; Hu et al., 2005;
Wiermer et al., 2005). EDSI acts in early stages of TIR-NB-LRR resistance siganlling,
upstream of the oxidative burst, and in combination with PAD4, exerts a key role in SA
accumulation and potentiation of disease resistance involving the processing of ROI-

derived signals around the site of infection (Feys et al., 2001; Rusterucci et al., 2001).

Another component of the EDS1-PAD4 interaction complex, SAGI101, was recently
identified in healthy leaf extracts from tagged EDS1 using an affinity-purification approach
(Wiermer et al., 2005). Analysis of Arabidopsis sagl01 and pad4 double mutants revealed
involvement of S4G10/ in TIR-NB-LRR R-gene mediated resistance and basal protection.
Moreover, these double mutants supported growth of a non-host powdery mildew even
more extensively than that allowed by eds/ plants (Wiermer et al., 2005). These results
suggest that, besides a fundamental role in R-gene mediated defence EDS1-PAD4, also play

an important role in basal and non-host disease resistance.

Mutant screens identified several genes that negatively regulate the EDSI pathway.
Analyses of double mutanfs with lesion simulating diseasel (Isdl), a gene encoding a zing
finger protein acting as a ROI modulator, showed a dependency for EDS1-PAD4 in run
away cell death (Mateo et al., 2004). Involvement of LSDI in plant cell death will be
further discussed in the next session. Inactivation of MAP Kinase 4 (MAP4) showed this
gene negatively regulates SA accumulation and resistance mediated through the EDSI-
PAD4 signalling pathway. AtMPK4 also positively regulates activation of the JA dependent
defence response. Therefore AtMPK4 maybe a node between the two signalling networks
(Petersen et al., 2000). '

In addition to mutants compromised in SA signalling, some mutants constitutively
expressing PR genes and displaying enhanced resistance against virulent strains of

Pseudomonas syringae and Hyaloperonospora parasitica (Noco2) have been identified.
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The recessive mutants cpr] and cpr5 (constitutive expresser of PR genes) and the dominant
cpr6 are resistant to biotrophic pathogens (Bowling e al., 1994; Bowling et al., 1997,
Clarke et al., 1998). The cpr5 mutant also forms spontaneous lesions in the absence of
pathogens (Boch ef al., 1998). Interestingly, cpr5 and cpr6, but not cprl, also constitutively
activate expression of the JA/ET-dependent gene PDF1.2 (Bowling et al., 1997; Boch et
al., 1998; Clarke et al., 1998), suggesting possible crosstalk between SA-dependent and
JA/E-dependent signalling patways. Disease resistance phenotypes of cpr/ and cpr6 were
shown to be EDS! dependent while an eds/ null mutation only partially compromised
cp.r5-mediated resistance (Clarke er al., 2001). These results suggest that EDS/ is a
necessary downstream component of cpr/ and cpr6 mediated disease resistance and a more

complex relationship exists between cpr5 and EDSI.

1.2.2 Oxidative burst and hypersensitive response in plant defence

Following pathogen recognition one the earliest defence responses is the generation and
accumulation of reactive oxygen species ROS [superoxide (O;) and hydrogen peroxide
(H,0,)] at site of infection (Doke et al., 1996), leading to a localized cell death, the so-
called ‘the hypersensitive response-HR’ (Jones and Dangl, 1996; Loake, 2001). Similarly to
animal defence responses against pathogen challenge, nitric oxide (NO) also accumulates
during plant infection (Delledonne et al., 1998). Moreover, it was recently shown that
balanced accumulation of NO and ROS is fundamental for development of the HR
(Delledonne et al., 2001). Furthermore, HR is only triggered after interaction of NO with
H,0, generated from O, by superoxide dismutase and not directly with O, as was
speculated before. During HR, dismutation of O, by superoxide dismutase reduces loss of
NO by reaction with O, to trigger programmed cell death through NO/ H,O; interaction.
Thus, O, is the primary.ROS signal for pathogen induction of glutathione S-transferase,
and the rates of production and dismutation of O, during the oxidative burst is fundamental

for the establishment of the HR (Delledonne et al., 2001).

Genomic approaches have been deployed for the identification of genes from several plant

species involved in the hypersensitive response. Interestingly, some mutant genes resulted
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in spontaneous lesions formation even in healthy plants. The recessive null mutant Isd/
shows typical HR lesions when challenged by avirulent pathogens, however, subsequent
spontaneous runaway cell death (RCD) is started from neighbouring cells of HR lesions
ending with complete collapse of leaves (Dietrich et al., 1994). In association with lesion |
formation /sd/ mutant plants also exhibit enhanced resistance against several normally
virulent pathogens. LSD! gene was found to encode a zinc finger protein with homology to
the GATA-type transcription factors and is believed to function as a negative regulator of
basal resistance and programmed cell death and thereby establishes the boundaries to the
plant HR (Dietrich ef al., 1994; Dietrich et al., 1997). Spontaneous lesions in /sd/ can be
induced by provision of O, (Jabs et al., 1996) or exogenous application of SA onto healthy
Isd] plants (Dietrich et al., 1994).

The involvement of EDSI, NDRI and PAD4 in the establishment of cell death in Isd! was
accessed by analysing the response of double mutants /sdldsl; Isdindrl and Isdlpad4 to
strains of the bacterial pathogen Pst carrying the avirulence genes avrRPS4 or avrRPMI
(Rusterucci et al., 2001). avrRPS4 is recognised by RPS4 and resistance mediated through
an EDSI1-PAD4 dependent signalling pathway. In contrast, avvRPMI is recognised by
RPM1 through the NDRI dependent signalling pathway (Aarts et al., 1998; Gassmann ef
al., 1999). It was shown that cell death in Isdl, in response to avirulent strains of Pst, was
completely abolished by eds! or pad4 mutations, but only partially supressed by the ndr!
mutation. In further investigations it was shown that ROS accumulation does not depend on
EDS1 or PAD4 genes, but was significantly affected by the ndr! mutation (Rusterucci et
al., 2001). These results were rather surprising because this novel function of EDS/and
PAD4 in RCD is initiated through a R-gene that does not require EDSI or PAD4 for disease

resistance.

1.2.3 Jasmonic Acid (JA) dependent defence responses

JA acid and its derivatives are compounds known for modulating several aspects of plant
growth and development. JA and related lipids have been shown to be involved in root

growth, anther dehiscence, pollen development, abscission, senescence and also activation
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of plant defence responses against biotic and abiotic stresses (Creelman and Mullet, 1997,
Turner et al., 2002; Loake and Nurmberg, 2003). This family of fatty acids are derived
from oxygenated linolenic acid (LA) through the octadecanoic pathway (Vick and
Zimmerman, 1984) (Figure 1). Jasmonates share high similarity in structure with that of
animal eicosinoids, a derived polyunsaturated fatty acid signalling molecule produced
during tissue inflammation (Mueller, 1997). Despite this similarity in structure, inhibitors
of animal phospholipase A, (PLA;), a key enzyme for synthesis of animal prostaglandins,
did not inhibit the accumulation of JA after wounding of pota'to tuber (Koda and Kikuta,

1994), suggesting some diversity between JA and eicosinoids biosynthesis.

Elucidation of the biosynfhetic pathway and understanding of JA function was greatly
enhanced after JA was found to play a central role in the plant defence response (Schaller et
al., 2004). The JA concentration in planta rapidly increases in response to environmental
stimuli (Gundlach et al., 1992; Creelman and Mullet, 1995; Lehmann et al., 1995). Because
the enzymes lipoxygenase (LOX), allene oxide synthase (AOS), and allene oxide cyclase
(AOC) are shown to be located in the chloroplast it is assumed that the first steps in the
biosynthesis of jasmonates are performed in that organelle (Bell er al., 1995; Maucher et
al., 2000; Froehlich et al., 2001). However, despite the reactions downstream of linolenic
acid being characterised, the identity of the membrane source of the linolenic acid precursor
is still unclear, as there seems to be more than one precursor (Tufner et al., 2002; Schaller
et al., 2004). Recent work suggests that developmentally regulated JA biosynthesis in
Arabidopsis is mediated through a pathway that differs from, but overlaps with the
biosynthetic pathway activated for defence (Bell ez al., 1995; Creelman and Mullet, 1997,
He et al., 2002).

In the biosynthesis of jasmonates, assuming a more general pathway and by analogy with
mammalian eicosanoid, firstly the unsaturated fatty acid linolenic acid is released from the
cellular membrane by a phospholipase (PLA) enzyme Figure 1.2.3a). Requirement of a-
PLA for releasing LA from membrane lipids was confirmed by characterization of the
Arabidopsis mutant dad! (Ishiguro et al., 2001). As expected, dadl mutant plants, are male
sterile and exogenous application of JA restored their fertility. DADI was found to encode

a lipase that hydrolyses phospholipids, suggesting DAD/ is a phospholipase Al. DADI
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possess an N-terminal chloroplast transit peptide and was shown to accumulate in
chloroplasts, however, it does not seem to be required for defence as wounding induced a
100 fold increase in JA accumulation in dad! plants (Schaller et al., 2004). Additionally,
antisense suppression of a phospholipase D (PLD) compromised wound-induced JA
accumulation in Arabidopsis and tomato, but did not affect fertility, suggesting PLD is not
required for JA biosynthesis in stamen development (Zien et al., 2001). Since PLA does not
release fatty acids (substrates for the octadecanoic pathway), suppression of PLD by
antisense is unlikely the direct cause of reduced JA accumulation. PLD is probably engaged
in phosphatidic acid (PA) synthesis, which might be a key messenger for hydrolysis of
lipids by other lipases (Wang, 2004). Other lipases related to DADI have been identified,
and at least one might be involved in the wound-induced JA pathway (Ishiguro ef al,
2001).

Activation of a mitogen-activated protein kinase in tobacco plants (WIPK) and Arabidopsis
(MAPK4) occurs in minutes after wounding (Seo ef al., 1999; Ichimura et al., 2000). WIPK
is required for triggering the jasmonate-mediated signal transduction cascade in wild-type
tobacco plants, but is not involved in SA-mediated defence response to wounding, since
wounded plants accumulated SA ad PRI gene transcripts (SA-dependent) at normal levels
(Seo et al., 1995; Seo et al., 1999). The mpk4 mutant plants are stunted and show enhanced
accumulation of SA and are unable to express the JA-dependent genes PDF1.2 and Thi2.l
in response to JA treatment, suggesting that MPK4 suppress SA biosynthesis and promotes
JA signalling (Niki ef al., 1998).

Once released, LA is then converted into 13-hydroperoxylinolenic acid by the enzyme 13-
LOX, which catalyses the incorporation of molecular oxygen into the polyunsaturated chain
forming hydroperoxides (Brash, 1999; Feussner and Wasternack, 2002). In plants, linoleic
acid (18:2) and linolenic acid (18:3) are oxygenated at positions C-9 or C-13, and the ’
derivative hydroperoxide are further metabolized into oxylipins (Vick and Zimmerman,
1983; Feussner and Wasternack, 2002). LOX comprise a family of at least eight genes in
soybean and six in Arabidopsis, which are involved in many aspects of plant growth and

development (Feussner and Wasternack, 2002).
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The next step in the synthesis of jasmonates is the dehydratation of 13-
hydroperoxylinolenic acid by allene oxide synthase (AOS) followed by the action of allene
oxide cyclase (AOC) resulting in the formation of 12-oxo-phytodienoic acid (12-oxo-PDA)
(Vick and Zimmerman, 1978; Baertschi ef al., 1988; Crombie and Morgan, 1988; Hamberg
and Fahlstadius, 1990; Simpson and Gardner, 1995). AOC shows a more specific substrate
specificity compared to AOS, adding additional specificity to the octadecanoic pathway
(Ziegler et al., 1997). Like JA, 12-ox0-PDA has also been found to modulate gene
expression in response to wounding and insect attack (Stintzi et al., 2001). These authors
obtained an Arabidopsis mutant (opr3) unable to synthesize JA. OPR3 encodes a 12-oxo-
phytodienoate (OPDA) reductase enzyme, which converts 12-Oxo0-PDA into JA. 12-Oxo-
PDA was found to accumulate by wounding the plants or by foliar damage caused by
herbivorous insects. Additionally, opr3 Arabidopsis mutant plants, in contrast to JA-
insensitive mutant coil and the fad3fad7fad8 JA deficient mutants, were resistant to the
dipteran Bradysia impatiens and the necrotrophic fungus A. brassicicola. Moreover,
mutation in opr3 did not affect expression of PDFI.2 in response to A. brassicicola
challenge. PDF1.2 encodes a plant defensin with known antifungal activity in vitro and JA-
dependent expression (Reymond et al., 2000). '

The 12-0x0-PDA then has its double bond in the cyclopenfanone ring reduced by OPDA
reductase (OPR) forming 3-oxo-2-(2’-pentenyl) cyclopentenone-1-octadecanoic acid
(Schaller et al., 2000), followed by three cycles of B-oxidation to form JA (Vick and
Zimmerman, 1983, 1984; Strassner et al., 2002) (Figure 1.2.3a,b). The chemical nature of
OPDA allows the formation of four different stereoisomers, however, the enzymes AOS
and AOC result in the formation of only 95, 13S-OPDA (Hause ef al., 2000) - the precursor

of the bioactive 3R,7S-JA. This conversion is still not well characterized.
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Figure 1.2.3b Structure of jasmonic acid (JA) and methyl jasmonate (Me-JA).

The commercially available synthetic Me-JA used experimentally is produced tﬁrough
methylation of JA. Recently, a gene (JMT) encoding a methyl-transferase (S-adenosyl-
methionine:;jasmonic acid carboxyl methyltransferase) has been identified (Seo ef al,
2001). This gene, like other genes in JA biosynthesis is promptly induced by Me-JA,
resulting in ‘de novo’ synthesis of Me-JA. Several studies on plant-pathogen interactions
have highlighted important roles for JA in plant insect and disease resistance. However, the
transduction pathway is still not well understood. The first evidence for the involvement of
JA in plant defence responses were published in 1990 by Farmer and Ryan, when they
showed that JA and Me-JA induce expression of proteinase inhibitor in response to
herbivorous insects (Farmer and Ryan, 1990). Following this observation it was shown that
endogenous concentrations of JA and its precursor LA increased significantly in plant
tissue after treatment with elicitors or following wounding (Mueller et al., 1993; Conconi et
al., 1996). Initially, JA accumulates at the challenged region followed by a systemic
increase. This group of compounds also induce expression of genes encoding antifungal
proteins such as PDF.2 (Penninckx et al., 1996), thionin (Becker and Apel, 1992) and
osmotin (Chaudhry et al, 1994). In Arabidopsis JA and Me-JA also modulate the
expression of the basic pathogenesis related proteins PR3 and PR4, which are are regulated
independently of SA (Thomma er al., 1998). Additionally, jasmonates modulate activation
of genes >encoding cell wall proteins and genes involved in phytoalexin biosynthesis
(Gundlach et al., 1992), which play important roles in plant defence. Moreover, exogenous
application of Me-JA to Arabidopsis induces resistance against the necrotrophic pathogens

A. brassicicola, B. cinerea and Plectosphaerella cucumerina (Thomma et al., 2000). A
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similar observation was made in potato plants, which had their resistance against
Phytophthora infestans enhanced after exogenous application of Me-JA (Cohen et al,

1993). Therefore, jasmonates act as multifunctional activators of plant defence responses.

Like JA and Me-JA, other intermidiates, or related compounds, in JA biosynthesis also play
similar roles in plant defence responses cued by insects, necrotrophic pathogens or
wounding (Stintzi ez al., 2001). In the biosynthesis of jasmonates through the oxylipin
pathway aldehydes and alcohols are also synthesized and collaborate in the activation of the

defence system against insect attack, affecting their fecundity (Hildebrand et al., 1993).

A series of mutants affected in JA biosynthsesis and signal transduction have been
identified in several plants species. For example, in tomato, a mutant (j/5), which is unable
to convert 13-hydroxylinolenic acid into 12-0xo0-PDA is more susceptible to Manduca
sexta (Howe et al., 1996). In Arabidopsis, the mutant coil affected in signal transduction
downstream of JA is insentive to JA and is much more susceptible to A. brassicicola and B.
cinerea (Thomma et al., 1998; Xie et al., 1998). Moreover, this mutant is incapable of
inducing PDF1.2 and/or thionin2.1 expression either after wounding or challenge by the
necrotrophic pathogen A4. brassicicola (Penninckx et al., 1996). CO!/I was found to encode
an F-box protein, and suggested to be involved in ubiquitin-mediated protein degradation in
JA sigﬂalling pathway (Xie ef al., 1998). This hypothesis is supported by the fact that COI1
is present in a functional SKIP-CULLIN-F-box-type E3 ubiquitin ligase complex.
Interestingly, male sterility of tomato coil/ homologue (jail) is caused by a maternal defect
in seed maturation, which is associated with loss of JA-mediated accumulation of
proteinase inhibitor in reproductive tissues. Similarly to Arabidopsis coil, the tomato jail
mutant plants were also unable to express JA-dependent genes and were more susceptible
to at least two spider mite species and in addition showed abnormal development of

glandular thrichomes (Li ef al., 2004b).

In contrast to the strong phenotype of coil, mutations in JARI (jasmonic acid resistant 1)
did not affect fertility and only partially compromised sensitivity to JA, suggesting JAR/ is
involved in some, but not all, JA-regulated respohses (Staswick et al., 1992; Staswick et
al., 1998). Jarl mutant plants are compromised in resistance against root rot caused by

Phythium species (Staswick er al., 1998). JARI was found to encode a JA-conjugating
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enzyme. Thin-layer chromatography and gas chromatography—mass spectrometry (GC-MS)
analysis demonstrated that this enzyme forms JA-amido conjugates with several amino
acids (Staswick et al.,, 2002; Staswick and Tiryaki, 2004). Neither coil nor jarl
compromised resistance to the biotrophic pathogen Hyaloperonospoa parasitica, in
contrast to the mutants defective in the SA signalling pathway, including nahG, nprl and
eds] (Penninckx et al., 1996; Thomma et al., 1998).

1.2.4 Involvement of Ethylene in plant defence

ET is a phytohormone that, like jasmonates, is involved in many different processes of
plant growth and development. ET is engaged in seed germination, cell growth and
differentiation, senescense and abcission, and fruit ripening (Ecker, 1995; Johnson and
Ecker, 1998). The involvement Vof ET in defence has been the subject of controversy for a
long while, and only recently conclusive evidence was produced (Knoester et al., 1998;
Hoffman et al, 1999). However, the role of ethylene can be dramatically different,
depending on pathogen and plant species. Plants deficient in ethylene signalling may show
either increased resistance or enhanced susceptibility (Wang et al., 2002). Transgenic
tobacco plants expressing a dominant-negative mutant allele of the Arabidopsis ethylene
receptor gene ETR/ displayed enhanced susceptibility to the soilborn fungus Pythium
irregulare (Knoester et al., 1998). Production of ET is stimulated by pathogen challenge
(Penninckx et al., 1998), and this rise in ET concentration modulates the expression of
defence response genes (Memelink et al., 1990; Knoester et al., 1998; Berrocal-Lobo ef al.,
2002).

When seedlings of Arabidopsis are grown in the dark in the presence of ET, root and
hypocotyls elongation are inhibited, there is a radial swelling of the hypocotyls and an
exaggeration of the curvature of the apical hook, termed the triple response (Guzman and
Ecker, 1990; Kieber, 1997). This response of Arabidopsis seedlings to exogeﬁous
application of ethylene has allowed the identification of several classes of mutants impaired

in the response to this hormone (Bleecker ef al., 1988; Guzman and Ecker, 1990; Hoffman
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et al., 1999). Mutants constitutively displaying the triple response can be originated from

ET overproduction or by constitutive activation of hormone biosynthesis.

The first scientific evidence of the existence of an ET/JA dependent signalling pathway
came from analysis of PDF1.2 expression in plants challenged by 4. brassicicola. PDF1.2
was induced both at the site of infection and systemically (Penninckx et al., 1998).
Transgenic Arabidopsis nahG plants or npr] mutants were not compromised in PDFI.2
expression, showing SA is not required for induction of PDF/.2 gene expression (Cao et
al., 1994; Shah et al., 1997). On the other hand, induction of PDF1.2 is blocked in coil,
ein2, and efr]l mutants (Penninckx et al., 1996; Penninckx et al., 1998, Thomma et al.,
1998). A single mutation in either coil, ein2 or etrl was sufficient to disrupt PDF].2 gene

expression. In this case ET works in association with JA to modulate gene expression.

In contrast, other experiments have presented evidence that JA and ET individually are
sufficient to induce resistance against A. brassicicola and B. cinerea, respectively (Thomma
et al., 1998; Berrocal-Lobo et al., 2002). Despite the role of ET in the activation of PDF1.2
in response to 4. brassicicola, resistance to this pathogen was not affected by the ein2 .
mutation (Thomma et al., 1998). Moreover, despite the existence of positive co-operation
between JA and ET, overexpression of an. ethylene-response-factor (ERFI) is sufficient to
confer resistance against B. cinerea and Plectosphaerella. cucumerina but reduces SA-
mediated tolerance against the bacterial virulent pathogen Pst (Berrocal-Lobo et al., 2002).
However, it worth noting that a positive co-operation between SA and ET was observed in
the plant response to P. cucumerina. In addition, resistance to the soilborne fungi Fusarium
oxysporum sp. conglutinans and F. oxysporum sp. Lycopersici in Arabidopsis is also
mediated through the ERFI expression (Berrocal-Lobo and Molina, 2004). ERFI
transcripts can be rapidly induced by B. cinerea, ethylene, jasmonate or synergistically by
both molecules (Berrocal-Lobo ef al., 2002; Lorenzo et al., 2003). It was also shown that,
both JA and ET intact signalling pathways are required simultaneously to activate ERFI,
and that mutations blocking either pathway blocked ERFI expression (Lorenzo ef al.,
2003). Furthermore, 35S:ERFI expression can rescue the defence response defects of coil
(coronatine insensitivel) and ein2 (ethylene insensitive2), suggesting it is a downstream

component of both jasmonate and ethylene signalling pathways. It is believed, this
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transcription factor acts downstream of the intersection between ethylene and jasmonate
pathways, functioning as a key element in the integration of both signals for the regulation

of defence response genes (Lorenzo ef al., 2003).

In vitro DNA binding studies revealed that primary ethylene response elements in the
promoter of ERFI are directly bound by homodimers of the EIN3 protein family (Solano et
al., 1998). EIN3 encodes a nuclear localized protein that belongs to a multigene family in
Arabidopsis (Chao et al., 1997). From six members of this family, at least three of them
(EIN3, EILI and EIL2) are involved in ethylene signal transduction. Overexpression of
EIN3 in a ein2 null mutant background results in constitutive activation of ethylene
responses, similarly to overexpression of EIN2CEND, confirming that EIN3 acts
downstream of EIN2 or proteins are functionally equivalent (Wang et al., 2002).

Additionally, it has been demonstrated that the activation of one or another defence
response is preferentially dependent on the type of pathogen involved. For example, nahG
plants or nprl mutants show increased susceptibility to the biotrophic pathogen H.
parasitica and Pst, but are not affected in their resistance against necrotrophic fungi. In
* contrast, mutants impaired in JA or ET signalling such as coil and ein2 are much more

susceptible to the necrotrophic fungus B. cinerea (Thomma et al., 1998).

1.2.5 Role of phytoalexins in disease resistance

The accumulation of phytoalexins is a conspicuous defence response of plants in response
to attempted pathogen ingress (Zhao and Last, 1996; Zhao ef al., 1998). Camalexin is the
only phytoalexin found in Arabidopsis to date (Hansen and Halkier, 2005) and its
accumulation is induced by pathogens such as Pst DC3000 (Zhao and Last, 1996), A.
brassicicola (Thomma et al., 1999b), and B. cinerea (Tierens et al., 2002; Ferrari et al,
2003). However, the antimicrobial activities of this compound are still not well elucidated,
and they may vary according to pathogen species (Thomma ez al., 1999c). Camalexin was
shown to have in vitro antifungal activity and to be required for local resistance against B.

cinerea (Ferrari et al., 2003). On the other hand, Arabidopsis pad3 plants, deficient in
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camalexin accumulation, are markedly more susceptible to A. brassicicola but are not
affected in resistance against B. cinerea (Thomma e al., 1999b). Likewise, mutation in the
PAD3 gene did not affect growth of virulent Pszt DC3000 (Glazebrook and Ausubel, 1994).
PAD3 encodes a cytochrome P450 mono-oxygenase CYP71B715, a key enzyme in the
camalexin biosynthesis (Zhou et al., 1999). In contrast, two other phytoalexin deficient
mutants, padl and pad2, showed enhanced susceptibility to virulent P. syringae DC3000,
however, no correlation between R gene-mediated resistance and camalexin accumulation

was encountered (Glazebrook and Ausubel, 1994).

Camalexin induction is not triggered by exogenous application of either SA, ET or JA and
camalexin synthesis was not significantly compromised by mutations that compromised the
perception of these defence-related signalling molecules (Thomma et al., 1999c).
Nevertheless, SA"was shown to be required for accumulation of camalexin in response to
pathogen attack (Zhao and Last, 1996). Moreover, it was recently shown that local
resistance to B. cinerea requires JA, ET and SA signalling pathways (Ferrari et al., 2003).
In this case, local resistance against B. cinerea is believed to be mediated through SA
synthesized via phenylalanine ammonia lyase (PAL) rather than the isochorismate (ICS)
pathway, with camalexin playing a role in limiting lesion development. In addition, the
Arabidopsis gain-of-function mutant acd6-1 shows constitutively high levels of SA and
camalexin (Vanacker et al., 2001). These plants also display enhanced resistance against
Pst DC3000 and reduced stature, phenotypes which can be partially suppressed by blocking
SA perception or its accumulation, by the npr/ and pad4 mutations, respectively (Rate et
al, 1999; Lu et al 20003). Interestingly, bos3 plants which are susceptible to B. cinerea,
show higher accumulation of camalexin in response to this pathogen and show enhanced
resistance to Pst DC3000 (Veronese et al., 2004). This could suggest a positive correlation
between camalexin accumulation and resistance to the bacterial pathogen Pst DC3000,
however, the authors only measured camalexin accumulation in response to B. cinerea and

not Pst DC3000
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1.2.6 Crosstalk between signalling pathways

JA and SA-dependent signalling pathways are activated in response to distinct groups of
pathogens and some studies provide evidence for the synergistic interaction between them.
Simultaneous treatment of tobacco plants with JA and SA resulted in significantly higher
expression of the basic PR-1 gene (PR-1b) compared to independent treatments (Xu et al,
1994). Further, data for this synergistic interaction comes from microarray experiments,
where a subset of genes was shown to be upregulated either by JA and SA (Schenk ef al.,
2000; Li et al., 2004a). In addition, basal resistance to the bacterial pathogens Pst and
Xanthomonas campestris pv. armoraciae were found to be affected either in nahG or JA
and ET-responsive mutants (Pieterse e al., 1998; Ton et al., 2002). However, a series of
other studies suggest a more pronounced antagonistic interaction between SA and JA
(Schenk et al., 2000; Glazebrook et al., 2003; Spoel et al., 2003). Thus, it Seems that plants
are able to prioritize which defence response will be deployed, according to the type of

pathogen detected.

For example, SAR activation was shown to suppress JA-mediated resistance in plants,
prioritizing therefore SA-dependent response over JA induced resistance against the
herbivorous insect Spodoptera exigua (Felton and Korth, 2000). In addition, SA was shown
to suppress JA-mediated gene expression (PenaCortes H, 1993; Doares et al., 1995; Gupta
et al., 2000). Furthermore, exogenous application of aspirin (acetyl salicylate- a non-
steroidal anti-inflamatory drug-NSAID) disrupted the biosynthesis of prostaglandins in
animal cells and JA in plants. Aspirin acetylates the enzyme cyclooxygenase preventing
formation of prostaglandins and inhibit the activity of hydroxyperoxide-dehydrase, which
catalyses the conversion of 13-HPLA into 12-oxo-pda in plants (PenaCortes H, 1993).
However, it is worth noting that the acetylated form of SA (acetylsalicylic acid) does not
occur in plants and that no inhibitory effect of SA over allene oxide synthase activity was
observed in either Arabidopsis or flax plants (Harrhs et al., 1998; Laudert and Weiler,
1998). Nevertheless, the negative effect of SA over JA-mediated defence gene expression
has been shown in several studies (Doares et al., 1995; Harms et al., 1998; Gupta et al.,
2000).
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Recent studies shown that either a positive co-operation or a negative interaction between
SA and ET is possible, depending on the plant and or pathogen species (O'Donnell et al.,
2001; Berrocal-Lobo et al., 2002; Berrocal-Lobo and Molina, 2004). In tomato plants,
depletion of ET accumulation in the transgenic ACC deaminase line (acd) or its perception
by the ethelyne-insensitive mutant nr result in lower accumulation of SA upon infection
with Xanthomonas campestris pv. Vesicatoria and consequently reduced disease symproms
(O'Donnell et al.,, 2001). Activation of ethylene responses in Arabidopsis by ERFI
overexpression results in enhanced resistance against the necrotrophic pathogen B. cinerea
and in counterpart reduced SA-mediated tolerance to Pst (Berrocal-Lobo et al., 2002). On
the other hand, in this same study it was demonstrated that ERF/-mediated resistance to P.
cucumerina was benefited by a positive co-operation between these two defence signalling
pathways. Moreover, Arabidopsis resistance against F. oxysporum, also mediated through
ERF expression, requires ET, JA, and SA signalling pathways, together with a functional
NPRI1 gene, altought it is independent of PAD4 and EDSI (Berrocal-Lobo and Molina,
2004). Altogether, these results confirm that both positive and negative interaction between
SA and ET can be established.

Together with ET, JA is required for the expression of the PDFI.2 gene and induction of
induced systemic resistance (ISR) in response to the non-pathogenic rhizobacteria
Pseudomonas fluorescens (Penninckx et al., 1998; van Wees et al., 1999). Loss-of-function
mutations in the COII gene blocked induction of PDF1.2 gene expression by ET, while
mutations in the EIN2 gene suppressed induction by JA (Penninckx ef al., 1998). Like
SAR, induction of ISR confers resistance against a broad spectrum of pathogens like F.
oxysporum and Pst (Pieterse et al., 1998; Pieterse and van Loon, 1999), however, activation
of ISR is SA-independent. Transgenic Arabidopsis nahG plants, depleted in the
accumulation of SA, are incapable of mounting SAR, but are still able to activate ISR. On
the other hand, mutants insensitive to JA or ET, like efr/ and jar!, fail in the establishment
of ISR (Pieterse et al., 1996; Pieterse et al., 1998). Hence, it appears that JA and ET work
in combination to establish ISR. Our knowledge about this defence mechanism is still
unclear, however, in contrast to SAR, ISR may be mediated via super-expression of

defence genes when the plant is challenged by virulent pathogens.
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1.3 Non-host disease resistance

The prevalent type of plant disease resistance in nature, and perhaps the most important is
‘non-host resistance’. Resistance shown by an entire plant species to a specific parasite or
pathovar is known as non-host resistance (Heath, 1987). Non-host resistance is effective
against a broad spectrum of pathogens, and in contrast to gene-for-gene resistance, is
durable, which makes it much valuable for agricultural applications (Holub, 2001). In spite
of its natural and economical importance non-host resistance is still poorly understood.
Non-host resistance can be divided into two types: type I- is when the interaction between a
pathogen and a non-host plant does not produce any visible symptoms (necrosis) and type
II- is always associated with rapid localized cell death (HR) (Mysore and Ryu, 2004).
Whether type I or IT will be triggered will depend on both plant and pathogen.

Recently, it has been suggested that plants respond in a similar fashion to host and non-host
pathogens, and that signalling components can be shared between these two type of
resistance (Thordal-Christensen, 2003). Therefore, the difference between host and non-
host resistance may reside in the solidity of recognition leading to resistance. Similarly to
race specific resistance, inducible defence mechanisms and signalling molecules have been
shown to play a fundamental role against several non-host pafhogens. For example,
disruption of actin filaments (a key component of the cytoskeleton) by exogenous
application of cytochalasins, specific inhibitors of actin polymerisation, resulted in loss of
resistance in several plant species against different non-host fungi (Kobayashi ef al,
1997a). Likewise, simultaneous loss of actin and EDSI gene function in Arabidopsis
compromised resistance against non-host powdery mildew (Blumeria graminis f. sp. tritici)
(Yun et al., 2003). Saponins, secondary metabolites with antimicrobial activity,
constitutively produced by some plants species and also induced by pathogens are also

suggested to play a role in non-host resistance (Papadopoulou et al., 1999).

Beyond pre-existing barriers, attacking pathogens have to deal with plant inducible defence
mechanisms and signalling molecules. General elicitors can bé released during attempted
ingression of both host or non-host interaction, activating new barriers against the invading
parasite. Examples of such general elicitors are the Flagellins, proteins from the bacterial

flagella, and oligomers of chitin and glucans released during the enzymatic degradation of
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cell-wall polymers during the infection process (Thordal-Christensen, 2003). Recognition
of the conserved 22-amino acid motif (flg22) by Arabidopsis plants is mediated through a
signalling pathway that depends on a protein recognition complex containing the FLS2
leucine-rich repeat (LRR) receptor kinase (Gomez-Gomez et al, 2001). Interaction
between flg22 and FLS2 leads to accumulation of ‘in planta’ accumulation of ROS and
activation of a mitogen-activated protein cascade, in addition to induction of defence
pathogenesis-related genes (Felix et al., 1999; Gomez-Gomez et al., 1999; Nuhse ef al.,
2000; Asai et al., 2002). The release of general elicitors (oligomers) is indispensable for the
pathogens and plants are believed to exploit them during recognition, similarly to the .
animal recognition of ‘pathogen-associated molecular patterns’ (PAMPs) (Parker, 2003;
Thordal-Christensen, 2003). Recognition of such elicitors activate the production a series of

antimicrobial proteins and phytoalexins.

Evidence for the involvement of camalexin (an indole phytoalexin with low molecular
weight and antimicrobial activity), ET, and SA in resistance to non-host pathogens has been
produced (Knoester et al., 1998; Thomma et al., 1998; Mellersh and Heath, 2003). The sid2
mutant and nahG transgenic Arabidopsis plants, which are depleted in SA accumulation
(Gaffney et al., 1993; Wildermuth et al., 2001), lack resistance against non-host fungus
Uromyces vignae (Mellersh and Heath, 2003). SID2 encodes the enzyme isochorismate
synthase involved in SA biosynthesis (Wildermuth et al., 2001). NahG plants are also
susceptible to the non-host bacterium Pseudomonas phaseolicola, however, accumulation
of catechol in addition to depletion of SA contributes to this susceptible phenotype (van
Wees and Glazebrook, 2003). Further evidence for the involvement of SA in non-host
resistance comes from experiments with WIPK (wound-induced protein kinase) and SIPK
(salicylic acid-induced protein kinase)'(Sharma et al., 2003), when it was shown that
silencing these two genes in Nicotiana benthamiana compromises resistance against the

non-host bacterial pathogen Pseudomonas cichorii.

The first gene (NHOI) directly involved in resistance against the non-host bacterial
pathogen Pseudomonas syringae pv phaseolicola was recently cloned (Kang et al., 2003)
and shown to encode a glycerol kinase, which converts glycerol into glycerol 3-phosphate.

Glycerol 3-phosphate can be directed into three different metabolic pathways: glycolysis,
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gluconeogenesis, and synthesis of phospholipids. Therefore, susceptibility of nhol towards
non-host pathogens may be due to a deficiency in G3P which affects one of these metabolic

pathways and consequently shortage of secondary metabolites such as sugars or lipids.

1.4 Botrytis cinerea, a rotting pathogen

Botrytis cinerea Pers., anamorph of Botryotinia fuckeliana (De Bary) Whetzel, the causal
agent of grey mould disease, is a member of the family (Moniliaceae/Sclerotiniaceae)
(Inoperculate Discomycetes) (Agrios, 1997). This deuteromicota fungus produces
multinucleate, heterokariotic asexual conidia and is a pathogen with worldwide distribution
and able to attack over 200 plant species, including agronomic crops such as strawberry,
tomato, pepper, kiwi fruit and petunia. Due to its broad spectrum of hosts, Bofrytis is the
most common imperfect fungus causing fruit and general diseases on plants, causing
blossom blights and fruit rots but also damping-off, stem cankers or rots, leaf spots, and
tuber, corm, bulb, and root rots of many vegetables, flowers, small fruits, and other fruit

trees (Agrios, 1997).

Despite recent advances in crop protection, control of grey mould is still mainly dependent
on fungiéides such as imidazoles and dicarboximides. However, control efficiency is
seriously affected by the appearance of resistant strains (Baraldi, 2002). Resistance to
fungicide can result in significant crop losses (Michailides and Elmer, 2000). The sexual
form, Botryotinia fuckeliana (de Bary) Whetz is rarely found in nature and in the laboratory
is very laboriously obtained, therefore sexual reproduction is very unlikely to be the main
source of variation (Faretra ef al., 1988). Analysis of genetic diversity between field strains
has shown a large variability in DNA content with frequent occurrence of aneuploids and
polyploids (Buttner ef al., 1994). Thus, frequent mutations and aneuploidy are possibly the
main generators of genetic variability in this species, and consequently the source of
. resistance to fungicide. In more recent work in the filamentous fungi Colletotrichum
lindemuthianum, it was demonstrated that genetic material was exchanged between isolates,
through structures named CATs - conidial anastomosis tubes (Roca et al., 2003), this could

be an alternative mechanism deployed by fungal species for genetic recombination.
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In contrast to biotrophic pathogens, necrotrophic pathogens do not require host living cells
to survive, in fact, they kill host cells prior to penetration and thrive on nutrients from them.
Moreover, this group of fungi can remain active after tissues have died, an advantage in
relation to the biotrophic pathogens and saprophytic microrganisms. Direct penetration of
intact plants using structures such as appressorium has been reported (Rijkenberg et al.,
1980; Williamson et al., 1995). However, there is far more evidence for the involvement of
reactive oxygen species (ROS) and cell wall degrading enzymes (CWDE) in pathogenicity
of Botrytis than for the involvement of appressorium-like structures (Viterbo et al., 1993,
Tiedemann, 1997).

1.4.1 Role of Reactive Oxygen Species on Virulence of B. cinerea

One of the first responses of plants against invading pathogens is the generation and
accumulation of reactive oxygen species (ROS) [superoxide (O") and hydrogen peroxide
(H,0,)] at the site of infection (Grant and Loake, 2000). This oxidative burst leads to the
so-called hypersensitive response (HR). HR mimics programmed cell death in mammals

and is deployed by plants in attempt to restrict pathogen spread (Jones and Dangl, 1996).

While HR is one of the most efficient mechanism of defence against a broad spectrum of
biotrophic pathogens it has been shown to facilitate plant infection by the necrotrophic
pathogen B. cinerea (Govrin and Levine, 2000). In this study they showed that the
oxidative burst and cell death was in fact induced by the pathogen and not by the host as
one would expect. Moreover, it was shown that the degree of pathogenicity of both B.
cinerea and Sclerotinia sclerotiorum was directly dependent on the level of generation and

accumulation of O, and H,0,.

One of the first suggestions of the involvement of ROS in pathogenicity of B. cinerea dates
from 1980s, when the secretion of several sugar oxidases into the inoculation medium,
releasing phytotoxic levels of H>O, which could potentially kill host cells prior to pathogen
penetration (Edlich ef al., 1989). This observation was in agreement with previous findings

that spores of Botrytis depend on the presence of sugars in the inoculum or on the host
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surface (plant-surface exudates) for successful germination. Even though oxidative
enzymes were not purified these observation were confirmed by the inhibitory effect of

several antioxidants on infection.

A positive correlation for in situ accumulation of ROS and aggressiveness of six isolates of
Botrytis was also reported on bean leaf disks floating on diluted malt broth medium
inoculated with conidia of this pathogen (Tiedemann, 1997). That was the first report of
direct detection of toxic superoxides and hydrogen peroxides in situ during infection by this
pathogen. In this study it was reported that the more aggressive isolates induced peaks of
O, accumulation within 24h and H,O; within 48h post-inoculation (hpi). However, such an
increase in ROS was not detected for non-aggressive strains. Moreover, scavengers of
ROS, catalase and D-mannitol, significantly reduced se'verity of infection. Furthermore, this
author reported suppression of plant peroxidase activity by all isolates tested, with stronger
suppression by the more virulent isolates, suggesting a role for beroxidases in plant

resistance as scavengers of harmful ROS.

Further observations of ROS functioning as virulence factors in B. cinerea were performed
by analysis of potential H O, generators (Rolke et al., 2004). A Cu-Zn-superoxide
dismutase gene and a putative glucose oxidase gene (named bcsod! and bcgodl,
respectively) were cloned and their potential function in pathogenicity investigated. It was
reported that only mutations in the bcsodI(Abcsodl) significantly delayed development of
symptoms, suggesting Cu-Zn-SOD-activity could play an important role in virulence of this

necrotrophic species.

1.4.2 Cell Wall Degrading Enzymes (Attack Enzymes)

The presence of cell wall degrading enzymes (CWDEs) (also called attack enzymes) during
the different stages of infection suggests these enzymes play a méjor role in pathogenicity.
Several studies have been undertaken in order to prove involvement of appressorium-like
structures in pathogenicity of the necrotrophic fungus B. cinerea. In spite of the evidence

for the contribution of these penetration structures in the infection of Botrytis a requirement
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for CWDE could be ruled out by the authors. A more recent study suggests an
appressorium is required for physical penetration of intact leaves of bean, tomato or rose
but not wounded plants (Gourgues ef al., 2004), but again they were unable to demonstrate
that CWDE were not required. Therefore, if appressorium-like structures are needed for

plant infection they work in association with secreted attack enzymes.

A common feature of the symptoms caused by these pathogens is that infected tissues are
rotted, due the action of degrading enzymes. Despite large variability in the ploidy,
associated with phenotypic instability of isolates, it has been possible to establish the
function of some proteins secreted by Botrytis during pathogenesis (Edlich et al., 1989;
Staples and Mayer, 1995; ten Have, 2002). Some of the more commonly secreted enzymes
are pectin methyltransferase (Valette-Collet et al., 2003), polygalacturonase (Wubben et
al., 1999; ten Have et al., 2001), carboxypeptidase (Viterbo et al., 1993), B-glucosidase
(Sasaki and Nagayama, 1994), laccases (Schouten ef a/., 2002) and aspartate proteinase (ten
Have et al., 2004).

When B. cinerea penetrates the anticlinal wall it subsequently grows into and through the
middle lamella, which consists mostly of pectin. The host range of B. cinera, albeit wide, is
restricted to plants with high pectin contents in the cell wall, i.e., dicotyledons and
corroliferous monocot species. Graminaceae contain a low amount of pectins and they are

typically non-hosts (ten Have, 2002).

It appears that some of these enzymes are secreted during the early stages of the interaction,
initiating the infection process, while a second group of enzymes would be synthesized
later enhancing pathogen spread and macerating plant tissue (Staples and Mayer, 1995).
Other secreted proteins are also speculated to act in protecting the fungus against secondary
metabolites produced by the plant during infection. In this case, pectinases such as pectin
methylesterases (PME) act at first instance by deesterifying pectin, producing, methanol +
polygalacturonic acid (PGA), allowing subsequent function of polygalacturonases (PG),
which hydrolyse glycoside bonds between galacturonans, and pectate lyases (PL). This
breaks PGA into oligogalacturonides by [-elimination. Pectin lyases (PLN) can also
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depolymerise native pectin by breaking bounds between methylated galacturonide residues

via B-elimination (Valette-Collet et al., 2003).

Endopolygalacturonases cannot cleave highly methylated pectin, while methylesterases can
demethylate pectin without affecting the polymer chain. Thus, concerted and sequential
action of these two enzymes is essential. This will cleave the polymer chain into oligomers
and ultimately into di- or monomers (ten Have, 2002). Concerted and sequential secretion
of these enzymes is regulated by the susbtrate available and by environmental conditions

such as pH and host condition.

A detailed in vitro study of a Botrytis endopolygalactuonase gene family (Bcpgl-6)
revealed different features for each of its six members (ten Have ef al., 2001). They noticed
a significant variation in terms of basal expression level between all six genes, being higher
for Bepgl and Bepg? (at least 10 times higher for Bepgl than all other transcripts). While
Bcepg4 and Bepg6 were induced by galacturonic acid, glucose only repressed expression of
Bcpg4. On the other hand, Bcpg3 was not responsive to carbon source and induced by low
pH. Regulation of Bcpg5 could not be discriminated. This large battery of pectinases
confers an enormous advantage to a fungus with such a wide range of host species.
Similarly, the expression pattern of these pectinases on four different hosts (tomato, broad
bean, apple and courgette) varied according to the stage of infection. However, the
functionality of such a flexible pectin degradation machinery may be revealed by analysing
knockout mutants for these genes. Deletions in Bcpg! resulted in reduced virulence on
leaves and tomato fruits as well as on apple (ten Have et al, 1998). Other pectinases
secreted by Botrytis have been reported and/or cloned but little is known about their

function in pathogenicity

The role of proteinases as virulence factors on infections by B. cinerea is becoming more
evident. Proteinases might be used by Botrytis to degrade plant cell wall proteins or
antifungal proteins secreted by the host (ten Have et al., 2004). A proteinase that has been
the subject for different studies is aspartate proteinase (AP) (Movahedi and Heale, 1990b,
1990a; Manteau et al., 2003; ten Have et al, 2004). This enzyme is present in

ungerminated spores, and is produced during germination before pectic enzyme
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components, both in culture and in host-infected tissue (Staples and Mayer, 1995).
Moreover, cell death was detected in B. cinerea-infected carrot root before pectic enzymes
or necrosis-inducing glycoprotein or polysaccharide production, supporting the view that
AP may be involved since early stages of infection (Movahedi et al., 1991). While several
types of proteinases are secreted by pathogens, AP is particularly significant because it was
the only type of proteinase activity in fluid obtained from B. cinerea-infected tissue of
apple, pepper, tomato and courgettes (ten Have et al., 2004). In this study, five B. cinerea
genes encoding AP were cloned and transcript of all five genes were detected in infected
plant tissue, suggesting that at least part of AP activity in planta originated from the
pathogen.

1.4.3 Detoxifying secreted enzymes and plant defence

Similarly to those enzymes synthesized for host attack, B. cinerea also secretes a range of
enzymes in response to activated defence mechanisms in the plant host, with the purpose of
detoxification. Closely associated with the oxidative burst is the secretion of a series of
laccases (Deighton ef al., 1999). Laccase, a polyphenoloxidase reduces oxygen to water
accompanied by the oxidation of a phenolic substrate. The full spectrum of laccase
substrates is unknown, but includes polyphenols, methoxy-substituted phenols and
diamines, but not tyrosine (Staples and Mayer, 1995). These enzymes are believed to
function as detoxifying enzymes to protect the fungus against toxic metabolites, by the
oxidative polymerization of lignins and oxidation of phytoalexins. A role for laccase in
pathogenicity of Botrytis has been reported almost twenty years ago (Barnun ef al., 1988).
Treatment of growing cultures of the fungus with EDTA suppressed laccase synthesis
without suppressing fungal growth, with effects reversed by copper application. Likewise,
pathogenesis on cucumber fruits was significantly reduced by EDTA treatment. It is
postulated one of the possible mechanisms of resistance against Botrytis is by repressing
laccase secretion. This speculation is due to the observation that cucurbitacin, a cyclic
triterpenoid produced by Cucumis prophetarium and Ecbollium elaterium affected laccase
synthesis (Barnun et al., 1988; Bamun and Mayer, 1989). However, cucurbitacin neither

suppresses fungal growth nor blocks the action of attack enzymes. Tannins from the skin of
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grape berries are capable of inhibiting these laccases, but are unlikely to have a significant
reduction on maceration of ripening fruits, since phytoalexin levels decline during ripening
(Staples and Mayer, 1995). Therefore, effective resistance against B. cinerea should take

into account all these observations.

Like laccase, benzyl alcohol oxidase (BAO) is also secreted by B. cinerea in response to
the plant defence mechanism. BAO is speculated to function by degrading the by-products
of cell wall degradation and or the biodegradation of lignified compounds (Goetghebeur et
al,, 1993). Similarly to laccase, BAO enzyme induction by B. cinerea occurs in specific

response to the defence mechanism of the plant host.

Mutations in an ATP-binding cassette (ABC) transporter BcatrB gene resulted in increased
sensitivity to the phytoalexin resveratrol and the fungicide fenpiclonil (Schoonbeek et al.,
2001). Moreover, virulence of ABcatrB mutants on grape vine leaves was slightly reduced.
ABC superfamily genes encode membrane-bound proteins with an ATP-binding cassette
(Higgins, 1992). These proteins transport a wide range of compounds over various
membranes via ATP binding (Senior ef al., 1995). Disruption of the Magnaporthe grisea
ABCI1 gene resulted in reduced virulence of this pathogen on rice plants (Urban et al.,
1999), confirming the involvement of ABC transporters in pathogenicity. Thus, these

membrane transporters might protect a pathogen from plant defence compounds.

In response to pathogen attack, plants express a variety of pathogenesis related proteins,
also called PR-proteins, which possess strong antifungal and other antimicrobial activity.
Some of them inhibit spore releases and germination, whereas others are associated with
strengthening of host cell wall and its outgrowths and papillae. For example, B-1,3-
glucanase and chitinase, degrade the chitin-supported structure of the cell walls of several
but not all pathogenic fungi, whereas lysozymes degrade the glucosamine and muranic acid
components of bacterial cell walls (Agrios, 1997). Expression of pathogenesis related
proteins will be discussed in more detail later on together with defence signalling

molecules.

Oligogalacturonides, the end-products of CWDEs act as elicitors of plant defence

mechanisms (Cervone ef al., 1989). They are called endogenous elicitors and believed to be
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non-specific. In tomato plants, oligogalacturonide concentration was significantly increased
by the action of feeding insects or mechanical wounding (Bergey et al., 1996). Moreover,
galacturonides with a degree of polymerization between 4-6 are reported to induce ET
production in tomato plants (Simpson et al., 1998). Polygalacturonase inhibing proteins
(PGIPs) are produced by plants in order to inhibit microbial endopolygalacturonases.
Specificity of PGIPs differ between plant species as well as within a single species,
depending on type of attacking pathogen (Desiderio ef al., 1997). Transgenic tomato plants
over expressing a PGIP gene from pear showed increased resistance against B. cinerea
(Powell et al., 2000). On the other hand, when a gene from pear, encoding a
polygalacturonase inhibiting protein (PGIP-1) was over expressed in tomato plants using
CaMV35S promoter, no significant increase in resistance against B. cinerea, Fusarium
oxysporum f.sp. lycopersici or A. solani was observed (Desiderio et al., 1997). Moreover,
in this study was shown that PGIP-1 expressed in tomato and N. benthamiana only partially
inhibited crude PG preparations from F. oxysporum f.sp. Lycopersici, B. cinerea and A.

solani.

The presence of conserved leucine-rich repeat domains in PGIPs suggests some sox:t of
coevolution between PGIPs from plants and PG from pathogens (Stotz et al., 2000), similar
to the gene-for-gene concept (Flor, 1971; DeWit, 1997).

1.4.4 Arabidopsis mutants affected in resistance against B. cinerea

The deployment of Arabidopsis-B.cinerea moael pathosystem started to reveal some
important components of the defence signalling pathway against necrotrophic pathogens.
Mutant Arabidopsis plants. conveying enhanced susceptibility. towards B. cinerea (BOS
loci) have been isolated (Mengiste et al., 2003; Veronese ef al., 2004). The Botrytis
Susceptible 1 (BOSI), isolated from a T-DNA population, also display enhanced
susceptibility to A. brassicicola and impaired tolerance to drought, salinity and oxidative
stresses (Mengiste et al., 2003). Conversely, in response to the biotrophic pathogens Pst
and H. parasitica bosl plants show enhanced disease symptoms, but unaltered pathogen

growth. BOS! was shown to encode an R2R3MYB transcription factor protein and is
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suggested to act by modulating response to signals, via the reactive oxygen species

generated during biotic and abiotic stresses (Mengiste et al., 2003).

In addition to the bos! mutant, another three Botrytis Susceptible Loci (bos2, bos3 and
bos4) (Veronese et al., 2004) and a Botrytis-Induced serine/threonine protein kinase (BIKI)
(Veronese, 2004) have been identified. Besides the enhanced susceptibility to B. cinerea,
the mutants bos3 and bos4 also show increased susceptibility to A. brassicicola. In contrast,
bos2 seems to be specifically required for resistance against B. cinerea. Interestingly,
mutation in BOS4 also compromised resistance against a strain of P. syringae carrying the
avirulence gene avrRpml, while bos3 shows increased resistance against virulent and
avirulent strains of Pst and H. parasitica Noco2. The expression kinetics of the PRI gene in
the different bos mutants seemed to inversely associated with susceptibility to B. cinerea,
with the highest expression in bos3, the most susceptible line (Veronese ef al., 2004).
Transcription of the BIK/ gene is not induced by the exogenous application of Me-JA, ET
or SA and its transcriptional activation by B. cinerea does not require the accumulation or
transduction signalling of these hormones. Loss-of-function in the BIK/ gene conversely
resulted in enhanced susceptibility to B. cinerea and increased resistance to a virulent
strain of the bacterial pathogen P. syringae, while resistance to the avirulent strain avrRpmI
was unaffected, suggesting B/K/ is required for basal but not R gene mediated resistance.
The presence of a plant N-myristoylation motif in the open reading frame of BIK/ suggests
membrane localization, where B/K/ may figure as a general receptor for necrotrophic
pathogens, functioning at early stages of pathogen recognition or transduction of pathogen

response (Veronese, 2004).

The Arabidopsis ocp3 (overexpresser of cationic protein 3) was recently isolated and its
role in disease resistance investigated (Coego et al., 2005). Recessive mutations in OCP3
convey enhanced resistance against the necrotrophic pathogens B. cinerea and
Plectosphaerella cucumerina, while resistance against the virulent pathogens H. parasitica
and Pst is not affected. The OCP3 gene was cloned and shown to encode a homeodomain
transcription factor that is constitutively expressed in healthy plants but repressed in
response to infection with necrotrophic fungi (Coego et al., 2005). Healthy ocp3 plants
show increased accumulation of HzOé and constitutively express-the ROI inducible Gst/

(Glutathione S-transferasel) and JA- dependent PDFI.2 genes, while SA-dependent
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expression of PR-I still remains. Analysis of double mutants ocp3coil, ocp3nprl and
ocp3ein2 suggest resistance against necrotrophic pathogens is JA-dependent, mediated
through COI, but does require neither SA nor ET, through NPR1I or EIN2 perception.
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2 Materials and Methods
2.1 Plant material and growth conditions

Arabidopsis thaliana (Arabidopsis) seeds of ecotype Columbia (Col-0) and Landsberg
erecta (Ler) were used. All Arabidopsis transgenic and mutant lines used were in a Col-0 or

Ler background (table 2.1).

Table 2.1 Arabidopsis lines used

Arabidopsis accessions

Accession Phenotype Reference Source
Col-0 wild-type NASC
Ler wild-type NASC

asl (Ler)  Asymetric leaves (Byme et al., 2000) Hudson, Edinburgh

asl (Col-0) Asymetric leaves (Redei, 1965) Hudson, Edinburgh l
NahG Salicylate (Lawton et al., 1995)  Novartis, USA
hydroxylase ‘
transgenic
ein2-1 Ethylene insensitive  (Guzman and Ecker, NASC
1990)
etrl Ethylene insensitive  (Bleecker et al., 1988) NASC
coil-1 Jasmonate (Feys et al., 1994) Tumner, University of
insensitive East Anglia
as2 Asymetric leaves (Ori et al., 2000) Hudson, Edinburgh
KNI Lobed leaves " (Hayetal., 2003) Tsantis, Oxford Univ.
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Antirrhinum accessions

Accession Phenotype Reference Source

Sippe S0  Wild type Hudson, Edinburgh Univ.
& IPK inst. Germany
PHAN asymmetric leaves (Waites ef al., 1998) Hudson, Edinburgh Univ.

& IPK inst. Germany

Tobacco accessions (Nicotiana silvestris)

Accession  Phenotype Reference Source

Nicotiana Wild type A (McHale and Koning, Koning; Connecticut-USA
2004)

silvestris

AFI8B.1 Asymetric leaves (McHale and Koning, Koning, Connecticut-USA
2004)

Seeds were placed on soil and allowed to vernalise for 48 hours at 4°C after which they
were transferred into growth rooms. Plants were grown under 8-hours of light at 22°C and
16-hours of dark at 18°C. For aseptic growth, seeds were sterilised with 10% commercial
bleach (v/v) for 20 minutes, washed 4 times in distilled water and maintained for 48 hours
in the dark at 4°C to improve germination uniformity. Seeds were subsequently transferred
to MS plates containing MS basal salts supplemented with 1% (w/v) sucrose and 1% (w/v)
agar. All chemicals employed were purchased from Sigma-Aldrich UK or unless stated
otherwise. Petri dishes were transferred to a growth chamber with 8-hours of light at 22°C

and 16-hoprs of dark at 18°C.

39



2.1.1 Chemical treatments

A 20 mM methyl jasmonate (Me-JA) stock solution was prepared in 0.1% (v/v) ethanol. A
1:40 dilution, containing 0.01% (v/v) Silwet (Union Carbide, UK), was used to paint buds
of AOS antisense plants in order to rescue seed production. For sensitivity of Arabidopsis to
jasmonate, seeds were sown on MS plates containing 150 pM Me-JA and seedlings root

length measured seven to ten days after germination.

To transiently express KNI a conditional expression system was employed in a Col-0
background (Hay et al., 2003). This consisted of a C-terminal fusion of the KN/ ¢cDNA
with the steroid binding domain of the rat glucocorticoid receptor from pBI-AGR. A line
containing an empty gene cassette was utilized as a control. 35S5::KNI/-GR and 35S::-GR
transgenic lines were treated with dexamethasone (DEX) as described previously (Grant et
al., 2003). Briefly, a ImM DEX stock solution was prepared in ethanol and a 1:1000

dilution, containing 0.01% (v/v) Silwet, was used to homogenously spray plant leaves.

The Arabidopsis activationally tagged seeds were sown in flats and transformants selected
by spraying seedlings twice with a 150mg/l BASTA herbicide solution (Agrevo, Germany).
Seedlings were first sprayed one week after germination, and again four days later.

Resistant plants were visually identified one week post herbicide treatment.

2.1.2 Generation of double mutants

Crosses were performed using pollen from homozygous ibrl plants to fertilise flowers of
the male sterile coil (Feys et al., 1994) and aos (Loake lab) plants. Unopened flowers of
homozygous ibrl plants were pollinated with pollen from the mutants etr/ (Bleecker ef al.,
1988), ein2 (Guzman and Ecker, 1990), and adr! (Grant et al., 2003). Since ibr phenotype
is conferred by a single recessive mutation, successful crosses were easily identified by lack
of ibrl phenotype in the F; generation. Double mutants between ibr/ and ethylene
signalling mutan.ts were identified in the F, and F; generations by the morphological
phenotype and response to the ethylene precursor 1-amino-cyclopropane-1-carboxilic acid

(ACC). F; seeds from a crossing between ibr! and coil were sown on MS plates containing
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150uM Me-JA and JA insensitive seedlings were transferred onto soil prior to selection for
ibrl phenotype. Ibriaos double mutants were selected by the ibr/ phenotype and male
sterility conferred by aos antisense, and rescued by painting buds with a 500uM Me-JA

solution.

2.2 Pathogen growth and disease resistance assays

Pseudomonas syringae pv tomato DC3000 (PstDC3000) (Whalen ez al., 1991) was grown
in King’s brofh (KB) liquid media supplemented with 50 mg/l rifampicin. Four-week old
soil-grown Arabidopsis plants were infected with a Psz DC3000 suspension in 10 mM
MgCl; by infiltrating the abaxial side of the leaf with a 1 mL syringe (Cao et al., 1994).
Three leaves per plant and six to ten plants per line were infiltrated. After three days, leaves
were harvested for analysis of bacterial growth. 100mg of leaf tissue were ground in 1000
pl 10 mM MgCl, using a mortar and pestle. Serial dilutions were made from the resulting
bacterial suspension, and 100 pl of each dilution was used to inoculate KB medium plates
containing 50 mg/l rifampicin. The plates were incubated at 30°C for 2 days, and the
number of bacterial colonies for each sample‘ was recorded. Bacterial counts were

statistically analysed using the Student T test (Mini-tab version 13).

P. syringae pv tomato DC3000 isolates carrying the avirulent genes avrB and avrRps4,
respectively, were grown on Kings Broth supplemented with 50 mg/l rifampicin and 50
mg/] kanamycin. Liquid cultures were grown on a shaker at 30°C, and cells were pelleted
by centrifugation and re-suspended for plant inoculation in 10 mM MgCl, at. For
inoculations, 10 pl of the PstDC3000 (avrB) solution were forced under the abaxial
epidermis using a 1 ml syringe. Successful inoculations were visualised by the appearance

-

of a watery area under the epidermis.

Pseudomonas Sluorescens 2-79 (Thara et al, 1999) was grown on KB liquid media
supplemented with 50 mg/I rifampicin. Four-week-old soil-grown plants were infected with

a P. fluorescens suspension in 10 mM MgCl, by syringae infiltration, as described above
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for Pst DC3000 infection. Measurements of bacterial growth and statistical analysis were

carried out as described for Pst DC3000 infection.

Botrytis cinerea isolated from strawberry plahts was grown on oat meal medium for 7-10
~ days. Spores were collected by washing the colonies with. sterile water, passed through a
cheese cloth tissue to remove mycellium and centrifuged at 3,500 rpm for 10 minutes to
pellet the spores. The pellet was resuspended in 1mL of %2 potato dextrose broth (PDB)
medium, and dilutions thereafter used to determine spores concentration using a
haemacytometer chamber and a light microscope. For testing resistance against B. cineria,
four to five week-old Arabidopsis plants were sprayed with a conidial suspension
containing 5 x 10° spores/mL resuspended in 1/2 PDB until droplets ran off, or drop
inoculated by applying a 5 uL drop of spore suspension on surface of three leaves per plant.
Two months old Antirrhinum plants were inoculated by applying a single 10 uL drop of
spore suspension on surface of three leaves of each plant and twelve plants per line.
Experiments were repeated three times. Inoculated plants were incubated at 100% relative
humidity for 4-6 days before being examined for typical necrotic lesions caused by 5.
cineria infection. Scoring was as follows: 0 = no necrotic lesions, 1 = plants showing small-
dry lesions, 2 = plants showing a mix of small and medium size lesion, 3 = plants showing
medium size and spreading lesions, 4 = plants showing predominantly spreading lesions, 5
= plants showing predominantly wide necrotic lesions. Plants in different replicates were
assigned a disease index as follows: D.I.=2i.j/n, where i = Infection class, j = the number of
plants scored for that infection class and n = the total number of plants in the replicate

(Epple et al., 1997). Twenty plants were infected for each line.

A. brassicicola (MUCL20297; Mycotheque Universite Catholique de Louvain, Louvain-la-
Neuve, Belgium) (Thomma et al., 1999b) was grown on potato carrot and agar (PCA)
medium. Spores were collected as for B. cinerea and the spore density adjusted to 5x10°
spores/ml in sterile water. Plant inoculation was done in a similar fashion to Botrytis,
except that spore drop inoculation was performed on detached leaves. Four-week old
Arabidopsis plants were either spray or drop inoculated with a spore suspension. Leaves

from two months old Antirrhinum plants were inoculated by applying a single 10 pL drop
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of spores suspension on surface of each leaf (three leaves per plant and twelve plants per

line).

Hyaloperonospora parasitica Noco2 (Parker ef al., 1993) and Cala2 (Holub ef al., 1994)
were maintained as previously reported (Bowling et al., 1994). Typically, 3-week-old soil-
grown plants were infected by spraying a solution of 1x10° conidiospores per ml. Plants
were maintained in humid conditions for 10 days and results were taken at this point.
Infected plants were scored by counting the number of conidiophores per leaf. Three to

eight leaves per plant were scored and three to six plants per line were examined.

2.3 DNA and RNA blot analyses
2.3.1 Southern blot analysis

DNA (10 pg) isolated from ebs!/ mutant line was digested overnight uSing the restriction
enzymes Apal, BamHI, EcoRI, Kpnl, Sacl, Spel, Taql and Xhol, (Promega, UK). Digested
samples were run through a 0.8% agarose gel and transferred onto a nylon membrane
(Amersham, UK) according to the supplier instructions. The membrane was pre-hybridised
for 1 hour at 42°C and hybridised sequentially with two probes (described below). Probes
were labelled with o->’P-dCTP by random priming using the Prime-a-Gene® labelling
system (Amersham, UK). Hybridization was run over-night at 65°C according to the
instructions of the supplier (Promega, UK). Blots were washed twice for 30 min each at
65°C in 4 X SSC (saline sodium-citrate), 1% (w/v) SDS, which was followed by two
washes at 65°C in 4 X SSC, 0.5% (w/v) SDS. Blots were exposed to X-Omat-AR™
imaging film (Kodak) for an appropriate time period. Blots were stripped by incubation in
boiling 0.1% (w/v) SDS and washing in 0.5 X SSC for 30 min at room temperature, before
hybridization with a subsequent probe (Sambrook et al., 1989).

Two DNA fragments were employed as probes: a 339 bp fragment corresponding to the
CaMV35S enhancer region and a 610 bp fragment corresponding to the BAR gene. Probes
were obtained by PCR using primers 5’-GATCCCCAACATGGTGGAGCACG-3’ and 5’-
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TAGATATCACATCAATCCACTTGC-3’ (CaMV35S enhancer); 5’-GAAGTCCAGCTG
CCAGAAAC-3’ and 5’-CACCAAATCGACTCTAGCCA-3’(BAR gene).

2.3.2 Northern blot analysis

Total RNA was extracted from Arabidopsis leaves harvested from four-week old plants

using the Trizol protocol www.science.siu.eduw/nickrent/PLB420/DNA.Technique/Trizol.method.html).

In summary, leaf tissue (approximétely 0.1g) was ground inside of a 1.5 ml microcentrifuge
tube (kept in liquid nitrogen), using an electric micropestle, followed by the addition of 200
uL of Trizol solution. In sequence, tubes were vortexed vigorously until the sample was
completely dispersed and 40 pL chloroform added into each tube and vortexed again for
another 15 seconds. After 2-3 minutes standing at room temperature, tubes were
centrifuged at 10,000g for 10 minutes and the aqueous phase (upper phase) transferred into
a new tube. Isopro£)anol and 0.8 M sodium citrate/1.2 M NaCl, 1/2 volume of the aqueous
phase each was added into each tube and mixed by inverting the tubes gently. Tubes were
let to stand for 10 minutes before another centrifugation cycle at 10,000g for 10 min. Pellet
was washed in 75% ethanol (v/v) once, followed by an extra centrifugation step at 10,000g
for 5 min. The pellet was dried at room temperature and then resuspended in 50 pL DEPC-
treated water. Alternatively, RNA extraction was carried out using an RNA kit (Qiagen,
CA, USA) according to the instructions of the supplier. The absorbance of each sample was
measured at 260 nm, and used to calculate the concentration of RNA. Samples (10 pg)
were separated on formaldehyde-agarose gels (Sambrook et al., 1989), transferred to‘ a
Hybond™-N hybidization fnerﬁbrane according to the instructions of the supplier
(Amersham, UK) and hybridized with the relevant probes (described below). Dextran
sulphate (10% w/v) was included in the pre-hybridization / hybridization solution in order
to enhance efficient binding of the probe (Sambrook et al., 1989). Blots were washed twice
for 30 min each at 65°C in 4 X SSC, 1% (w/v) SDS, which was followed by two washes at
65°C in 4 X SSC, 0.5% (w/v) SDS. Blots were exposed to X-Omat-AR™ imaging film
(Kodak) for an appropriate period. Blots were stripped by incubation in boiling 0.1% (w/v)
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SDS and washing in 0.5 X SSC for 30 min at room temperature, before hybridization with

a subsequent probe .

Probes were prepared by amplification of appropriate sequences using PCR and directly
purified using a kit (Quiagen, UK) (Tab1e2.2). Alternatively, probes were generated from
plasmids by digestion with relevant restriction enzymes and purified from the gel using a
gel purification kit purchased from Quiagen (Table2.2). Sequences for the PCR primers and
templates used for each probe are reported. Probes were labelled with a-**P-dCTP by

random priming using the Prime-a-Gene® labelling system (Promega, UK).

Table 2.2 DNA probes employed for northern blot analysis.

Gene Template Forward primer Reverse primer RE

GCCTATTGACGAG CCACAAGCTCTGAC
AGTAAGTAC AAGAACAC

AS1 Genomic DNA

CTGCAGACTCATA TATGTACGTGTGTA

PR-1  TA-PRI CACICIGG TGCATGATC )

TCATGGCTAAGTT AATACACACGATTT
PDF1.2 genomic DNA -
TGCTTCC AGCACC

GCCACGTCCACAC CTACAGCACCAGA
PR-3 Genomic DNA -
TCCAATC CGGACCA

ATACTTGCTCCGC ACAACAATGCGGT
PR-4 Genomic DNA -
CATGC CGTGAAG

Botrytis ) ’ EcoRI
pSK-ActinA  -----ememmmmmo e
ActinA HindIll
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2.4 Biochemical Analysis
2.4.1 Ethylene emission

For measurements of ethylene emission, 4-week-old plants were spray inoculated with B.
cinerea .spores and samples collected 48 h post-inoculation. Leaves from infected and mock
plants were carefully detached by cutting the petiole with a sharp blade, weighed and
placed into a 20 mL capsule containing 1 mL water with petioles immersed in the water.
Three replications for each treatment were analysed, and each sampled composed of leaves
from six plants. Capsules were sealed and left to stand in the growth room for 24 hours. A 1
mL gas sample removed from the headspace was subjected to gas chromatography using a
HP5980 series II gas chromatograph with a flame ionisation detector (Hewlett Packard,
Palo Alto, CA) equipped with a Quadrex BTR-CW column (50m length, 0.32mm diameter)
and run at 80°C. These experiments were performed in collaboration with Dr. Peter Morris

. (Heriot Watt University).

2.4.2 Jasmonic acid

Free 'endogenous JA was quantified by gas chromatography/mass spectrometry.
Quantification procedure was carried out by Chemistry Department, University of
Edinburgh. The stable isotope-2H,-JA (90.4% total JA), was employed as an internal
standard. The samples were extracted three times with 70% methanol. The combined
extract was then passed through a C,s solid phase extraction cartridge (pre-conditioned, in
turn in methanol and 70% methahol) and washed with 70% methanol. The combined eluate
and washings were vacuum concentrated, diluted with 2.5 ml of water and acidified with
0.15 ml concentrated hydrochloric acid. The aqueous phase was extracted with chloroform
and concentrated to 0. 2ml before transfer to a 0.2 ml autosampler vial. Samples were
evaporated to dryness and derivatized with hexane and N-methyltrimethylsilyl-
trifluoroacetamide and analysed on a Micromass GC-TOF mass spectrometer in accurate
mass acquisition mode. Endogenous JA was quantified on the basis of the ratio of the JA:

H,-JA integrated peak areas for the molecular ions (m and z 282.1651 and 284.1777
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respectively). For each sample, three sample preparation replicates were each analysed in

triplicate.

2.4.3 Salicylic acid

Free and conjugated endogenous SA levels were determined by HPLC analysis, as
described previously (Aboul-Soud et al., 2004) with minor modifications. Essentially 200
mg of leaf tissue per sample was collected and promptly frozen in liquid nitrogen. Samples
were then ground in liquid nitrogen using a mortar and pestle and pulverized tissue
transferred to a Falcon tube, followed by the addition of 1 mL of 90% methanol and
vortexed for 1 minute. It is important that sample does not thaw before adding MeOH. The
sample was then transfered to a 2 mL microtube, centrifuged at 15000g for 5 minutes and
supernatant transferred to a new tube. Pellet was resuspended in 1 mL 100% methanol,
centrifuged and two supernatant pooled together and dried in a speed vacuum centrifuge at
medium temperature. Each pellet was then resuspended in 1 mL 5% of 5% trichloroacetic
acid, followed by the addition of 1 mL of ethylacetate:cyclopentane:isopropanol (50:50:1)
and vortexed for 1 minute. The organic phase was transferred to a new tube. The aqueous
phase was reextracted with another 1 mL of the organic the 50:50:1 mix and the two
supernatant pooled together and evaporated under heat in the vacuum centrifuge. The
aqueous phase was then acidified to pH 1, boiled for half hour to release conjugated SA and
extracted with the organic mix twice. The two supernatant were pooled together and dried
in the vacuum centrifuge. The residues were dissolved in 200 pL of 50% methanol, filtered

and subjected to HPLC analysis.

2.4.4 Camalexin accumulation

Camalexin was extracted as previously (Glazebrook and Ausubel, 1994). Essentially, leaf
disks (50 mg FW) were incubated in 1.7 mL of methanol (80%) at 65°C for 20 min. Leaf
tissue was removed, and methanol extracts subjected to evaporation under reduced pressure

(speedvac) untill the volume was reduced to approximately 500 pL. Samples were
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extracted with 2x 150pL of chloroform, and removal of the chloroform phases (the green
lower phases) into clean tubes. Chloroform was then evaporated under reduced pressure
and residues disolved in 200 pL of 50% methanol. After filteration, samples were
quantified by using high-performance liquid chromatography (HPLC) (Mert-Turk ef al,
2003; AVeronese et al., 2004) with a Dionex HPLC system equipped with AS50
autosampler, AS50 thermal compartment, GS50 gradient pump, PDA-100UV-is detector
and RF2000 fluorescence detector. The analytical column used was a 250 x 4.6mm
Phenomenex Luna 5p C-18 (2) an.d a variable wavelength spectrofluorometric detector
(excitation 318 nrﬁ/emission 385 nm) used. Quantification was performed using a
chromaleon chromatography software by integration of peak are.a and a calibration curve of
camalexin standards. The eluents used were: Time 0 - 5 min 60% MeOH to 70% MeOH,;
time 5-10 min Isocratic 70% MeOH and flow rate 1 ml/min at column temperature of 35
degrees Celsius. Camalexin was quantified by comparing peak areas with camalexin
standards (1pg/ml) (provided by Dr Jane Glazebrook, University of Minnesota-Twin cities,
MN, USA) with respect to retention time (~9 min) and UV absorption spectra.

2.5 Histochemical analyses
2.5.1 Trypan blue staining

Trypan blue staining was employed to examine dead plant cells. Leaves were stained by
boiling for 5§ minutes in alcoholic lactophenol trypan blue (20 ml of ethanol, 10 ml of
phenol, 10 ml of water, 10 ml of lactic acid and 10 mg of trypan blue). Stained leaves were
cleared in chloral hydrate (2.5 g in 1 mL of water) overnight at constant shaking and then

mounted under coverslips in 60% glycerol (Bowling et al., 1997).

Hydrogen peroxide (H,0,) production was detected by histochemical staining using 3,3-
diaminobenzidine (DAB) as described previously (Thordal-Christensen et al., 1997).
Leaves were stained by treatment with a solution of 1 mg/ml DAB over-night with constant
shaking. Leaves were then cleared by boiling in an acetic acid/glycerol/ethanol (1/1/3

v/v/v) solution and then mounted under coverslips in 60% glycerol.
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2.5.2 Nitroblue tetrazolium (NBT) stain

O, accumulation in planta was visualised by NBT staining (Jabs ef al., 1996). Leaves were
immersed in 10 mM KH,PO, buffer (pH 7.8) containing 600 pM NBT for 2 hours in the
dark. The stain was removed and chlorophyll cleared by boiling in 96% (v/v) ethanol for 10

minutes.

2.5.3 Diaminobenzidine (DAB) staining

H,0, accumulation in planta was visualised by DAB staining (Yun et al., 2003). DAB is
rapidly absorbed by the plant and is polymerised locally in the presence of H,O, and
peroxidase giving a visible brown stain. Léaves were placed in 50 ml tubes, covered with
0.1% (w/v) 3,3-diaminobenzidine solution and incubated overnight. The stain was removed

and the chlorophyll cleared by boiling in 96% (v/v) ethanol for 10 minutes.

2.6 Abiotic stress treatments
2.6.1 Drought stress assay

For drought stress assay, seedlings from both lines were transplanted into soil, in trays with
72 plants, with rows of each line planted in sequence, in order to provide the most similar
growth condition to both lines. Plants were grown for about three weeks when they were
* not watered for 12 days and re-watered at day 13 (Kang et al., 2002). Approximately 144

plants per line were used in each experiment, which was repeated once.

2.6.2 Salt stress assay

To examine potential tolerance to salinity, 3-week-old soil grown plants were irrigated with

an increasing concentration of salt (NaCl) every 4 days. The concentrations of sequentially
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applied sodium chloride were 50 mM, 100 mM, 150 mM, 200 mM and 400 mM (Song et

al., 2003).

2.7 Homology searches and sequence analyses

The bioinformatic tools from web-sites presented here (Table 2.7) were used for sequence

search and analysis. Instructions were followed as detailed at each site. Homology searches

in Arabidopsis were carried out using BLAST and WU-BLAST2 at the TAIR web-site,

whereas plant homology searches were conducted using the MIPS and TIGR databases.

Table 2.7 Web-sites used for sequence search and analysis.

Name Function Web-address
Homology search in
BLAST http://www.Arabidopsis.org/Blast
Arabidopsis
Homology search in http://www.Arabidopsis.org/wublas
WU-BLAST2
Arabidopsis t/index2.jsp
Multiple
Expectation

Maximisation fon
Motif  Elicitation|
(MEME)

Alignment of multiple peptide

sequences

http://www .ebi.ac.uk/clustalw/index

html

The Institute fon

Genomics

Research (TIGR)

Plant Sequence Database and

BLAST search

http://www tigr.org/tdb/euk/
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2.8 PCR based methods
2.8.1 TAIL-PCR

Genomic DNA from Arabidopsis tagged lines was extracted using the CTAB protocol
(Dellaporta, 1983) and TAIL-PCR performed as described previously (Singer and Burke,
2003) with suggested modifications (Sessions ef al., 2002). The specific and arbitrary
degenerated primers used for TAIL-PCR are listd in table 2.8.1.

Table 2.8.1- Arbitrary degenerated primers for TAIL-PCR

Primer Sequence

AD1 NTCGASTWTSGWGTT
AD2 NGTCGASWGANAWGANA
AD3 TGWGNAGSANCASAGA
AD4 _ WGTNAGWANGANAGA
ADS AGWGNAGWANCAWAGG
AD6 STTGNTASTNCTNTGG

Key to symbols: R=A+G, Y=C+T, M=A+C, K=G+T, S=G+C, W=A+t, H=A+T+C, B=g+T+C, D=G+A+T,
N=A+C+G+T, V=G+A+C

2.8.2 RT-PCR

RNA was extracted and the concentration determined as before. RNA was DNAase
(Promega) treated by adding 1 pl of DNAase per pg of RNA in 1X Promega DNase buffer
and incubating at 37°C for 30 minutes. The reaction was stopped by adding 1X Promega




stop buffer and incubating at 65 °C for 10 minutes. RT-PCR was carried out using
QIAGEN One Step RT-PCR kits according to the manufacturer’s instructions. The PCR
program was as follows; Reverse Transcription for 30 minutes at 50 °C, PCR activation 15
minutes at 95 °C, 35 cycles of 1 minute at 94°C, 1 minute at 64 °C, 1 minute at 72°C and

final extension 10 minutes at 72 °C. The primers used were as shown in table 2.8.2.

Table 2.8.2 Primers used for RT-PCR

Gene Forward primer Reverse primer . Product
Ar2G37630 GCCTATTGACGAGAGT CCACAAGCTCTGACA 04 kb
AS] AAGTAC AGAACAC '
A3G26650 CTTGCTCCCTTTGTCAA CGCGTCTAGCAACCT 011 kb
(GAPDH) AGTTCTT CTGGT '

2.9 Mapping of ibr2 using SSLP markers

In order to generate an F, mapping population, ibr2 plants were crossed to Ler.
Homozygous F; plants expressing the mutant phenotype were selected for mapping, which
was performed using single sequence length polymorphism (SSLP) protocol (Bell and
Ecker, 1994). This is an approach based on PCR of polymorphic genomic DNA sequences
between Col-0 and Ler. The selection of markers was based on The Arabidopsis

Information Resource (TAIR) (http.//www.Arabidopsis.org/).

Genomic DNA was extracted from leaf tissue using a CTAB DNA extraction protocol
(Dellaporta, 1983). Approximately 100 mg leaf tissue from each plant were ground in 0.4
ml DNA extraction buffer with 0.2% 2-mercaptoethanol. Samples were incubated at 60°C
for 30 min followed by extraction with an equal volume of chloroform. After
centrifugation (4000g, 15 min), the DNA was precipitated from the resulting supernatant by
the addition of an equal volume of isopropanol. After a further centrifugation step (13000g,
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20 min), the DNA pellet was washed in 70% (v/v) ethanol and finally dissolved in 60 ul of

water.

The markers used in the present project are listed on Table 7.5. All primers were
manufactured by Sigma (UK). PCR reactions were performed using 10X buffer,
magnesium chloride, Tag polymerase (Promega) and deoxynucleotides from Sigma. The
PCR reactions were carried out in 20 pl volume containing 1-2ul of the DNA miniprep
(approximately 10-20 ng DNA), 5 pmol of each primer, 200 uM each of four
deoxynucleotides, 2 mM magnesium chloride and 1 unit of Tag polymerase. PCR reactions
were carried out in a PTC- 200 Peltier thermal cycler. PCR conditions were as follow: 94°C
for 3min, followed by another 34 cycles of (94°C for 1min, 58°C for 1min, and 72°C for
1min and 30 seconds), 72°C for 10min, and cooled down to 4°C. § ul loading dye was
added to each tube prior to electrophoresis. Agarose gel concentrations optimized for each
marker are listed in Table 2.2. Col-0 and Ler samples were included on each gel as
controls and run in adjacent lanes in order to visualize polymorphisms. A 1 kb and or a
100bp DNA ladder (New England Biolabs) were also included on each gel in order to
determine the size of different PCR products. |
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3 Results
3.1 Mutagenesis — the source of genetic variability

Mutagenesis is a vital tool for the elucidation of gene function and understanding the
genetic mechanisms underlying the phenotypic expression of characters. Creation of
mutants for studying host-pathogen interactions has gained significant attention, especially
during the last few decades. Mutagens have been routinely used for this purpose, however,
most mutagens employed until recently produced predominantly loss-of-function
(knockout) mutants (Weigel et al., 2000). Sequencing of Arabidopsis and other eukaryote
genomes revealed the existence of two classes of genes that are unlikely to emerge from
classical loss-of-function screens (Miklos and Rubin, 1996). Some genes are present with
several copies in the genome which are very similar in sequence and function, and are
therefore unlikely to be uncovered by loss-of-function screens. A second group of genes,
encoding proteins that function at multiple stages of the plant life cycle, and play a
fundamental role during embryogenesis are also difficult to be identified by classical
screening, because loss-of-function is frequently lethal. The deployment of gain-of-function
techniques such as activation tagging has rendered significant progress for studying these

two classes of genes (Tani et al., 2004). »

3.2 Activation tagging strategy

Deployment of the activation tagging technique in the identification of genes has been
undertaken for several species with diverse purposes (Tani et al., 2004). Genes have been
uncovered in Arabidopsis (Hua and Meyerowitz, 1998; Borevitz et al., 2000; van der
Graaff et al., 2000; Berrocal-Lobo et al., 2002), in Catharanthus roseus (van der Fits and
Memelink, 2000), in pgtunia (Zubko et al., 2002) and in Drosophila (Schneuwly et al.,
1987). -

A landmark technique for alteration of gene expression was created by Walden and co-

workers (Hayashi et al., 1992). They created a construct carrying four copies of the
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enhancer element of the constitutively expressed promoter of the Cauliflower mosaic virus
(CaMV) 35S gene. This construct can enhance gene transcription in either side of insert.
This technique was termed activation tagging. Considering that Agrobacterium randomly
inserts the T-DNA construct in the plant genome, activation tagging can generate either
gain-of-function or for loss-of-function mutants. Overexpressed genes almost always
occurred immediately adjacent to the inserted CaMV35S enhancers, at distances varying
from 0.38-3.6 kb (Weigel et al., 2000). Moreover, they noted that in at least one case, the
CaMV35S enhancers led to an enhancement of the endogenous expression pattern rather
than to constitutive gene expression, suggesting that the enhancers alone act differentially
from the complete CaMV35S promoter. The enhancement promoted by these elements
indicated that activation tagging can overcome the stringent genetic controls regulating

accumulation of specific natural products during plant developent (Borevitz ef al., 2000).

In Arabidopsis, activation tagging is particularly easy and efficient. This plant is easily
transforfned by Agrobacterium tumefaciens and simple and robust methods have been
developed (Bechtold et al., 1993; Clough and Bent, 1998). A recently cloned mutant (adr!)
shows constitutive expression of a series of key defence marker genes, elevated levels of
SA and enhanced resistance against the biotr‘ophic pathogens Hyaloperonospora parasitica
and Erysiphe cichoracearum, (Grant et al., 2003). Interestingly, adrl plants are not affected
in either JA or ET pathways, and consequently show unaltered resistance against the
necrotrophic pathogen B. cinerea. In addition to disease resistance, adr/ mutant plants also
display enhanced tolerance to water deficit and conversely sensitivity to heat and salinity
stresses (Chini et al., 2004). Analysis of a series of adr! double mutants suggested that adr!-
mediated resistance against H. parasitica is SA-dependent, while resistance against E.
cichoracearum was both SA-dependent and partially NPR1-dependent (Chini, 2004; Chini et
al., 2004). ADRI was shown to encode a protein with homology to subdomains of protein
kinases, a nucleotide binding domain and leucine rich repeats (Grant ef al., 2003). Sequence
analysis revealed that ADR/ is a member of a small atypical Arabidopsis sub-class containing
four CC-NBS-LRR genes. In addition, homologous genes were uncovered in many
phylogenetically distant and agronomically important plant species; their sequence analysis
revealed a number of consensus motifs unique and distinctive for the ADR1 family (Chini,

2004).
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Figure 3.1 Molecular architecture of the activation tagging vectors pVICE
n4HPT and pSKIO015 (a) pVICE n4HPT contains four copies of the CaMV 35S
enhancer sequence adjacent to the right T-DNA -border sequence (RB), which
potentially enhance expression of genes neighbouring both the left border (LB) and
RB sequences. The construct harbours an ampicillin gene (Amp) and an origin of
replication (ori) which allows the isolation of flanking sequences by plasmid rescue in
Escherichia coli. A hygromycin resistance gene (HPT) fused with the nopaline
synthase promoter (PNOS) and the poly A sequences of gene 4 of the 4. fumefaciens
T-DNA -(gdpA) provides a selectable marker for successful transformation. (b) The
activation tagging vector pSKI015 (Weigel et al., 2000) derived from pVICE 4HPT.
BAR: glufosinate resistance gene. The construct harbours an ampicillin gene (Amp)
and an origin of replication (ori) which allows the isolation of flanking sequences by
plasmid rescue in E. coli. The restriction enzyme sites indicated can be employed to
rescue pUC19 and adjacent plant sequences from transformed plants. The restriction
sites Notl, Spel and BamHI can be used to rescue plant sequences adjacent to the left
T-DNA -border. In a similar fashion, Kpnl, Pstl, EcoRI and HindlII sites can be used
to rescue plant sequences adjacent to the right T-DNA —border. Source: (Tani ef al.,
2004)
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Overexpression of the constitutive disease resistance (cdrl) gene in Arabidopsis by a T-DNA
insertion resulted in enhanced resistance of cdrl plants against the bacterial pathogen
Pseudomonas syringae (Xia et al., 2004). CDR1 encodes an apoplastic aspartic protease. Cdrl
plants also display a dwarf phenotype and develop spontaneous micro-‘lesions. Development of
spontaneous lesion is frequently reported in constitutive disease resisténce mutants (Maleck e?
al., 2002; Pilloff et al., 2002). Genetic analysis of cdrl nahG plants revealed that all
phenotypes conveyed by cdrl were SA-dependent. Activation tagging and its applicability in
studying gene function has been reviewed recently (Tani ef al., 2004).

Previously, two activationally tagged populations, one in a PR/:Luc and another in a
PDF1.2:Luc background were generated by floral dip of Col-0 Arabidopsis plants using the
transformation vector pSK1015 (Fig. 3.1) (Grant et al., 2003; Tani et al., 2004) and were
the subject of this study. Due to virulence of the B. cinerea strain used in our experiments
and the risk of loosing susceptible lines during the screening process, T) plants were not
inoculated with this pathogen. Instead, they were, in collaboration with Andrea Chini and
Eleanor Gilroy, the subject of parallel screens for either resistance or susceptibility to the
virulent bacterial pathogen Pseudomonas syringae pv tomato (Pst DC3000). Screening
primary transformants will identify dominant activation tagged mutations, and since Pst is a
non-systemic pathogen there was little risk of loosing mutant lines. Four week-old plants
were infiltrated with a bacterial suspension (1x10° cfu/mL for resistance; and 1x10* cfu/mL
for susceptibility) and mutants exhibiting either enhanced resistance or susceptibility were
identified 3-4 days post-inoculation by comparing symptom development with wild type
Col-0 and transgenic nahG control plants.. Mutants showing an abnormal morphological
phenotype were also selected, transplanted to an individual pot and seeds collected. Some
phenotypic abnormality, such as stunting and spontaneous lesions, are sometimes
associated with disease resistance (Boch et al, 1998; Grant et al., 2003). From this
screening for Pst a few mutant lines were isolated and some of them characterized (Chini,
2004; Gilroy, 2005). The remaining T, plants were grown in flats, typically 72 plants per
flat, and seeds from each flat pooled together and used for screening lines displaying

enhanced resistance or susceptibility towards B. cinerea.
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3.3 Screening for altered resistance to Botrytis cinerea

To uncover Arabidopsis mutants expressing increased resistance against B. cinerea, we
screened a T, population of approximately 60,000 activation tagged T-DNA lines (Grant et
al., 2003; Tani et al., 2004) by spray inoculation of a B. cinerea spore suspension. We
obtained four lines which differed in their response to B. cinerea compared to wild-type
Col-0 plants. A sample of 432 plants was taken as representative for each T, pool. This
number should cover most possible dominant and recessive mutant lines. In fhe T,
generation 3/4. of plants are expected to be resistant to the herbicide Basta (amonium
glufosinate) whilst the 25% remaining are eliminated by the herbicide. With the purpose of
avoiding plant stress during transplantation, seeds are poured on each soil pot and sprayed

with Basta one-week later.

Four-week old plants were spray inoculated with a spore suspension, covered with a
polyetylene lid and wrapped with Sellotape to keep humidity around 100%, which is a
requirement for B. cinerea spore germination and tissue penetration. Wild type Col-0 and
coil mutant plants were used as controls. Five days post-inoculation the level of infection
was evaluated and mutants showing enhanced resistance or Susceptibility against B. cinerea
were selected by comparing the level of infection in relation to the Col-0 and coil control
plants. Four mutant lines, two showing INCREASED BOTRYTIS RESISTANCE (IBR) and
two mutants displaying ENHANCED BOTRYTIS SUSCEPTIBILITY (EBS) were selected

and characterization of three of these lines is described here.
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3.4 Discussion

The employment of Arabidopsis as a model system has rendered significant insights into
the genetic mechanisms governing the interaction between host and pathogens. However,
most of the progress achieved was from studying the interaction of biotrophic pathogens
with their host plants, while interactions involving plant-necrotrophic pathogens still
remain poorly understood. In an attempt to identify some components of resistance of
plants against B. cinerea we screened two Arabidopsis T-DNA mutagenised populations
(Grant et al., 2003; Tani et al., 2004; Murray et al., 2005) and isolated mutant lines which
are affected in resistance against this pathogen. The two resistant lines were termed
Increased Botrytis Resistance 1 (IBRI) and IBR2, while the two susceptible mutants were
termed Enhanced Botrytis Resistance 1 (ebsl) and ebs2, respectively. Three of these lines
were characterized and will be presented later in this study, two of which have a T-DNA
insert closely linked to the mutation and another line that is not tagged. Lack of co-
segregation between gene and T-DNA tag has been documented. For an activation tagging
populafion, recombination frequencies of 25 and 63% for left and right border have been
reported, respectively (Sessions ef al., 2002). In agreement, it has been shown that only
about 17% of mutant phenotypes obtained in the first generation (T;) re-appeared in the
next generation, confirming instability of the insertion in a large proportion of mutants
(Ichikawa et al., 2003). It has been suggested that for some populations co-segregation

between T-DNA tag and phenotype can be as low as 20% (Budziszewski et al., 2001).

For our T-DNA mutagenized population a transformation rate of 0.31% was noted. This -
percentage of transformation is similar to that has been previously reported (Clough and
Bent, 1998). Approximately 15% of all primary transformants were male sterile, preventing
further analysis. These numbers are in agreement with those from similar studies
" (Maldonado et al., 2002; Sessions et al., 2002). However, in our experimental conditions
less than 5% of all morphological phenotypes present in the primary tfasnformants
reappeared in the next generation, significantly lower than previous reports (Maldonado et
al., 2002; Ichikawa et al., 2003). Integration into the plant genome is often accompanied by
general DNA "irritation", such as deletic;n and rearrangements of genomic fragments

unrelated to the integration. This "irritation" can frequently result in unforced mutation and
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consequently phenotypes that do not co-segregate with the gene tag (Nacry et al., 1998).
These data could explain the low frequency of T, plants inheriting the mutant phenotype
spotted in the primary generation. Nevertheless, activation tagging is an efficient tool for
gene discovery and apart from the results obtained in this study, an extensive number of
mutants identified by using this technique could be listed here. In plant disease resistance,
several tagged mutants were recently isolated (Grant et al., 2003; Xia ef al., 2004; Murray
et al., 2005). Thus, in spite of the instability of the T-DNA insertion in several lines, the
benefits of working with a mutant line generated by activation tagging justify the

employment of this technique for studying gene function.
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4 Characterization of ibr! mutant

4.1 Ibrl plants exhibit increased resistance against necrotrophic fungi

One of these lines, termed INCREASED BOTRYTIS RESISTANCE!I (IBRI), exhibited
strikingly reduced susceptibility to B. cinerea infection compared to wild-type plants (Fig.
4.1.1, a-b). Furthermore, trypan blue staining employed to monitor cell death following B.
cinerea inoculation revealed that leaf lesion development was significantly reduced in the
ibrl line compared to wild-type plants (Fig. 4.1.1, k-r). This line also had lobed leaves,
which possessed a shorter petiole and broader midvein. Neither B. cinerea resistance nor
lobed leaves were a characteristic of F, plants derived from a backcross of the ibrl line
with their wild-type Col-0 parent. Out of a total of 746 F, plants scored, 176 plants
expressed increased resistance against B. cfnerea, consistent with a 1:3 segregation ratio
(X2 = 0.68) for this phenotype. Thus, suggesting that ibr/ was a single recessive mutation.
Interestingly, the lobed leaf phenotype co-segregated with B. cinerea resistance. All 176 B.
cinerea resistant, lobed leaved plants expressed resistance against Basta, suggesting the
ibrl mutation was tightly linked to the T-DNA insertion. We employed TAIL-PCR (Singer
and Burke, 2003) to amplify DNA sequences flanking the inserted T-DNA. This analysis
revealed that the T-DNA was inserted 521 bp upstream of an open reading frame encoding
a MYB-related regulator (MYB91), termed ASSYMETRIC LEAVES (AS) 1 (Redei, 1965).
A series of alleles of as] have been identified and following a conventional nomenclature
our mutant line was named as/-4. One pathway involved in reprogramming gene
expression during plant leaf development requires Arabidopsis ASI and its orthologs
PHANTASTICA (PHAN) in Antirrhinum and ROUGH SHEATH (RS) 2 in maize (Freeling
et al., 1992; Waites et al., 1998). These genes are members of a small unique MYB-related
gene family (R;R3-MYB) (Stracke et al., 2001). The presence of lobed leaves in asl-4
plants suggested the cognate mutation may be an allele of as/. All F, progeny resulting
from a éross between asl-4 and a Col-0 line possessing an X-ray-induced mutation, asi-/
(Redei, 1965), exhibited the characteristic phenotype of as/ plants, indicating that as/-4
was a mutant allele of 457. Furtﬁermore, RT-PCR analysis of A4S/ gene expression in as/-4
plants revealed a complete absence of A4S/ transcripts (Fig. 4.1.1, j), suggesting this

mutation was a null allele. To confirm these findings, we challenged as/-4 and also a Ler
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line containing an introgressed as/-/ allele with B. cinerea. Both of these as/ lines

exhibited increased resistance against B. cinerea (Fig. 4.1.1, a-d).

Bouryds growth (%)

Figure 4.1.1 AsI plants show increased resistance to B. cinerea. 4-week old plants were
spray inoculated and disease scored 6 dpi. Upper panel B. cinerea infected and lower panel
respective mock plants. (a) Col-0, (b) as/-#, (¢) Ler and (d) as/-1. Upper right, trypan blue
stained leaves of (e) Col-0, (f) asI-4, (g) Ler and (h) asI-1 infected plants with B. cinerea.
Lower, (i) TAIL-PCR amplified as /-4 flanking T-DNA sequence, (j) RT-PCR amplification
of Arabidopsis AS1 in (1- Col-0, 2-as1-4, 3-asILer, 4-as1Col-0 and actinl genes, lower and
upper row, respectively. (k) Relative growth of B. cinerea in the given lines, measured by
amount of actin transcripts accumulated at different times post-infection.

To examine if the apparent resistance observed in as/ plants was due to a decrease in
pathogen growth or reduced symptom development, we monitored the expression of the B.
cinerea actin gene. The amount of transcript accumulation has been shown to directly
correlate with the extent of B. cinerea growth (Benito et al., 1998). The level of transcripts
correlated with lesion size. The amount of actin transcripts were on average, 20% higher in
wild-type than in as/-4 mutant plants at 48 hpi, and up to 2-fold greater at 4 dpi, suggesting
B. cinerea growth is decreased in this mutant line (Fig. 4.1.1 1).
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To investigate if as/ conveys resistance against other necrotrophic fungi, as/-/ and as/-4
plants were challenged with A. brassicicola. Compared to wild-type plants, the as/-# and
asl-1 lines exhibited significantly increased resistance against A. brassicicola (Fig. 4.1.2, a-
g). The size of A. brassicicola lesions on as/-4 and as/-1 plants were significantly reduced

compared to the wild-type line (Fig. 4.1.2g).

Lesion size (mm)
C =2 N WG O

Figure 4.1.2 Asl plants show increased resistance against A. brassicicola. Plants were
drop incoculated and disease symptoms scored 6dpi. Upper (a-d) typical necrotric lesion on
leaves of Col-0, asl-4, Ler and asI-I, with respective mock leaves on the row below. (¢)
detail of spore germination on Col-0 plants, (f) Alfernaria sporulation on wild type plants
and (g) lesion size on given lines at 6 dpi.
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4.2 Neither as2 nor conditional KNOX gene expression conveys enhanced B. cinerea

resistance

Plants possessing loss-of-function mutations in 4S2 are phenotypically similar to as/
plants (Ori et al., 2000). AS2, which encodes a member of the LOB family of plant specific
proteins (LBD6), is thought to function in the same genetic pathway as AS/ (Xu ef al,
2003). We therefore investigated if loss of 4S2 function also resulted in enhanced
resistance to B. cinerea. While disease development in as2 plants was similar to that
observed in wild-type Col-0 plants, the as/-4 and asl/-I lines again showed increased
resistance against this pathogen (Fig. 4.2). Both AS7 and AS2 are required for the repression
in leaves of certain KNOX (KNOTTEDI-like homeobox) genes, such as KNATI, KNAT2
and KNAT6 (Semiarti et al., 2001; Xu ef al., 2003). Furthermore, misexpression of KNI has
been shown to elaborate lobed leaf morphology in Arabidopsis similar to that established in
asl and as2 plants. We therefore examined if misexpression of KN/ could convey
enhanced resistance to B. cinerea. For this experiment, a conditional KN/ allele (35S::KN1I-
GR) was utilized, which encoded an inducible fusion between KNI and the rat
glucocorticoid receptor (GR) expressed under the control of the cauliflower mosaic virus
(CaMYV) 35S promoter (Hay et al., 2003). The KNI glucocorticoid receptor fusion protein
was not detected in leaves in the absence of DEX-induction and the application of DEX to a
transgenic line containing an empty vector failed to establish a lobed leaf morphology (Hay
et al., 2003). Plant lines were treated with 1 pM DEX prior to inoculation with B. cinerea.
Conditional KN/ expression failed to increase resistance against B. cinerea, unlike the as]-

4 and as -1 lines which exhibited signiﬁcant resistance against this pathogen (Fig. 4.2).
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F igure 4.2 Disease index for B. cinerea infected plants. Neither as2 nor conditional Knatl
are affected in resistance. The Knat! line corresponds to the Knotted 1 like gene fused to a
glucocorticoid inducible promoter. Ler is the ecotype from which Ler was originated.

4.3 AS1 isrequired for basal and non-host resistance against bacterial pathogens

To explore whether the increased basal resistance expressed in as/ plants could provide
protection against other pathogens in addition to necrotrophic fungi, the as/-4 and asI-I
mutant lines were challenged with the virulent bacterial pathogen Pseudomonas syringae
pv. tomato (Pst) (DC3000) (Whalen ef al., 1991). Following leaf inoculation the as/-4 and
asl-1 lines exhibited significantly enhanced disease symptom development at 4 dpi
compared to that observed on wild-type plants. Quantification of the number of bacteria in
infected leaves revealed that PstDC3000 grew to levels 1 log greater in the as/-4 and as-1
lines compared to wild-type plants (Fig. 4.3A). Interestingly as]-il and asl-4 did not
exhibit increased susceptibility against Erysiphe cichoracearum and B. gramninis f. sp.

tritici (Fig. 4.3C,D).
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Figure 4.3 IBRI is required for basal and non-host resistance against bacterial
pathogen. (A) growth of virulent P. syringae pv tomato (DC3000), (B) growth of the non-
host pathogen P. fluorescens 2-79. Plants were infiltrated with a bacterial suspension and
leaf samples collected 3 and 4 dpi for Pst and P.f.2-79, respectively. (C and D) as/ and asl-
4 plants are not affected in resistance against E. cichoracearum and B. graminis tritici.
Plants were inoculated by dusting fungal spores over the leaves of plants and haustorial
formation scored 10 days later.

We also tested the response of as/-4 and asI-I plants to P. fluorescens 2-79, which is not
ordinarily pathogenic on Arabidopsis (Thara et al., 1999). Interestingly, the numbers of P.
Sfluorescens 2-79 bacteria in the leaves of the ibr] and asl-1 lines was 2.3 logs greater than
that found in wild-type plants (Fig. 4.3B). Collectively, these data implicate a role for /BRI

in both basal and non-host resistance against specific microbial pathogens.
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4.4 ASI isrequired for R gene-mediated disease resistance

~ Avirulence genes encode protein products that are recognised directly or indirectly only by
a R gene (Flor, 1971; Staskawicz, 2001). Specific recognition results in induction of
defence gene expression and the inhibition of pathogen growth. However, if the plant host
does not possess the cognate R gene, the pathogen will cause disease (Staskawicz, 2001).
Following the enhanced susceptibility of asl-4 to virulent Pst DC3000, we investigated
whether mutations in 45/ compromised R gene-mediated resistance against the avirulent
strains- avrB and avrRPS4. Four-week old plants weré inoculated with a bacterial
suspension (1x10°® cfu/mL) and leaf samples were collected four days later for bacterial
growth assay. Wild type Arabidopsis plants are able to recognise the avirulence genes avrB
and avrRps4 (Bisgrove et al., 1994; Hinsch and Staskawicz, 1996). Recognition of bacteria
~ expressing the avirulence genes avrB and avrRPS4 is mediated by the RPMI and RPS4
genes, respectively (Bisgrove et al., 1994; Hinsch and Staskawicz, 1996).
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Figure 4.4 Asl is required for R gene-mediated resistance. Plants were syringe inoculated
with Pst DC3000 carrying either avirulence gene avrB or avrRps4 and leaf samples
collected 4dpi for bacterial growth assay. As! supported significantly higher bacterial
growth than wild type plants. Histogram bars represent the average between Col-0 and Ler
and asI-1 and asi-4 lines, respectively. The error bars represent the standard error of mean
(SE).

The growth of avirulent strains was significantly lower in both wild type and as/

accessions in comparison to growth of virulent Pst. However, as/-I and as/-4 plants
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supported up to eight times more bacterial growth than wild type plants when infected with
avrB, while in nahG plants bacteria grew to a level twenty times greater (Fig. 4.4).
Likewise, growth of Pst DC3000 (avrRps4) was 10 and 20 fold higher in as/ and nahG
than in wild type plants, respectively (Fig. 4.5). These results suggest that R gene-mediated
resistance against Pst DC3000 expressing either avrB or avrRps4 is partially compromised

by asl.

4.5 Drought and salinity stress tolerance are not affected in as/

In nature plants are frequently exposed to biotic (e.g. pathogens, pests, nematodes) and
abiotic stresses (e.g. high/low temperature, drought, salinity). To deal with these adversities
plants have evolved complex signalling networks that perceive external signals and
integrate diverse defence mechanisms at the molecular level (Bohnert et al., 1995). From
perception of external stimuli to activétion and establishment of defence, a complex
interplay between signalling networks is required (Yang et al., 1997). The accumulating
evidence suggests some components of plant defence against pathogens are often involved
in response against abiotic stresses such as drought tolerance and salinity tolerance
(Mengiste et al., 2003; Anderson et al., 2004; Chini et al., 2004). The gain-of-function
mutant adr] for example, in addition to enhanced resistance against a series of virulent
pathogens also displays increased tolerance to water deficit (Grant et al., 2003; Chini et al.,
2004), thus, suggesting multiple roles for ADRI in biotic and abiotic stress responses.
Similarly, loss-of-function in BOSI, which encodes a MYB transcription factor from
Arabidopsis, conveys enhanced susceptibility towards the necrotrophic pathogen B. cinerea
and A. brassicicola, in addition to impaired tolerénce to water deficit, salinity and oxidative

stress (Mengiste et al., 2003).

In order to identify any possible role for 4S7 in abiotic tolerance, wild type and as! plants
were subjected to drought and salinity stresses. Seedlings from both lines were transplanted
onto soil, in trays with 72 planté, with rows of each line planted in sequence, in order to
provide the most similar growth condition to both lines. Plants were grown for about three

weeks prior to treatments. Both wild type and as/ plants were severely withered following
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a twelve days water withdrawal. Trays were watered and plant recovery recorded three days

later. No significant difference between as/ and wild-type lines were detected (Fig. 4.5a).
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Figure 4.5.a Asl plants are not affected in drought tolerance. Three-week old plants
were exposed to water deficit for two weeks and impact of drought stress is presented as the
(%) of dead plants following 14 days water withdrawal.

Another set of three week-old as/ and wild type plants were subjected to salinity stress.
Trays were watered every four days with either a 50 mM, 100 mM NaCl, 150 mM, 200
mM or 400 mM NaCl and development and death of plants monitored for another three
weeks. No significant difference could be detected between as/ and wild-type plants for
any of the NaCl concentrations used. Irrigation of plants with a 100 mM NaCl solution
resulted in a weak reduction in growth compared to untreated plants, with a progressive
. inhibition of growth at 150 NaCl and a large proportion of dead plants after three weeks of
receiving 200 mM NaCl (Fig. 4.5b).
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Fig. 4.5b Loss of AS1 function did not affect salinity stress tolerance. Three-week old
plants were irrigated every four days with a range of NaCl concentrations, as shown, for a
period of three weeks and number of survival plants counted. The impact of NaCl stress was
scored as the % of plants surviving the treatment at the NaCl concentrations indicated.

4.6 AslI-mediated disease resistance is conserved in Antirrhinum

The Antirrhinum PHAN gene is the ortholog of Arabidopsis AS1 (Waites et al., 1998). We
therefore determined if /BRI function was conserved between Antirrhinum and
Arabidopsis. Both wild-type controls and Antirrhinum phan plants were inoculated with B.
cinerea and scored for resistance at 10 dpi. Wild-type Antirrhinum plants showed strong
disease development by 10 dpi (Fig. 4.6, A-B). In contrast, phan plants exhibited a
significantly reduced level of infection (Fig 4.6C-D). The response of these lines to B.
cinerea was quantified following a number of independent experiments using a disease
index (Fig. 4.6E). In the absence of PHAN Antirrhinum plants therefore show increased

disease resistance against the necrotrophic pathogen B. cinerea.

We also inoculated wild-type and pharn plants with PsfDC3000 to examine whether basal
resistance against this bacterial pathogen was compromised. The leaves of phan plants

supported the growth of seven-folds more PsfDC3000 than that found in wild-type
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Antirrhinum leaves (Fig. 4.6E). Consequently, we determined the response of these plants
to P. flourescens 2-79. This bacterium grew to a level two logs greater in the mutant phan
line than in wild-type plants (Fig. 4.6E). In sum, these data show that PHAN function is

also required for both basal protection and non-host resistance in Anfirrhinum.
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Figure 4.6 AS] function is conserved in Antirrhinum. Upper, leaves were drop
inoculated with a 10 pL suspension of spores from B. cinerea containing 5x105
spores/mL and disease severity assayed 10 dpi. (A,B) wild type plants infected
and mock plants, respectively. (C,D) Phantastica plants 10 dpi with B. cinerea
and respective unchallenged plants. (E) disease index for B. cinerea infected
plants based on symptoms development. (F) growth of virulent Pst DC3000 and
non-host P. fluorescens 2-79, respectively. Experiments were repeated three times
and error bars represent standard error of mean (SE).
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4.7 ASI function is conserved in Nicotiana silvestris

In addition to Arabidopsis and Antirrhinum plants, we also investigated the resistance of a
Nicotiana silvestris transgenic line constitutively expressing an antisense N. tabaccum
PHAN gene (NtPHAN) (McHale and Koning, 2004). Antisense NtPHAN leaves show
ectopic expression of the NTH20, a knox gene, and consequently misregulation of knox
gene expression resulted in a series of developmental abnormalities (McHale and Koning,
2004). Antisense plants infected with either of Pst DC3000, Pst DC3000 (avrB), or the
non-host pathogen P. fluorescens2-79, supported increased bacterial growth compared to
wild type tobacco plants (Fig. 4.7, A-B). In constrast, when infected with the necrotrophic
pathogen B. cinerea, lesion development was at least four times smaller on antisense than
on wild type plants (Fig. 4.7, ‘C-D). Altogether, these results suggest, A4S/ function is

conserved in at least three evolutionary diverse plant species.
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Figure 4.7 Asl function is conserved in tobacco. (A, B) leaves of wild type and
antisense NiPHAN lines 5 dpi with B. cinerea. (C) lesion size for the given lines
infected with B. cinerea and (D) growth of virulent Pst DC3000, Pst DC3000
(avrB) and non-host bacterial P. fluorescens 2-79. Experiments were repeated
twice with similar results. Error bars represent the standard error (SE).
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4.8 JA/ET-dependent defence gene expression is potentiated in as/ plants.

The misexpression of defence-related genes often correlates with heightened disease
resistance (Bowling et al., 1997; Murray et al., 2002; Grant et al., 2003). We therefore
monitored the expression of key defence marker genes in as/-4 and as/-1 plants challenged
with B. cinerea. In wild-type plants, transcripts of the JA/ET-dependent gene PDF1.2
(Penninckx ef al., 1996) were first detected, at a relatively low level, at 48 hpi (Fig. 4.8).
The amount of PDF1.2 transcripts had increased by 72 hpi and was greater still at 96 hpi.
In asl-4 and asI-1 plants, however, the level of PDF1.2 gene expression was significantly
greater at both 48 and 72 hpi compared to wild-type plants. This trend was even more
striking when the expression of the ET-dependent PR3 gene (Verburg and Huynh, 1991)
was examined. In wild-type plants no transcripts for PR3 were detected up to 72 hpi (Fig.
4.8a). In contrast, a significant amount of PR3 transcripts had accrued at 48 hpi, in as/
plants with transcript accumulation peaking for this gene at 72 hpi. The expression pattern
of the SA-dependent gene PRI (Uknes et al., 1992) was also examined. The accumulation
of PRI transcripts in either as/-4 or as-1-1 plants was congruent with that observed for

wild-type plants (Fig. 4.8b).
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Figure 4.8 Induced expression of JA/ET-dependent defense genes. As/ exhibited
accelerated and enhanced expression of defence marker genes in response to B. cinerea
challenge when compared to wild type plants. Plants were spray inoculated and leaf
samples collected at given time points. Northern blot analysis were repeated twice on
each ecotype with similar results.
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Figure 4.8b Induced expression of PR-1 gene. The expression of
the SA-dependent PR-/ gene is not affected in as/ plants in
response to PstDC3000 challenge when compared to wild type
plants. Plants were syringae infiltrated with a bacterial suspension

containing 1x10° colony forming unit/mL. Northern blot analysis
were repeated twice on each ecotype with similar results.

To examine if the potentiated expression of JA/ET-dependent genes in as/ plants was due
to changes in the biosynthesis of JA, ET or SA we determined the concentrations of these
molecules in as/-4 and asl-1 plants and respective wild type, which will be presented in

the next chapter.
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4.9 Discussion

In spite of several screens aiming to uncover new components of resistance against
. necrotrophic pathogens, only a few mutants have been characterized so far (Mengiste ef al.,
2003; Veronese, 2004; Veronese et al., 2004). We screened Arabidopsis T-DNA
mutagenised populations for resistance against B. cinerea and the characterization of a
mutant line displaying enhanced resistance against this pathogen is discussed here. By
TAIL-PCR the mutant gene was isolated and shown to be allelic to the asymetric leaves 1
(asl) (Redei, 1965). Following the conventional gene nomenclature and the number of 45/
alleles already published, the new mutant allele was named as/-4. In addition to enhanced
resistance against B. cinerea, asl and asl-4 also showed increased resistance against 4.
brassicicola, anothér necrotrophic pathogen, suggesting that A4S/ may have a general
function in resistance against necrotrophic pathogens. Interestingly, however, is the fact
that A. brassicicola is frequently regarded as a non-host pathogen of Arabidopsis
(Penninckx et al., 1996, Thomma et al., 1999b). Under our experimental conditions A.
brassicicola routinely completed its life cycle on Arabidopsis. On figure 4.9 we show in
details, different stages of 4. brassicicola infected Col-0 plants, leading to ‘in planta’
fungal sporulation. These results demonstrate that A. brassicicola is therefore able to
complete its life cycle on wild type Arabidpopsis plants, suggesting Arabidopsis is not a
non-host for 4. brassicicola. This conflict of information may be due to variations in the
experimental conditions used in the different laboratories, or because the period between

inoculation and evaluation was not long enough for the pathogen to develop.

The increased resistance of as/ and as/-4 to the necrotrophic pathogens may be explained
by the enhanced expression of JA-ET-dependent gene expression in comparison to
challenged wild type plants. Misexpression of JA/ET-dependent defence genes is often
associated with resistance to necrotrophic pathogens (Thomma et al., 1998; Berrocal-Lobo
et al., 2002). Conversely, pathogen-induced expression of the SA-dependent gene PR-I/
was not altered in either of the two as/ mutants when compared to wild type plants.
Accumulating data highlight the existence of a mutual antagonism between the SA- and
JA/ET-dependent defence signalling pathways, normally involved in resistance against

biotrophic and necrotrophic pathogens, respectively. Thus, one defence signalling pathway
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is believed to be activated to the detriment of the other pathway. Despite this long lasting
speculation, and as far as we are aware, only one mutant identified so far (bikl)
corroborates, at least in part, with this theory (Veronese, 2004). The mutant bik] plants are
more susceptible to B. cinerea and A. brassicicola but exhibit increased resistance to Pst
DC3000. While susceptibility of bik/ towards necrotrophic pathogens seems to correlate
with attenuated expression of the JA/ET-dependent PDFI.l gene, increased resistance
against Pst is mounted with normal induction of the SA-dependent PR-I gene. To elucidate
the possible impact of as/ in the induced accumulation of SA, JA, ET and the phytoalexin,
camalexin, the levels of these molecules were investigated. The results of this analysis is

4
presented in chapter 5.

In' contrast to the increased resistance against necrotrophic pathogens, asi-I and as/-4
plants showed impaired resistance against virulent and avirulent strains of the~ hemi-
biotrophic pathogen Pst DC3000 as well as of P. fluorescens, which is a non-host pathogen
of Arabidopsis. These results suggest as/ is impaired in basal, R gene-mediated and also
non-host disease resistance. Moreover, it shows that as/ conveys resistance against
necrotrophic fungal pathogens and susceptibility towards host and non-host bacterial
pathogens. Significantly as/ plants did not exhibit increased susceptibility against E.
cichoracearum and B.graminis f. sp. tritici. Thus, the susceptibility of as/ plants is specific
to bacterial pathogens. The establishment of both host and non-host resistance was shown
‘to require a functional SA signalling pathway (Malamy and Klessig, 1992; Rairdan et al.,
2001; Rairdan and Delaney, 2002; Mellersh and Heath, 2003; Sharma et al., 2003). Several
mutants compromised in basal and R gene-mediated resistance against biotrophic pathogens
have been isolated, however, to date, only two mutants, nhol and atgsnor, compromised in
non-host resistance have been characterized (Lu et al., 2001; Feechan et al., 2005). Loss of
NHOI function, a glycerol kinase (Kang et al., 2003), also impaired resistance against B.
cinerea, but did not compromise defence against Pst DC3000 (Lu et al., 2001). Similarly,
atgsnorl plants are impaired in basal and non-host resistance, but unaffected in resistance
against B. cinerea. Thus, as/ is, to our knowledge, the first mutant, which simultaneously
exhibits increased resistance to necrotrophic and enhanced susceptibility to hemi-

biotrophic, and non-host bacterial pathogens.
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The normal expression of genes in response to pathogen attack suggests that as/ does not
affect the activation of the SA-dependent defence signalling pathway. Therefore, AS/ is
unlikely to represent a direct component of the SA-dependent signaling pathway. We
hypothesize that A4S/ may function at different stages of the defence response or that it
could play distinct roles in the establishment of disease resistance. One possibility is that
ASI is a negative regulator of JA-dependent defence against necrotrophic pathogens and
simultaneously negatively regulates an unknown susceptibility factor for bacterial
pathogens. Thus, following this hypothesis, loss-of-function in the 457 gene would result in
enhanced activation of the JA-mediated defence response and conversely increased
susceptibility against bacterial pathogens, due to increased expression of a susceptibility
factor. ASI may function by suppressing the expression of one or more plant proteins that
are requierd for the pathogen to successfully infect the host (Ham et al., 1999). Plants are
unlikely to develop and maintain genes that are required for susceptibility, but during the
course of co-evolution, pathogens may have evolved mechanisms to subvert the plant
cellular machinery. For example in the acquisition of nutrients and other factors for
pathogenesis. The most well known susceptibility factors correspond to plant metabolites
that serve as chemoatractants or cues for the induction of genes involved in pathogenesis
(Stachel et al., 1986; Stachel and Zambryski, 1986a; Vogel et al., 2002). One example of a
susceptibility factor uncovered recently is the PMR6 gene in Arabidopsis (Vogel et al.,
2002). The PMR6 gene encodes a pectate lyase-like protein and mutations in this gene
resulted in increased accumulation of pectin inside the plant cell wall, and consequently
enhanced resistance to the pathogen E. cichoracearum. The pmr6-mediated resistance

requires neither SA nor the ability to perceive JA or ET.

The involvement of A4S/ in controlling disease resistance or susceptibility against distinct
groups of pathogens was conserved in three evolutionary diverse plant species. Therefore,

suggesting the function of AS7 in disease resistance and susceptibility is relatively ancient.
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5 Measurement of defence signalling molecules in as/ plants

The effective establishment of disease resistance depends upon the concentration and
synergistic and antagonistic interactions between the different signalling molecules SA, JA
and ET (and respective analogues and derivatives). As previously shown, the as/ mutation
conveys resistance to necrotrophic pathogens and susceptibility to host and non-host
bacterial pathogens. Therefore, we investigated the accumulation of SA, JA and ET in

response to pathogen infection in as/ plants.

5.1 Mutation in A4S partially compromises SA accumulation

The plant hormone SA is a key regulator of plant defence against biotrophic and hemi-
biotrophic pathogens, as well as a potent inducer of systemic acquired resistance (Delaney
et al., 1994; Ryals et al., 1996; Shirasu ef al., 1997; Delaney, 2000). Negative crosstalk
involving SA and other signalling molecules have been reported (Doares ef al., 1995;
Harms et al., 1998; Thaler et al., 2002). Mutations that compromise SA biosynthesis or its
perception result in enhanced susceptibility to a range of biotrophic pathogens (Cao e al.,
1994; Delaney et al., 1994; Vernooij et al., 1994; Cao et al., 1998). In addition, disruption
of SA-accumulation or transduction has been shown to compromise R gene-mediated

resistance (Delaney ef al., 1994).

The accumulation of free SA (SA) and its conjugate B-glucoside (SAG) in as/-4 and as!-1
mutants and the respective wild type parental lines (Col-0, Ler), in response to challenge
with Pst DC3000 carrying the avirulence gene avrB (Bisgrove et al., 1994) was analyzed
(Fig. 5.1). Comparable amounts of SA were found in all four untreated lines. In contrast,
both wild type lines accumulated significantly greater levels of SA B-glucoside (SAG) than
the two mutant lines. SAG content found in uninfected Col-0 plants was up to 35% higher
than in asI-4 plants, while untreated Ler plants accumulated about four times more SAG
than the mutant as/-I. When comparing Pst DC3000 (avrB) infected plants, again no
significant difference was detected for free SA between Col-0 and as/-4, while up to two

fold more SAg was found in Col-0 plants compared to asI-4. The effect of as/ mutation in
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the pathogen-induced SA accumulation is more pronounced in the Ler background.
Pathogen challenged as/-/ mutant plants accumulated less than 35% and 50% of SA and
SAG found in Ler infected plants, respectively. Interestingly, both as/-4 and as/-1 mutant

plants displayed similar level of resistance or susceptibility to all pathogens tested.

2.3 7 a

SA pg/g fresh weight
b

Col0 asl-4 Ler as’-1

SAG pg/g fresh weight
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Figure 5.1 Pathogen induced accumulation of SA is not significantly affected in asi
plants. Four-week old plants were syringe inoculated with avirulent strain of Pst (avrB) and
samples collected 48 hpi. Empty bars represent untreated plants and filled bars represent
plants challenged with Pst DC3000 (avrB). (a) asl plants synthesize SA in response to
pathogen attack, only as/ line accumulates less SA than wt, and (b) amounts of B-glucoside,
both as! lines accumulate less SAG than respective wild type. Experiments were repeat thre
times with similar results. The error bars represent standard errors (SE).



5.3 asl plants show higher basal levels of hormone ethylene

The plant growth regulator ethylene is involved in many aspects of plant growth and
development and accumulating evidence suggests this hormone also plays a fundamental
role in defence against necrotrophic pathogens (Xu et al., 1994; Solano and Ecker, 1998;
Berrocal-Lobo ef al., 2002). After finding enhanced-expression of JA/ET-mediated defence
genes in as/ lines in comparison to wild type plants, we investigated ET accumulation in
asl plants in response to infection with B. cinerea (Fig. 5.3). Four-week old as/ and wild
type plants were spray inoculated with a spore suspension and samples collected 48 hpi.
Petioles of infected and mock inoculated plants were cut using a sharp razor blade, and
placed into a 20mL capsule containing 1 mL of water with petioles immersed in the water.
Three replications per treatment were collected and samples accommodated under growth
conditions used for growing Arabidopsis plants. Both wild type and as] plants released
similar amounts of ET in response to Botrytis infection. However, mock infected as! plants
showed significantly higher basal ET content in comparison to wild type. Untreated asi-1
and as/-4 plants displayed two-fold more ET than wild type plants. This higher basal ET
concentrations was not enough to confer constitutive expression of ET-dependent marker
genes, but may account for at least part of the accelerated expression of such genes, leading
to enhanced resistance against B. cinerea. Moreover, the increased accumulation of ET in
asl plants did not result in premature senescence, what is a characteristic of many plants

that accumulate higher amounts of ET.
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Figure 5.3 As1 plants present higher basal levels of the hormone ET. Four-week old
plants were spray inoculated with B. cinerea and leaf samples collected 2 dpi. Three
replications were collected per treatment. Empty histogram bars represent untreated
plants and full bars represent plants challenged with B. cinerea. Error bars represent
standard error (SE). '

5.4 Camalexin accumulation upon pathogen infection is not affected by as!

In an attempt to establish a link between as/ susceptibility to Pst DC3000 and a
compromised defence response, we investigated accumulation of the antimicrobial
phytoalexin camalexin upon infection of wild type and as/ plants (Fig. 5.4). Four-week old
plants were infiltrated with a bacterial suspension (1x10° cfu/mL) and leaf samples
collected at 48 hpi. Camalexin was extracted as previously described (Glazebrook and
Ausubel, 1994) and quantified by HPLC analysis (Veronese ef al., 2004). The amounts of
camalexin increased from undetectable to over 4 pg/g of fresh tissue in both wild type and
asl plants, in response to pathogen infection. In the Col-0 background, camalexin content
was up to 60% higher in as/-4 mutants. Interestingly, Ler plants accumulated up to 54%
more camalexin upon infection with Pst DC3000 than as/-7 plants. These results suggest
as] may differentially affect camalexin accumulation in the different backgrounds.
However, camelexin levels are also shown to vary between Arabidopsis accessions, as

reported previously (Denby et al., 2004). Nevertheless, the susceptibility of as/ plants to
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Pst DC3000 was confirmed in both backgrounds, and therefore altered camalexin
accumulation does not seem to be responsible for enhanced susceptibility of as/ plants

towards Pst.
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Figure 5.4 Pst DC3000 (avrB) induced accumulation of camalexin. No significant
difference could be detected in camalexin accumulation in wild type and as/ plants
inoculated with a strain of Pst DC3000 expressing the avirulence gene avrB. Samples were
collected 0 and 48hpi. Experiment was repeated twice with similar results. Histogram bars
represent the average and error bars represent the standard error (SE).
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5.5 Discussion

As described in the previous chapter, as/ plants showed increased resistance against

necrotrophic pathogens and susceptibility towards host and non-host bacterial pathogens. .
The establishment of defence against host and non-host pathogens is believed to require a

functional SA signalling pathway (Vernooij et al., 1994; Cao et al., 1998), while resistance

against necrotrophic is mediated through a JA/ET dependent pathway (Thomma et .al.,

1998; Glazebrook et al., 2003). In this chapter we analysed the induced accumulation of the

signalling molecules as well as the phytoalexin camalexin, in response to challenge with

different pathogens. The role of these signalling molecules in the defence response is

proven to be complex and a natural antagonism between the different signalling pathways

has been suggested (Glazebrook et al., 2003; Spoel et al., 2003; Glazebrook, 2005).

The defence metabolite determination in as/ plants presented here suggests that neither
impaired resistance against bacterial pathogens nor increased resistance against
necrotrophic pathogens is due to altered accumulation of any of these signalling molecules
in response to pathogen challenge. Determination of JA and ET accumulation in reponse to
B. cinerea chéllenge revealed no difference between wild type and as/ plants. The only
slight difference noted was in the basal level of ET. Nevertheless, as/ plants do not display
accelerated senescence, which is a characteristic of many plants that accumulate higher
levels of ET. It has been previously shown that constitutive expression of the ethylene
receptor factor 1 (ERFI) resulted in constitutive expression of ET-dependent defence
marker genes and enhanced resistance to different species of necrotrophic fungi (Berrocal-
Lobo et al., 2002). Therefore, the potentiated JA/ET-dependent gene expression observed

in asl-4 and asl-1 could be due to increased baseline concentration of ET.

The accumulation of the plant hormone SA in asl plants inoculated with a strain of
PstDC3000 expressing: the avirulence gene avrB was not greatly different from those levels
determined for wild-type challenged plants. The amounts of SAG were lower in the two
- asl lines comparing to the respective wild types plants. SA is required for the induction of
PR-1 gene expression (Malamy et al., 1990) and has long been recognised as one of the

essential molecules for the establishment of defence against biotrophic pathogens (Malamy
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and Klessig, 1992; Shah, 2003) as well as against non-host pathogens (Mellersh and Heath,
2003; Sharma et al., 2003). Despite the differences in SA accumulation, pathogen-induced
expression of the SA-dependent PR-1 gene was not different between as/ and wild typé
plants. These results suggest that the enhanced susceptibility of as/ towards bacterial

pathogens is not due a defect in the SA-dependent pathway.

Previous studies have reported the involvement of camalexin in host and non-host
resistance, as well as in resistance against the necrotrophic pathogen A. brassicicola
(Knoester et al., 1998; Thomma et al., 1998; Mellersh and Heath, 2003). Analysis of
camalexin accumulation in response to either PszDC3000 or PstDC3000 (avrB:) revealed
that in both wild type and as/ plants camalexin levels increased in response to pathogen
challenge. Higher levels of camalexin in Ler and as/-I than in Col-0 and as/-4 were
detected, suggesting variation in camalexin accumulation between the different eéotypes,

which is in agreement with previous reports (Denby ez al., 2004).

Altogether, these results support our hypothesis that 4S/ may function as a negative
regulator of a susceptibility factor and also as a repressor of the JA-dependent defence

marker gene expression.
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6 Analysis of as/ double mutants

In an attempt to identify other components engaged in the as/ resistance we generated a
series of as! double mutants. This is a particularly powerful approach to uncover the basis
of asI-mediated resistance against B. cinerea. For example, this strategy has been utilized
for the Arabidopsis adrl, cprl and cpr5 (Bowling et al., 1997; Clarke et al., 2001; Chini et
al., 2004). We therefore examined the response of aslaos, aslcoil, aslein2 and asladrl
double lines against B. cinerea. The aos is a transgenic line expressing an antisense
transcript of the allene oxide synthase (AOS) gene required for JA biosynthesis. COI! is
required for the activation of JA-mediated signalling (Feys et al., 1994), while EIN2 is a
key component of the ET signalling pathway (Guzman and Ecker, 1990; Hua and
Meyerowitz, 1998; Thomma et al., 1999a). Adrl is a gain-of-function mutant conferring -
resistance to a series of virulent pathogens (Grant ef al., 2003). The mutant lines coi/ and
ein2 are recessive while aos and adrl! are dominant. Details of these genes and their

function in disease resistance was described in chapter 1.

6.1 Response of double mutants to B. cinerea challenge

Selection of as/ein2 double mutants was performed on MS plates supplemented with the
ET precursor aminocarboxilic acid (ACC) at a final concentration of 10 uM. F, seedlings
were grown in the dark in the presence of ACC for 7 days and those lines not displaying the
triple response (due to mutation in EIN2 gene) were transferred onto soil and double
mutants selected by the morphological phenotype of as/. Infection with B. cinerea resulted
in enhanced disease symptoms in as/ein2 double mutants in comparison to wild type and
asl plants (Fig. 6), suggesting that resistance of asI against B. cinerea requires a functional
ET signalling pathway. Resistance of Arabidopsis plénts against this necrotroph was
previously shown to be compromised by the ein2 mutation (Thomma et ql., 1999a). In
contrast, the double mutants as/adrl exhibited increased resistance to B. cinerea compared
to asl (Fig. 6) suggesting an additive effect of both genes in resistance against this

pathogen. Interestingly, however, was the fact that resistance of adrl alone was not
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significantly different from that of wild type plants infected with B. cinerea (Grant ef al.,
2003; Chini, 2004).

Aslaos planta were identified in F, by the morphological phenotype of as/ and male
sterility conferred by the aos antisense transgene, which were then rescued by exogenous
application of Me-JA at buds of conditionally sterile plants. Homozygous ibrl/ibrlaos/aos
plants were confirmed in F5. Blocking JA accumulation by the aos antisense resulted in
enhanced susceptibility of as/aos double mutant lines when infected with the necrotrophic
pathogen B. cinerea (Fig 6).

Figure 6.1 Asl-mediated resistance against necrotrophic pathogens is JA/ET
dependent. Disease symptoms on wild type, as/ and double mutants challenged with B.
cinerea. Plants were spray inoculated with a spore suspension and pictures taken 6dpi.
(A) wild type Col-0, (B) asl/asl, (C) asl/adrl, (D) aos/as1, (E) asl/ein2, (F) wild type
Ler. Experiment was repeated twice with similar results.

Interestingly, no double mutants between as! and coil could be identified in the F;
generation. For selection, F, seeds were surface sterilized and placed on MS+Me-JA plates
and insensitive seedlings (coil) transferred to soil. A total of 1,763 F, Me-JA insensitive
seedlings were selected, but none showed lobed leaves, a characteristic feature of as/.

There are two possible explanations for the absence of double mutants between these two
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lines: (1) The physical distance between these two genes, coil and ibrl, precludes frequent
recombination; or (2) the null mutation in coil suppresses as/. COIIl and ASI are located
on chromosome 2 at positions 16679040-16682826 and 15788693-15790476, respectively,
which means these two genes are separated from each other about 888.56kbp. Assuming
that in Arabidopsis, on average, a 1% of recombination frequency corresponds to
approximately 250 kbp (Jander et al., 2002), an estimated 3-4% recombination rate would
be expected between COII and AS1. Thus, 0.04% of the total segregating population would
be expected to carry both recessive phenotypes. However, if the segregating population is
firstly subjected to selection on Me-JA, our chances of finding a double mutants is
increased by four fold, even though the proportion of double mutants is still small. Thus,
from 1,763 plants already selected for iﬁsensitivity to Me-JA only approximately 3 of them
are also expected to possess lobed leaves. However, no plants selected for Me-JA
insensitivity displayed the as/ phenotype. Therefore, to confirm if coil/ does indeed
suppress asl, two different strategies were adopted to silence the expression of COII in

ibrl plants.

An antisense construct driven by the CaMV35S promoter was engineered and used to
transform homozygous as! plants. In addition a hairpin forming method was also employed
(Hamilton and Baulcombe, 1999). For the antisense mediated gene silencing a 300 bp
region was PCR amplified and cloned into vector pJIT166, containing 2x 35S promoter and
terminator, using the enzymes Xbal and Ncol. The pJIT166+COIl was sub-cloned into
vector pGreenllI using enzymes Spel and Sacl. Positive clones were confirmed by PCR and
enzyme digestion (data not shown). The resulting vector was named
pJIT166+pGreen0049+Coil (Fig. 6.1) and as] plants were transformed by the deploying
of the Agrobacterium mediated transformation method, termed floral dip (Clough and Bent, -
1998). For the hairpin vector a 351 bp COII coding sequence was PCR amplified and
inserted into vector pBluescript2 minus using enzymes Xhol and Hindlll, followed by the
insertion of a 160 bp intron sequence with enzymes HindlIl and BamHI and another copy
of the 351 bp coding sequence inserted in the reverse orienatation with enzymes BamHI
and Spel. All cloning steps were performed in E. coli and positive transformants confirmed
by both PCR reaction and enzymatic digestion. The pBluescript vector containing the three

COII sequences was sub-cloned into vector pGreenll already containing 2x 35S promoter
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and CaMV terminator, obtained from vector pJIT166. The resulting vector, was named
pJIT166Green0049Coil (Fig 6.2) and transfected into homozygous as/ plants by
Agrobacterium mediated transformation (Clough and Bent, 1998).

pJIT166 + pGreen0049 + coil
6326 bp

2X 358

COIl exon
CaMV terminator

Figure 6.2 Molecular architecture of the silencing vector
pJIT166+pGreen0049+Coil. The pJIT166Green0049Coil contains 2x
CaMV 358 promoter sequence adjacent to the CO!IJ exon, followed by
the CaMV terminator sequence. Promoter and terminator sequence were
inserted from the vector pJIT166 into vector pG0049. The construct
harbours a kanamycin resistance gene (KAN) fused with the nopaline
synthase promoter (PNOS) and the poly A sequences of gene 4 of the A.
tumefaciens.

The transformation rate obtained was very low comparing to previous reports using this
method (Grant ef al., 2003; Tani et al., 2004). From approximately 10,000 T, screened
seeds, only 8 transformants were selected as kanamycin resistant, and none of them showed
the wild type morphological phenotype, expected due to coil suppression of as/. However,
none of these lines showed the male sterility, a feature of coil plants, suggesting therefore
silencing of COIl was not achieved, at least not at level able to suppress as/ or to cause

male sterility.
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Fig 6.3 Molecular architecture of the silencing vector pJIT166Green0049Coil.
The pJIT166Green0049Coil contains 2x CaMV 35S promoter sequence adjacent
to the COI! exons inserted in opposite orientations and separated by a short intron
sequence, followed by the CaMV terminator sequence. Promoter and terminator
sequence were inserted from the vector pJIT166 vector pG0049. The construct
harbours a kanamycin resistance gene (KAN) fused with the nopaline synthase
promoter (PNOS) and the poly A sequences of gene 4 of A. tumefaciens.The exon-
intron-exon sequence under transcriptional activation of the 35S promoter will form
the hairpin which will function as a sign for RNA degradation.
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6.2 Discussion

To determine the individual contribution of the JA and ET signaling pathways in the as/-
mediated resistance, the response of asl/ein2, aos/asl, coil/asl.and asl/adrl double
mutants to infection with B. cinerea started to be investigated and the preliminary results

are discussed in this chapter.

’

The results present here §trongly suggest that as/-mediated resistance against B. cinerea is
dependent on both JA and ET signaling pathways. While increased symptoms in asl/ein2
and aos/as] double mutants show a requirement of ET perception and JA synthesis, the
absence of coil/asl double mutants in the F; pépulation prevented us from specifying
whether resistance is COI//-dependent or independent. A possibility for the absence of
double mutants is that the physical distance between these two genes, coil and ibrl,
precludes frequent recombination. However, based on their physical location and the
average recombination rate in Arabidopsis, it is estimated that approximately a 4%
recombination frequency would occur between coil and as!. We checked over 1700 F2
plants insensitive to Me-JA but none showed the typical lobed leaves phenotype, instead of
about 70 double recombinants that were expected. Therefore, we speculate that a null

mutation in coil suppresses as/.

Suppression of as/ by coil may involve the ubiquitin-mediated protein degradation in
which COII was shown to take part. COIl encodes one of at least 694 Arabidopsis F-box
proteins, the largest class of plant proteins to date (Gagne et al., 2002). In Arabidopsis F-
box proteins interact with the SKP1-like, ASK1 and ASK2, and cullin proteins to form the
SCF ubiquitin-ligase complex, for the ubiquitylation of substrate proteins targeted for
degradation (Bai ef al., 1996). It is estimated that approximately 5% of all Arabidopsis
genes are involved in the ubiquitin/26S pathway, making it one of the most elaborate
regulatory mechanisms in plants (Vierstra, 2003). A more extensive discussion about the
possible involvement of the SCF°" complex in suppression of as/ and consequently

resistance against necrotrophic pathogens will be presented in the last chapter of this study.

The additive effect of adrl in the as/-mediated resistance was rather unexpected because it

was previously shown that adrl/adrl plants were unaffected in resistance against B.
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cinerea (Grant et al., 2003). Adrl conveys resistance to a broad spectrum of biotrophic and
hemibiotrophic pathogens, in addition to increased tolerance to water deficit (Grant ef al.,
2003; Chini et al., 2004). The defence metabolite profiling showed that untreated adr]
plants cor;stitutively express the defence marker genes PR-I, GST-1 and PDFI.2.
Misexpression of PR-I and GST-/ genes in adrl correlates with higher levels of
endogenous SA and spontaneous HR formation, while constitutive expression of PDF1.2 is
not associated with changes in JA or ET accumulation, which is in agreement with other
studies showing that PDF].2 expression alone is not enough to convey resistance against
B. cinerea (Ferrari et al., 2003; Mengiste et al., 2003). However, combined overexpression
of PDF1.2 by adrl with resistance conveyed by as/ may explain the enhanced resistance of
asl/adrl double mutants against B. cinerea. Since no direct relationship between the
conveyed B. cinerea resistance and the SA signaling pathway was established in as/ plants,
it is unlikely that high accumulation of endogenous SA in adr! could antagonize resistance
in asl/adrl plants against B. cinerea. Moreover, no antagonism between SA- and JA/ET

signaling pathways was observed in adr/ plants (Grant et al., 2003; Chini et al., 2004).
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7 Characterization of ibr2

Screening of our activationaly tagged population identified another B. cinerea resistant line
termed INCREASED BOTRYTIS RESISTANCE 2 (IBR2). This line was partially
characterized and will be documented here. Since ibr2 was not tagged, a map-based cloning
strategy was adopted. This is an indirect approach, based on recombination rate between
.mutant phenotype and molecular markers in the genome. A molecular marker consists of a
gene (or DNA sequence) for which two phenotypically distinguishable alleles are known.
By this approach, the physical position of a mutated gene, on a given chromosome, is
defined by narrowing down the genetic interval containing the mutation (Lukowitz ef al.,
2000; Jander et al., 2002).

In order to elucidate the map position of a mutation, the mutant plant has to be crossed with
plants from another divergent accession. In Arabidopsis, the most commonly used
accessions are Columbia and Landsberg erecta. It is estimated that these two accessions
differ from four to eleven positions for every 1000 bp in their genome (Konieczny and
Ausubel, 1993; Bell and Ecker, 1994). Currently, Single Sequence Length Polymorphism
(SSLP) and Cleaved Amplified Polymorphic Sequences (CAPS), are the most widely used
molecular markers in map based cloning (Konieczny and Ausubel, 1993; Bell and Ecker,
1994). SSLP markers typically exploit the variability of short repetitive sequences (80 to
250 bp). The main advantages of SSLPs markers are: 1- They are codominant, that means
that both chromosomes may be genotyped and 2- they are PCR based and can be visualised
on an agarose gel. Therefore, they are easy to use and relatively inexpensive (Lukowitz ef

al., 2000).

The CAPS markers exploit polymorphic restriction sites, amplified by PCR. They are more
costly and can not be visualized directly after PCR, but they require enzyme digestion prior
to visualization (Lukowitz ef al, 2000). Comparison of Col-0 genomic sequence
(Arabidopsis genome initiative- AGI) and shotgun sequences of Ler (Cereon-Monsanto
database) allowed the identification of two main groups of polymorphisms between the two
ecotypes: 1- Polymorphisms due to single nucleotide polymorphism changes (SNP), and 2-
Insertion-deletion (InDel) of DNA sequences. These polymorphic sequences have great
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applicability as markers for mapping purpose. InDels, when used for mapping are easily
visualized on agarose gels, and preference should be given to InDels of longer sequences.
In Arabidopsis it is predicted one InDel will be present every 6.6 kbp, while SNPs are
found in higher density. With this saturation of markers (InDels & SNPs) one should be
able to map a given mutation down to a few thousand base pairs. However, it should be

noted that markers are not evenly distributed along all chromosomes (Jander et al., 2002).

7.1 Ibr2 plants are resistant to Botrytis cinerea

The ibr2 plants, similgrly to ibrl also show significantly reduced susceptibility to B.
cinerea when compared to wild type plants (Fig. 7.1, a-c). This mutant line also had twisted
leaves and roots, resembling the morphological phenotype of the Arabidopsis mutants
leftyl and lefty2 (Thitamadee er al., 2002). F1 plants, derived from a backcross between
homozygous ibr2 and wild type plants, showed twisted leaves and increased resistance to
B. cinerea, suggesting that these phenotypes are dominant. In the F2 generation, from 210
plants, 59 were wild type while 151 plants displayed the mutant twisted leaf phenotype co-
segregating with B. cinerea resistance. However, the morphological phenotype could be
separated into two groups, one group with 102 plants displaying an intermediate twisting of
leaves and a smaller group (49 plants) showing a stronger morphological phenotype
(Fig.7.1 d-g). These numbers showed no significant deviation from the ratio 1:2:1 (typical

of a single codominant gene) by chi-square test with two degrees of freedom (x*=1.63).
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Disease index

Figure 7.1- Ibr2 shows enhanced resistance against B. cinerea. Plants were spray
inoculated and symptoms scored 5 days post-inoculation. (a) wild Col-0 five days post-
inoculation, (b) ibr2 five days post-inoculation, (¢) disease index based on visual
evaluation of disease symptoms, (d) wild type Col-0, (¢) homozygous ibr2, (f) wild type
Ler, (g) heterozygous ibr2.

While the twisted leaf phenotype correlated with B. cinerea resistance there was no
association between these traits and resistance to Basta, suggesting ibr2 was not tagged.
Frequent rearrangements in the T-DNA insert and flanking genomic DNA has been
reported (De Neve ef al., 1997; Krizkova and Hrouda, 1998; De Buck ef al., 1999; Sessions
et al., 2002). Unstable insertion of T-DNA results in rearrangement and splicing of foreign
material. The alternative strategy in this case was therefore map based cloning (Lukowitz et
al., 2000). Mapping of ibr2 was made easier by the fact that the morphological phenotype

and B. cinerea resistance co-segregate.

7.2 Ibr2 results in enhanced expression of defence marker genes

Inoculation of wild type Arabidopsis plants with B. cinerea results in the induced
expression of series of defence marker genes (Thomma ef al, 1998; Thomma ef al.,
1999b). Necrotrophic pathogens are normally responsible for the induction of an array of

marker genes which are essentially SA-independent and JA/ET dependent (Thomma e al.,
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1998). The JA-dependent expression of PDF1.2 (plant defensin), PR-3 (basic chitinase) as
well as PR-4 (acidic hevein-like protein) is associated with induced resistance against the
necrotrophic fungi B. cinerea, Alternaria brassicicola and Fusarium- oxysporum f.sp.
methiolae (Penninckx et al., 1996; Bohlmann ef al., 1998; Thomma et al., 1998; Berrocal-
Lobo et al., 2002; Berrocal-Lobo and Molina, 2004). Conversely, mutant plants impaired in
JA-signalling are more susceptible to necrotrophic pathogens (Staswick ef al., 1998,
Vijayan et al., 1998, Thomma et al., 2000). Purified Arabidopsis PDFI1.2 and PR-4
proteins were shown to possess antifungal activity in vitro (Verburg and Huynh, 1991,
Penninckx et al., 1996). Interestingly, Arabidopsis PR-4 shows high homology to tobacco
CBP-20, but antifungal activity has only been demonstrated on growth of Thrichoderma
reesei (Verburg and Huynh, 1991). The tobacco protein CBP-20 acts by causing the lysis of
germ tubes and/or inhibitiﬂg growth of Thricoderma viride and Fusarium solani. In
addition, CBP-20 and tobacco class I chitinase act synergistically to inhibit growth of F.
solani, and together with a tobacco class I B-glucanase act against F. solani and Alternaria
radicina (Ponstein et al., 1994). PR-3 proteins are endochitinases that cleave cell wall chitin
polymers in situ, resulting in a weakened cell wall and rendering fungal cells osmotically
sensitive. In addition, it was found that PR-2 (3-glucanases) acts synergistically with PR-3
for inhibiting fungal growth, both in vitro and in planta (Jach et al., 1995).
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Figure 7.2 B. cinerea induced defence gene expression in wild type and ibr2 mutant
Arabidopsis plants. Ibr2 plants show accelerated expression of defence marker genes.

Therefore, we monitored (by northern blot analysis) the expression of key defence marker
genes in ibr2 in comparison to wild type plants, after infection with B. cinerea. In wild type
plants, transcripts of PDF1.2 were first detected, in a very low level at 24 h post-
inoculation (hpi) (Fig. 7.2). The amount of transcripts detected, increased significantly by
48 hpi, and gene expression remained high at 72 hpi. Interestingly, transcription of PDF1.2
was accelerated in ibr2 plants in comparison to the wild type line. At 24 hpi PDFI.2
transcripts were significantly increased in ibr2. Similar results were found for the PR-3
marker gene. As can be seen on Fig.7.2, transcripts of PR-3 were also induced at earlier
time points than in wild type Col-0 plants. Again, the expression at 72 hpi was still greater
in the mutant plants. Interestingly, for the PR-4 gene, a much lower level of transcripts
were found for both wild type and ibr2 plants. Thus, resistance of ibr2 plants maybe due to

accelerated expression of the JA-ET dependent defence genes PDF1.2 and PR-3.

97



7.3 Ibr2 does not affect resistance against bacterial pathogens

In addition to the necrotrophic pathogens B. cinerea and A. brassicicola, ibr2 mutant plants
were also tested for resistance against virulent and avirulent strains of Pst DC 3000 and
also P. fluorescens 2-79, a non-host pathogen of Arabidopsis. Four-week old wild type and
ibr2 plants were inoculated with either Psz DC3000, Pst expressing avrB or P. fluorescens
2-79 and disease symptoms were monitored daily until five days post-infection (dpi). Both
wild type and ibr2 plants inoculated with virulent Psz DC3000 started to show chlorotic
lesions at 4 dpi, with no visible difference between them, suggesting ibr2 did not affect
resistance against this pathogen. Very weak chlorotic lesions were seen on both lines when
infected with Pst DC300 (avrB), while no symptoms were produced in response to P.
fluorescens 2-79 (data not shown). To confirm ibr2 plants are not affected in resistance
against these pathogens, another set of plants were infected and leaf samples collected at 3
dpi for bacterial growth assay experiments. This time point coincides with peaks of Ps¢
growth in Arabidopsis (Whalen et al., 1991; Delaney et al., 1994). As can be seen in Figure
7.3, both wild type and mutant plants supported growth of virulent Pst DC3000 to a similar
extent, confirming resistance against this strain of Pseudomonas was not affected by ibr2.
Likewise, Pst DC3000 (avrB) and P. fluorescens strains grew to similar levels in both wild
type and ibr2 infected plants (Fig. 7.3). These results suggest that ibr2 does not have a
major impact on basal resistance against Pst DC3000 and non-host resistance against P.

fluorescens 2-79.
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Figure 7.3 Ibr2 is not affected in resistance against bacterial pathogens. Plants were
challenged with virulent Pst DC3000, Pst DC 3000 (avrB) or P. fluorescens 2-79. Col-0
wild-type plants and a nahG transgenic line were included as controls. Pathogen growth was
analysed 3 days after challenge. The experiment was repeated 3 times; error bars represent
standard errors.

7.4 Seed yield is reduced in ibr2 plants

Mutations leading to enhanced resistance to biotic and/or abiotic stresses are frequently
associated with altered morphology and development penalties (Frye and Innes, 1998;
Maleck et al., 2002; Pilloff et al., 2002; Grant et al., 2003). Therefore, we investigated
whether ibr2, besides enhancing resistance to B. cinerea also affected seed yield. Seeds
from homozygous and heterozygous ibr2 plants, together with wild type Col-0 and the
transgenic luc2 line were collected and weighed (Fig. 7.4). No significant difference was
observed in the amount of seeds produced by wild type, /uc2 and heterozygous ibr2 plants.
On the other hand, homozygous ibr2 plants exhibited a reduction in seed yield compared to
the other three lines examined. It is worth noting that it was not always easy to distinguish
between homo and heterozygous plants by looking at morphological or disease resistance
phenotype. Thus, to benefit from resistance conveyed by ibr2 in the absence of a seed yield

penalty, heterozygous and not homozygous plants should be used. However, for practical
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applications, such a measure is not always possible. For example, in self-pollinated crop
species it would be almost impossible to maintain the heterozygous condition of a gene. An
elegant alternative is to make use of an inducible promoter to control the expression of a
gene of interest (Aoyama and Chua, 1997). Transient gene expression has been shown to be

an efficient method to establish resistance (Chini ef al., 2004).
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Figure 7.4 Seed yield is reduced in the /b2 mutant. Seeds from thirty plants per line
were harvested and weighed. Data were analysed using the software Minitab 13. Histogram
bars represent the mean + standard error (SE).

7.5 Map based cloning of ibr2 - Bulked segregant analysis (BSA)

In an attempt to identify ibr2, a map based cloning strategy was adopted (Lukowitz et al.,
2000). The ibr2 line was crossed with Ler plants, and F1 left to self-pollinate in order to
create the mapping population (F2). In F1, the mutant allele is in the Col-0 background, that
is, the parental chromosome. Once obtained the segregant population, the next step was to
find the rough chromosomal location of the ibr2 mutation, that is, to identify the
chromosome and region in which the mutant allele is located. Linkage between
motphological phenotype and molecular markers, distributed along the five chromosomes,
was determined by PCR amplification and visualization of corresponding polymorphic
DNA sequences. Usually, recombination frequency less than 30% in a small population is

accepted as evidence of linkage between the mutation and the tested marker (Ponce ef al.,
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1999). The unit adopted for genetic distance is the centimorgan (cM). A 1% recombination
frequency between a marker and the mutant phenotype corresponds to 1 cM. In
Arabidopsis, on average, 1cM equals approximately 250 kbp (Jander ef al., 2002). The
molecular markers used are listed in Table 7.5, alternatively they can be found at

(http://www.Arabidopsis.org).

Table 7.5 SSLP markers on chromosome 5 used with respective location and

recombination frequency

Marker MBK20 | MYH9 | NgalSt | Ngalo6 | MP17 | MRN17 | Ngal39 | F14123 | T26D22 | AthS0191
Locat. (kbp) | 2476 | 3122 | 4670 | 5397 | 5929 | 7659 | 8428 | 9935 | 13000 | 15022

N® plants 50 48 51 50 51 50 51 50 52 51
Hom.(Col-0) | 34 34 51 43 45 45 47 42 43 37

Homo (Ler) 0 0 44 0 0 0 0 1 1 1

Heteroz. 16 14 0 7 6 5 4 7 8 13
Recomb. 16 1458 | 7 7.00 5.88 | 5.00 3.92 9.00 9.62 14.71
Freq (%) .

In order to reduce the number of PCR reactions for rough mapping, a bulk segregant
analysis (BSA) method was utilised (Michelmore ef al., 1991). For BSA analysis, pools of
DNA samples from 37 ibr2 homozygous F2 plants, rather than individuals, were used as
template for the PCR reactions with 12 SSLP markers evenly spaced along the genome
(Fig. 7.5). The recombination frequencies between each marker and the ibr2 mutation were
calculated as the number of chromosomes containing the Ler allele divided by the total
number of chromosomes examined. That means the number of heterozygous individuals
plus twice the number of individuals which are homozygous for the Ler allele divided by
the total number of alleles. Once linkage to a marker was established, fine mapping was
carried out with further SSLP markers chosen from TAIR database. When markers were
not available, they were designed based on polymorphism/allele database deposited at
TAIR centre. )
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Figure 7.5- SSLP markers distributed over the Arabidopsis genome used for rough
mappinig of ibr2

7.6 The ibr2 mutation is linked to chromosome 5

The result of BSA showed a linkage between ibr2 and the marker nga249 (Fig. 7.6.1),
which is located on chromosome 5, around 2,770 kbp (Fig.7.5).

nga249
(Chromosome 5)

Figure 7.6.1 Results of bulked
segregant analysis. A single band
for pooled DNA, at size of Col-0
band, indicates the mutation is
linked to marker nga249

pool Ler Col-0
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To confirm the linkage between nga249 and the ibr2 mutation, DNA from each of 37 plants
was tested individually for this marker. Due to difficulties in visualizing differences
between PCR products for DNA from homozygous and heterozygous Col-0 plants for that
chromosome location, we decided to no longer use nga249 for this project. Instead, two
new markers (MBK20 and MYH9), were designed for that region, and tested with DNA
from 52 individual plants. The marker MBK20 is located at position 2,476kbp on
chromosome 5 while MYH9 lays on position 3,122 kbp (Fig. 7.6.2). A 13% and 11.6%
recombination frequency between these markers and ibr2 was recorded, respectively. These
results suggest ibr2 is on chromosome 5 closer to marker MYH9. In sequence, we chose
four other markers, ngal51 (4,670 kbp), ngal06 (5,397 kbp), ngal39 (8,428 kbp) and
AthSO191 (15,022 kbp), and carried out PCR with DNA from the same 52 plants. Gel
electrophoresis showed recombination frequencies of 6.86 % for ngal51, 7% for ngal 06,
3.92 % for ngal39 and 14.71 % for AthSO191. These results suggest the mutation is
closely linked to ngal39. Another two markers, F14123 (9,935 kbp) and T26D22 (13,000
kbp) were also examined. Testing these two new markers with the same 52 DNA samples
revealed 9 and 9.62% recombination frequencies for F14123 and T26D22, respectively
(Table 7.5), confirming ibr2 is close to ngal39.
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Figure 7.6.2- Markers on chromosome 5 used for fine mapping of ibr2. High density
agarose gels were used to analyze PCR products for markers nga249, MYH9 and
AthS0191.
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Based on these recombination rates we assumed that ibr2 should be in between ngal06 and
ngal39 markers, but closer to ngal39. Thus, two additional markers, MPI7 (5,929kbp) and
MRN17 (7,659kbp) were designed, and each of them tested with DNA from those 52 plants
plus another 156 new F2 individuals. A total of 42 and 39 heterozygous were recorded for
markers MPI7 and MRN17, respectively (Table 7.6.1*). The number of recombinants was
far different from what we expected. Therefore we decided to test these DNA samples for
other markers and we found that some plants were heterozygous for all markers used. Thus,
we assumed, those plants were mistakenly selected as homozygous. Despite heterozygous
mutant plants showing an intermediate phenotype between homozygous and wild type it is
not always easy to distinguish between them, especially at early stages of development.

Therefore, those plants were discarded.

Table 7.6.1 Recombination frequency after mistakenly selected plants are discarded.

Marker location (Kbp)
MBK20 MYH9 Ngal51 Ngalo6 MPI7  MRN17 Ngal39 F14123 T26D22  AthS0191

Plant 2476 3122 4670 5397 5929 7659 8428 5935 13000 15022

1 C C C C C C C C H H
2 C C C C C C C C C H
3 C C C C C C C C C C
4 C C C C C C C C C C
5 C C C C C C cC C C C
6 C C C C C C C C C C
7 C C C C C C C C C C
8 C C C C C C C C C C
9 C C C C C C C C C C
10 C C C cC 'C C C C H H
Il H H H H H H C C C C
12% H H H H H H H H H H
13* H H H H H H H H H H
14 C C C C C C C C C C
15 C C C C C C C C C C
16 C C C C C C C C C C
17+ H H H H H H H H C C
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Samples | 50 48 51 204 | 206 | 205 206 | 102 [52 51
H. Col- |34 33 44 161 164 | 166 167 | 80 43 37
H.Ler 0 0 0 0 0 0 1 3 1 1
Heteroz. | 16 14 7 43 42 39 38 19 8 13
Rec. 16 1458 1 6.86 |10.53 110.19 [9.51 |9.71 |12.25|9.62 |14.71
Freq.

(%)

The new recombination frequencies obtained were 2.92% for marker ngal06 marker,
2.60% for MPI7, 1.74% for MRN17 and 2.01% for ngal39 (Table 7.6.2). These new
numbers suggest that ibr2 mutation is located between markers MPI7 and MRN17.
Considering that 1% of recombination is equivalent to 1 cM, which corresponds to
approximately 250 kbp, then 2.6% recombination would be equal to aproximately a
distance of around 650 kbp away from MPI7. This marker being located at position 5929
kbp, the mutation is expected to be around 6579 kbp. However, when taking recombination
frequency for MRN17 into account, Which is located at 7659 kbp, this suggest that the
mutation should be at 1.74 ¢cM or 436 kbp away from this marker, that is at position 7223
kbp. These estimates are based on average recombination frequencies for Arabidopsis
thaliana, however, the ratio between genetic and physical distance is by no means constant
and it varies with respect to position on the chromosome as well as with respect to different

mapping populations (Lukowitz 2000).

Table 7.6.2- Recombination frequency after mistakenly selected plants are discarded.

Marker location (Kbp)

MBK20 MYH9 Ngal51 Ngal06 MPI7 | MRN17 Ngal39 F14123 T26D22  AthS0191
Plant 2,476 3,122 - 4,670 5397 5929 | 7,659 8428 . 9,935 13,000 15022

1 C C C C C C C C H H

2 C C C C C C C C C H

10 C C C C C C C C H H

11 H H H H H H C C C C

20 C C C C C C C H H H
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Presuming that the mutant gene lies in between positions 5929kbp and 7659kbp on
chromosome 5, we consulted the Arabidopsis database (www.tair.org) and two genes
encoding alpha-tubulin proteins, TUA3 (AT5G19770) and TUAS (AT5G19780), were
selected as the most likely candidates. Despite the mapped region containing more that 160
genes, the two alpha-tubulins were selected because ibr2 resembles the morphological
phenotype of leftyl and lefy2 plants (Thitamadee, 2002). Considering that ibr2 was isolated
from an activation tagged population, some sort of genomic recombination is likely to have
occurred around the insertion site. Often introgression of foreign DNA sequences in the
genome causes big insertions or deletions at the site. Thus, in an attempt to identify any
possible large insertion/deletion we designed specific primers to amplify both genes in full.
Amplified PCR products for wild type and mutant ibr2 plants were visualized in gel
electrophoresis (Fig. 7.6.3). But unfortunately, no visible difference between the amplified
sequences could be detected. It is worth noting that amplified sequences were large, and

therefore a relatively small deletion/insertion is unlikely to be detected.

3Kbp

Figure 7.6.3 PCR amplified TUA3 and TUAS genes. (A-B)
PCR product for TUA3 in wild type Col-0 and ibr2, and (C-
D) Amplified TUAS gene from Co-0 and ibr2, respectively.
No visible difference can be detected between PCR products.
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7.7 Discussion

In this chapter we described the isolation and partial characterization of ibr2, an
Arabidopsis mutant that shows increased resistance against B. cinerea but unaffected
defence against other pathogens tested. Previously, mutants specifically affected in

resistance against this pathogen have been reported (Veronese et al., 2004).

Segregation analysis of the F; and F, populations between ibr2 and wild type plants
revealed that ibr2 gene is not tagged. Subsequently, ibr2 was mapped to an interval of
approximately 644 kbp on chromosome 5. Despite the relatively large numbers of
molecular markers in the Arabidopsis TAIR database, in some parts of the genome the low
saturation of markers presently available is still limiting mapping progress (Jander er al.,
2002). The absence of markers in that region on'chromosome 5 stdpped us from narrowing
down the interval containing ibr2. Nevertheless, based on the morphological phenotype of
ibr2 we selected two candidate genes out of the approximately 160 genes present in the 644
kbp region. We selected as candidates two alpha-tubulin encoding genes TUA3
(At5G19770) and TUAS (At5G19780), which are closely located to the predict location of
ibr2, based on the recombination frequency of the last two markers tested. TUA3 is located
at position 6682 kbp and encodes a tubulin alpha-3/alpha-5 chain, while TUAS is located at
6687 kbp and encodes an isoform of an alpha tubulin. TUAS is closely related to TUA3
suggesting a relatively recent duplication. These two candidate genes were selected because
ibr2 resembles the morphological phenotype of two alpha-tubulin mutants, lefty/ and
lefty2, previously described (Thitamadee et al., 2002) (Fig. 7.7). Lefiy! resulted from a
single nucleotide exchange imposed in the a-tubulin TUA6, which encodes a tubulin alpha-
6 chain and is located on chromosome 4. Likewise, Lefty2 is due a single nucleotide
substitution in the tubulin alpha-2/alpha-4 chain (TUA4) encoding gene, located on

chromosome 1.
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Figure 7.7 Ibr2 resembles the Jefiy] and lefty2 morphological phenotype. Upper row, (A-C)
seedlings of Jeftyl, lefty2 and wild type Ler grown on MS plates (paper). Lower, (D-F) soil
grown wild type Col-0, homozygous and heterozygous ibr2 plants, respectively.

Considering the ibr2 phenotype, we speculate that it is rather likely a mutation in the
coding sequence of 7UA3 or TUAS5 changing the protein configuration, rather than a
mutation in the promoter region which could modulate gene expression. Moreover, in
agreement with our speculation are the phenotypes shown by /Jefty! and lefiy2, which are
caused by mutations in the nucleotide sequences (Thitamadee e al., 2002). Looking at the
kinetics of JA/ET-dependent defence gene expression in /br2 plants in response to B.
cinerea infection revealed that transcription of these genes is slightly accelerated in
comparison to wild type plants. However, expression doesn’t seem to be stronger than in
wild type challenged plants. Because alpha-tubulins are key components of the
cytoskeleton, we speculate that the increased resistance of ibr2 plants against B cinerea

may possible be due changes in the structure of either 7UA3 or TUAS.

Tubulins are key components of the plant cytoskeleton and play fundamental roles in

cellular morphogenesis and response to biotic and abiotic stresses. The plant microtubules
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are composed of heterodimers made up of one o—tubulin and one B—-tubulin subunit of
similar molecular weight. These dimers assemble into hollow cylinders, composed of 13
columns, forming the so-called pro-filament (Breviario and Nick, 2000). The half-life time
of a microtubule is estimated in approximately 1 minute (Moo're et al., 1997), giving the
impression of an everchanging river, whose direction and width are defined by the relation
between tubulin dimers and heterodimer dissociation (Breviario and Nick, 2000). Plant
microtubules have been shown to play a major role in resistance against non-host fungal
pathogens (Kobayashi ef al., 1997b; Kobayashi et al., 1997a; Yun et al., 2003) and to be
used by some viruses for cell-cell movement (Heinlein er al, 1995). In addition,
microtubules are shown to be involved in cold acclimation (Abdrakhamanova et al., 2003).
Changing the protein structure or conformation of an alpha-tubulin may possibly alter its
interaction with a toxin specifically secreted by B. cinerea. Thus, altering the structure of
an alpha-tubulin and perhaps also the cytoskeleton may result in reduced sensitivity to a

phytotoxin produced by B. cinerea.

In order to elucidate the involverr;ent of ibr2 in plant disease resistance further
characterization of the response of ibr2 plants to necrotrophic, biotrophic as well as non-
host pathogens is required. In addition, a series of double mutants are being created which
will help us to establish a possible involvement of the JA/ET and SA-dependent signalling
pathways in the resistance mediated by ibr2. The sequencing of the ibr2 gene sequence and
comparative analysis between wild type and mutant genes may provide conclusive

evidence for the role of tubulins in plant defence.

The necrotrophic fungus B. cinera is one of the most devastating pathogens in greenhouses,
especially on crops such as tomato, strawberry and petunias. Thus, isolating a gene
conveying resistance against this pathogen could result in significant savings in pre- and
post-harvest diseases. The transfer of genes from one species to another is becoming more
straightforward, and several transgenic plant varieties are nowadays commercially available
for farmers (James, 2004). The ibr2 mutant shows enhanced resistance against B. cinerea,
however, it has a significant negative impact oﬁ plant yield. An alternative to overcome the
negative effect of ibr2 on seed yield is to create transgenic plants expressing this gene

under an inducible promoter system. Many agricultural biotech companies have developed
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their own proprietry inducible gene expression systems for transgenic crops. This stategy
has been shown to be effective in the generation of conditional alleles that convey disease

resistance (Chini ez al., 2004).
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8 Characterization of a mutant susceptible to B. cinerea

In addition to the mutants showing increased Botrytis resistance, two other lines displaying
enhanced susceptibility towards this pathogen have also been isolated and partially
characterized. One of these lines, termed actiated disease susceptibility (adsl) has been
described previously (Chini, 2004) and therefore will not be presented here. The ads! line
besides exhibiting increased susceptibility to B. cinerea also showed impaired resistance
against the virﬁlent and non-host bacterial pathogens Pst DC3000 and P. fluorescens 2-79,
respectively. The ADSI gene has recently been identified as a MATE-efflux protein (Sun,
Chini, Nurmberg and Loake, unpublished data). The second line, termed enhanced botrytis

susceptibility 1 (ebsl) was also partially characterized and is documented here.

8.1 Ebsl plants exhibit enhanced susceptibility towards B. cinerea

Infection of ebs] plants with the necrotrophic pathogen B. cinerea resulted in significantly
increased symptom development in comparison to wild type-Col-0 plants (Fig. 8.1, a-b).
Differential disease development was even more evident at 8 dpi, when ebs/ plants were
completely colonised by the fungus, while mycelium spread was significantly less on Col-0
plants (Fig. 8.1, c-d). These experiments were repeat four times with consistent results.
Staining of B. cinerea infected leaves with lactophenol trypan blue confirmed that lesion
development was significantly increased in ebs/ plants compared to wild type plants (Fig.
8.1, e-f). ebs! plants also exhibited reduced chlorophyll accumulation and slightly reduced
stature when compared to wild type Col-O0 plants. All F; plants resulting from a
backcrossing between ebs! and wild type plants showed reduced chlorphyl accumulation,
B. cinerea susceptibility and insensitive to the herbicide ammonium glufosinate (Basta). In
the F, generation, from a total of 885 plants 678 displayed reduced chlorophyll
accumulation and resistance to Basta herbicide, while 207 plants had a wild type phenotype
and were Basta susceptible. These numbers showed no significant deviation from a 3:1
segregation hypothesis, based on the X test (X?=1.22). To confirm that susceptibility to B.
cinerea co-segregated with Basta resistance, four trays containing 256 F; plants resistant to

Basta and exhibiting reduced accumulation of chlorophyl, together with another tray
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containing coi/ and Col-0 plants were spray inoculated with B. cinerea. All plants
exhibiting Basta resistance were significantly more susceptible, showing large necrotic
lesions similar to those seen on coi/ plants, suggesting that the reduced accumulation of
chlorophyll, susceptibility to B. cinerea and Basta resistance co-segregate. Also, ebsl is
therefore tightly linked to the T-DNA tag.

af 3 3 - Fae: % .o w o e

Figure 8.1 EbsI plants show enhanced susceptibility towards B. cinerea. (A) ami (B)
Col-0 and (C) and (D) ebs/ plants 5 and 8 days post-infection, respectively. Trypan blue
stained leaves of Col-0 (e) and ebs/ plants (f), collected 5 dpi with B. cinerea.

8.2 Strategies employed to isolate the ebs/ mutant gene

Once susceptibility of ebs/ was confirmed in independent experiments, we attempted to
identify EBS]. A Southern blot analysis was performed in order to confirm the presence of
a single T-DNA insertion. Genomic DNA of ebs/ was isolated, purified and digested with
8 restriction enzymes, whose recognition site was not present in the probe DNA sequence.
A 370 bp PCR product of the 355 enhancer element was used as a probe. Results showed
only one specific band for every restriction enzyme employed, thus confirming the
presence of a single T-DNA insertion in ebs/. A single T-DNA insertion was also
confirmed when the same membrane was probed with 700 bp PCR product corresponding
specifically to the BAR gene. The BAR gene is located adjacent to the left border of the T-
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DNA and confers resistance to Basta. We employed TAIL-PCR (Liu et al., 1995; Liu and
Whittier, 1995) to amplify DNA sequences flanking the inserted T-DNA, but our success
was partial. ‘Successful amplification was obtained when using arbitrary degenerate (4D)
primer 1 together with specific primers for the left border, however, only T-DNA sequence
was recovered. Agrobacterium insertion of a T-DNA plasmid into the plant genome is
usually accompanied by the splicing of left and right borders (Bechtold ez al., 1993; Clough
and Bent, 1998). However, sequencing of ebs/ TAIL-PCR products revealed an extra
fragment of the left border of the inserted T-DNA tag. We then designed new primers based
on this region (outside left border) and used these together with the AD/ primer to perform
a new round of TAIL-PCR. Unfortunately, another left border sequenée was ampliﬁed. An
extra set of primers were designed, however, no appropriate sequence for designing primers
is present in the last amplified sequence and consequently no success was obtained in the
next round of PCR amplification. Another strategy, termed inverse PCR (Yuanxin et al.,

2003) was also employed but again negative results were obtained.

After failing with TAIL-PCR and inverse PCR, a plasmid rescue strategy was adopted
(Perucho et al., 1980). The plasmid rescue experiments were repeated several times using
the restriction enzymes EcoRI, HindIll, Kpnl, Spel and Tagql, but only false-positive
transformants were obtained. Due to time limitations we were unable to carry on with the

experiments to clone ebs/.

8.3 Ebsl plants respond normally to exogenous application of Me-JA

Mutant plants depleted in the accumulation of JA (Howe et al., 1996) or impaired in its
perception (Feys et al., 1994) are often more susceptible to necrotrophic pathogens
(Thomma et al., 1998), chewing insects (Howe et al.,, 1996) and wounding (Koda and
Kikuta, 1994). The Arabidopsis coil mutant is insensitive to JA and therefore root growth
is not affected in this mutant by exogenous application of JA or its methyl ester Me-JA. In
addition, coil plants are susceptible to necrotrophic pathogens (Thomma ef al., 1998) and
are also male sterile. To investigate whether ebs/ plants are compromised in the JA
response, seeds from wild type Col-0, coil and ebs] were sown on MS plates supplemented

with a range of different concentrations of Me-JA. Roots of wild type and coil seedlings
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grown on MS medium without Me-JA were 20.8 mm lo;lg at 9 days after sowing, while the
average length of ebs/ was only 11.9 mm. When germinated on medium supplemented
with increasing concentrations of Me-JA a gradual root inhibition was observed on both
wild type and ebs/ seedlings, while seedlings from the coi/ mutant were insensitive at the

Me-JA concentrations tested (Fig.8.3).
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Figure 8.3 EbsI and wilt type seedlings show similar response to exogenous Me-JA. (A)
Effect of increasing concentration of Me-JA on root length of Col-0, coil and ebs/
seedlings. Root length was measured for of at least thirty seedlings from each line per
treatment. (B) inhibition of root elongation in response to different concentrations of Me-JA.
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Addition of Me-JA to a final concentration of 20 uM promoted a 47.6% and 48.7%
reduction in the root length of Col-0 and ebs! seedlings, respectively. Root elongation was
even further reduced when seedlings were exposed to a 50uM Me-JA, in this case, root
inhibition was up to 60% and 58% in wild type and ebs/, respectively._ The effect of Me-JA
concentration of 100 uM and above was not different from that of 50 uM. The association
between increased concentration of Me-JA and inhibition of root length was tested by the
estimated coefficient of determination between these two variables (Fig. 8.3). The higher
the r* the more associated the two variables are. As was expected, for Col-0 and ebs/ over
73% and 81% of variability in root length is due to the increase in the concentration of Me-
JA, while for coil the estimated r* suggests little association exists between concentration

of Me-JA and root length.

8.4 Resistance to virulent and avirulents strains of Psz is not affected in ebs!

To investigate whether mutation in the ebs! gene affected resistance against other
pathogens, four-week old wild type and ebs/ plants were inoculated with virulent and
avirulent strains of the bacterial pathogens Pst DC3000. Leaf inoculation with virulent Pst
DC3000 resulted in the development of weak chloroctic lesions at 4 dpi in both wild type
and ebs! lines, with no significant difference between them. On the other hand, leaves of
nahG plants were completely infected at this time point. To confirm ebs/ is not affected in
resistance towards PstDC3000, bacterial growth was- determined. Again, no significant
difference was detected between wild type and ebs! plants (Fig. 8.4). In addition, ebs] and
wild type plants were also inoculated with two strains of Pst DC3000 carrying the avirulent
genes avrB and avrRps4, respectively. Both lines were resistant to Pst DC3000 expressing
either of these two avirulence genes. As expected, Col-0 plants supported less growth of
avirulent strains than of virulent Pst DC3000. Growth of Pst DC3000 expressing either
avrB or avrRps4 was similar in wild type and ebs/ plants (Fig.8.4).
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Figure 8.4 Ebs! plants are not affected in resistance against virulent or avirulent strains
of Pst DC3000. Four-week old plants were inoculated (1x10° cfu/mL) and leaf samples
collected at 4 dpi for a bacterial growth assay.
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8.5 Discussion

In this chapter we presented the partial characterization of ebs/, a dominant T-DNA
generated Arabidopsis mutant showing enhanced susceptibility to the necrotrophic
pathogen B. cinerea. Due to time limitations we only partially characterized this line.
Following inoculation with B. cinerea the ebsl line exhibited disease symptoms similar to
those of coil plants. On the other hand, resistance against virulent and avirulent strains of
the hemi-biotrophic bacterial pathogen Pst DC3000 was unaffected in ebs/ plants. Thus,
EBS1 seems to be a component of the defence response specific to necrotrophic pathogens,
or perhaps more specifically against B. cinerea. Recently, other Arabidopsis mutants
compromised in resistance against B. cinerea have been identified (Veronese et al., 2004).
We investigated the transcriptional activation of the PDF1.2 gene in response to infection
with B. cinerea but no difference could be detected between ebs! and wild type plants.
PDFI.2 is a marker for plant defence responses against necrotrophic pathogens and its
expression was shown to require both JA and ET signalling pathways (Thomma et al.,
1999a). Moreover, both wild type and ebs! seedlings responded similarly to the exogenous
application of Me-JA, suggesting ebs! did not compromise either the synthesis or
perception of this signalling molecule. Susceptibility of Arabidopsis mutants against B.
cinerea has been demonstrated despite normal expression of PDFI.2, suggesting
expression of this gene may not be sufficient to convey resistance against B. cinerea

(Ferrari ef al., 2003; Mengiste et al., 2003).

Since we were only able to partially characterize the response of ebs/ to pathogen
challenge and because the cloning of the EBSI gene was not accompliéhed, it is difficult to
hypothesize how ebs! might affect resistance against B. cinerea and perhaps responses
agéinst other biotic and/or abiotic stresses. Thus, investigating the synthesis and response
of ebs1 to other signalling molecules, such as ET and SA, as well as the response of ebs/
and double mutants to challenge with other pathogens could provide fundamental
information about the roles of ebs/ in disease resistance. Furthermore, the cloning of EBSI
and analysis of the kinetics of its transcriptional activation in response to pathogen

challenge is fundamental.
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9 General Discussion

Despite significant damage and losses caused by the necrotrophic pathogens in both pre-
and post-harvest, our knowledge about the genetic mechanisms controlling resistance
against these pathogens is still poorly understood. During this study four independent
Arabidops.is mutants altered in resistance against B. cinerea were isolated. In this
concluding chapter the results from one of these lines, as/, will be discussed since the other
mutants require further characterization. Firstly, I will attempt to integrate our
understanding of the involvement of A4S/ in leaf development and disease resistance.
Secondly, I will ascribe a putative mechanism of defence controlled by the 4SI gene.
Finally, I suggest some strategies that could be used for the identification of other

components of the 457-mediated disease resistance.

i ASI functions independently of ER, AS2 and KNOX genes to regulate disease

resistance & susceptibility

As] has been extensively studied because of its central function in leaf development. Here
we show that AS7 also plays a significant role in the plant defence response against several
pathogen species. Moreover, our data show that as/ establishes disease resistance
independently from the AS/-dependent pathway that regulates leaf development.
Furthermore, by analysing ASI orthologs in Antirrhinum and Nicotiana silvestris, we
demonstrate that A4S/ function in disease resistance is conserved in at least three

evolutionarily diverse plant species.

AS1 belongs to the R2R3 subfamily of MYB-domain genes containing putative
transcription factors. Members of this gene family are involved in many aspects of plant
secondary metabolism, as well as in the identity and fate of plants cells and the defence
response against biotic and abiotic stresses (Stracke et al., 2001; Mengiste et al., 2003). For
normal plant growth, a tight regulation of meristem cell division and differentiation is
required. The mechanisms involved are still relatively obscure but it is suggested that a

highly conserved class of homeobox genes related to KNOTTEDI in maize are involved
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(Byrne et al., 2000). ASI negatively regulates the homeobox genes KNATI and KNAT2 and
is in turn negatively regulated by the homeobox gene SHOOT MERISTEMLESS (Byme et
al., 2000). ASI function in plant development is conserved between plant species with a
divergence time of over 200 million years (Waites er al., 1998; Byme et al., 2000;
Theodoris ef al., 2003; McHale and Koning, 2004). Despite the extensive characterization
of AS1, there is still no evidence that A4S/ functions by direct DNA binding, a conspicuous
feature of the MYB-domain. It has been éhown recently that A4S/ interacts physically with
AS2 in the regulation of the adaxial-abaxial polarity of leaves (Xu ef al., 2003). Loss-of-
function in the AS/ and AS2 genes result in plants with a similar phenotype, while
independently overexpression of these two genes results in dramatically different plant
morphology. Plants constitutively overexpressing AS2 develop narrow leaves with lamina
curled upwards. In contrast, 35545/ plants display reduced stature with normally shaped
leaves (Xu ef al., 2003). Furthermore, it was demonstrated that in addition to their
regulatory function in leaf polarity, A4S/ and AS2 have separate functions in flower
development, suggesting that A4S/ plays multi-functions in plant development (Xu ez al.,
2003).

The increased B. cinerea resistance specifically shown by asI-1 and as/-4, but not by the
as2 mutant or the inducible KNATI line suggests that A4S/ plays distinct roles in
development and disease resistance/susceptibility. The independent function of ASI in
disease resistance & susceptibility is a significant surprise. AS] may interact with different
cofactors in the regulation of distinct and independent signalling pathways. The ERECTA
gene encodes a leucine-rich repeat receptor-like kinase (LRR-RLK) (Torii et al., 1996) and
is believed to function in the same developmental pathway with A4S/ and 4S2. ERECTA
was recently shown to act as a QTL in resistance against the plant pathogens Ralstonia
solanacearum and Plectosphaerella cucumerina (Godiard et al., 2003; Llorente et al.,
2005). Interestingly, resistance against B. cinerea or PstDC3000 was unaffected By erecta
(Llorente et al., 2005), suggesting that ERECTA is only required for resistance against a
sub-set of pathogen species. In concordance, our results showed that as/, but not erecta "
. plants, are affected in resistance against Ps/DC3000 and B. cinerea, suggesting that in
addition to their function in leaf development, AS/ and erecta also have separate roles in

plant disease resistance.
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Mutation in the A4S/ gene affected resistance against at least four different pathogen
species. While resistant to B. cinera and A. brassicicola, asl plants show enhanced
susceptibility against virulent and avirulent strains of Ps/DC3000, in addition to
susceptibility to P. fluorescens 2-79, a non-host pathogen of Arabidopsis. Conversely,
resistance against the pathogens B. graminis f. sp. tritici and E. cichoracearum was not
compromised in these mutant plants, suggesting that AS/ is involved is resistance against
some, but not all pathogens. While the resistance of as] against necrotrophic pathogens
may be explained By the accelerated expression of JA/ET-dependent defence genes,
susceptibility to the different strains of bacterial pathogens occurred in the light of normal
PR-1 expression and SA accumulation. Susceptibility against a wide range of biotrophic
and hemi-biotrophic pathogens, including Pst DC3000, are often associated with defects in
SA accumulation/perception and with blocked PR gene expression (Malamy and Klessig,
1992; Cao et al., 1994; Clarke et al., 1998). However, there have been cases in which
normal defence gene expression was not enough to convey disease resistance (Ferrari et al.,
2003; Mengiste et al., 2003; Veronese, 2004) and examples of resistant mutants, whose
resistance is activated independently of either SA- or JA-dependent signalling pathways
(Kim and Delaney, 2002; Vogel et al., 2002). Our experimental data demonstrate that
enhanced susceptibility of as/-/ and asl-4 plants towards bacterial pathogens does not

result from defects in SA-dependent signalling.

In addition to as/, a number of Arabidopsis mutants compromised in resistance against
bacterial pathogens have been identified. However, similarly to as/, only transgenic nahG
plants are show;l to be compromised in resistance against such a broad-spectrum of
bacterial pathogens. Transgenic nahG plants, constitutively expressing a salicylate
hydroxylase gene, besides depleted SA accumulation also show enhanced levels of
catechol, a bioproduct from the SA degradation, which acts to suppress defence responses.
nahG plants are compromised in basal defence, R gene-mediated resistance, and non-host
resistance (Delaney et al., 1994; Friedrich et al., 1995; Lawton et al., 1995). In contrast to
asl, nahG plants are not affected in resistance against necrotrophic pathogens. In addition
to transgenic nahG plants, other mutants such as eds!, nprl, ndrl are also compromised in
resistance against virulent strains of PstDC3000 (Cao et al., 1994; Parker ef al., 1996), but

in contrast to as/, the eds] plants retain the ability to recognize PstDC3000 expressing the

126



avirulence gene avrB (Parker ef al., 1996) while ndrl is still able to recognize PstDC3000
carrying avrRps4 (Aarts et al., 1998).

In contrast to the relatively large number of mutants affected in resistance against bacterial
pathogens, only a few cases of increased resistance against B. cinerea have been reported
so far. These are, an Arabidopsis plant overexpressing an ET response factor (ERFI)
(Berrocal-Lobo et al., 2002) , a JA—insensitive line (jinl) (Lorenzo et al., 2004) and an
overexpresser of a cationic peroxidase gene (Coego et al., 2005). Interestingly, 35S::ERFI
expression was shown to rescue the defence response defects of coil and ein2, mutants
compromised in JA and ET perception, respecfively, suggesting ERFI acts downstream of
these two components integrating the JA and ET signalling pathways (Lorenzo et al,
2003). Surprisingly, loss-of-function in the JINI gene, which encodes a MYC-transcription
factor, result in enhanced expression of JA-induced genes and reduced susceptibility
towards necrotrophic pathogens. Interestingly, jinl seems to prevent the activation of JA-
dependent genes activated in response to insects, herbivores and mechanical damage and
conversely enhances the expression of pathogen-induced JA-dependent gene expression
(Lorenzo ef al., 2004). In addition, overexpression of a cationic peroxidase led to enhanced
accumulation of H,O, and constitutive expression of the GST/ and PDF1.2 genes and
consequently enhanced resistance against B. cinerea and P. cucumerina (Coego et al.,

2005). Interestingly, one of the potential mechanisms of virulence by B. cinerea is to

induce in planta accumulation of reactive oxygen species.

ii Putative roles of 457 in disease resistance

As shown by the normal pathogen-induced accumulation of SA and expression of the SA-
dependent gene PR-1, susceptibility of as] plants do not seem to be due to a defect in these
plants to activate the SA-dependent defence signaling pathway. Furthermore, ASI is
unlikely to encode a direct component of defence because otherwise either accumulation or
perception of SA, and consequentfy PR-1 expression should be affected. Moreover,
susceptibility towards bacterial pathogens do not seem-to be directly associated with

resistance against necrotrophic pathogens. Rather, AS/ may function by simultaneously
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affecting defence signalling pathways and susceptibility to pathogens. For example, as a
negative regulator of JA-mediated defence gene expression and also negatively regulating
the synthesis of a susceptibility factor. Susceptibility féctors are synthesized by the plant
and are integral to its biology (Stachel et al., 1986; Stachel and Zambryski, 1986b; Vogel et
al., 2002), and pathogens are expected to have evolved mechanisms to exploit these factors

during pathogenesis.

Despite evidence to suggest nuclear localization (Theodoris et al., 2003), ASI may be
involved in the genetic mechanisms controlling the synthesis of compounds metabolized in
different parts of the cell. For example, 4S] may negatively regulate the expression of a
protein that is reqhired for either the biosynthesis or transport of an apoplastic metabolite
that is required by PsfDC3000 for effective host colonization. Support for this hypothesis is
provided by the recent identification of ads/ (Sun, Chini, Gilroy, Nurmberg and Loake,
unpublished data). An activation tagged allele of ADS/ which resulted in constitutive over-
expression of this gene establishes increased susceptibility to PstDC3000. ADS! encodes a
MATE efflux protein which may modify the composition of the apoplast, promoting
colonization by PsfDC3000. Alternatively, as/ may negatively regulate an unknown
defence response (s) which contribute to the establishment of increased resistance against

B. cinerea.

As demonstrated previously, during infection of Arabidopsis, the bacterial pathogen Pst
delivers the effector protein AvrRpt2 into the plant cell, through the type III secretion
system, in the inactive form. After delivery, AvrRpt2 undergoes N-terminal processing and
causes elimination of Arabidopsis RIN4 (Mudgett and Staskawicz, 1999; Jin et al., 2003),
indirectly activating RPS2. RPS2 and RIN4 physically interact in Arabidopsis and delivery
of AvrRpt2 results in elimination of RIN4 and indirect activation of RPS2. However, RIN4
is not the only substrate for AvrRpt2, in fact, it was recently shown that AvrRpt2 substrate
recognition only requires a 7-aa consensus sequence (VPxFGxW), which is present in at
least 19 different Arabidopsis proteins (Chisholm ef al., 2005). In N. benthamiana transient
co-expression experiments showed that several of these genes are cleaved by AvrRpr2. In
addition, it was suggested that AvrRpt2 may also cleave variations of the (x)PxFGxW aa

sequence. This relatively degenerated consensus, suggests that AvrRpt2 may eliminate a

128



large number of host factors during the infection process. Searching the ASI protein
sequence revealed the absence of AvrRpt2 cleavage site, suggesting AS1 is not a direct
target of the bacterial effector target. However, 451 may encode a regulator of one of these

factors that are targeted by the effectors protein.

Compromised resistance of asl/ein2 and asl/aos against B. cinerea implied a requirement
for a JA/ET signalling pathways in the as/-mediated resistance against necrotrophic
pathogens. This is in agreement with previously published data about the involvement of
JA and ET in defence against necrotrophic pathogens. Mutations in EIN2 were shown to
compromise resistance against B. cinerea. In addition, ein2 was shown to block PDFI.2
expression in response to 4. brassicicola, however, resistance against this pathogen was not
compromised (Thomma et al., 1999a). Activation of PDFI.2 was not monitored in the
double mutant neither was resistance against 4. brassicicola, however it is likely that this
double mutant is compromised in the expression of PDFI.2. Blocking JA synthesis in the
aos/as] double mutants had a greater negative effect on resistance than did blocking the
perception of ET, suggesting the JA signalling pathway plays a more important role in as/-
mediated resistance than the ET pathway. It is believed that these two signalling pathways
function in association during the activation of the defence response (Penninckx ef al.,
1996; Penninckx ef al., 1998). In contrast, other experiments have presented evidence that
JA and ET individually are sufficient to induce resistance against A. brassicicola and B.

cinerea, respectively (Thomma e al., 1998; Berrocal-Lobo et al., 2002; Ellis et al., 2002).

While synthesis of JA was shown to be necessary for establishing as/-dependent resistance
against B. cinerea it is still uncertain whether resistance is activated in a COl/-dependent
manner because coilas! double mutants were absent in the F, population. The absence of
this double mutant may be because coil suppresses the as/ phenotype. It is worth noting
that blocking JA synthesis in as/ plants by the aos antisense did not suppress the lobed
leaves phenotype, suggesting that suppression of as/ is mediated through the SCF complex
rather than synthesis of JA. COII encodes a F-box protein (Xie ef al., 1998) with homology
to the auxin receptor TIR!/ (Dharmasiri ef al., 2005). F-box proteins are present in the
eukaryote kingdom and function as receptors that recruit regulatory proteins as substrates

for ubiquitin-mediated destruction in the proteasome. F-box proteins associate with SKP1,
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cullin and Rbx proteins to form an E3 ubiquitin known as the SCF complex (Bai et al.,
1996; Devoto et al., 2002; Xu et al., 2002). TIR1 and pOIl are shown to interact in vivo
with the plant SKPI-like, ASK1 and ASK2 (Gray et al., 1999; Xu et al., 2002). COIl
forms two complexes separately with ASK1 and ASK2, and these two complexes may have
separate functions but overlapping functions in the JA signaling pathway (Xu e al., 2002).

The Arabidopsis ASK1 is highly expressed in dividing cells, such as those in meristems and -
organ primordia (Porat et al., 1998). Accumulating data suggest SKP1 can interact with
different F-box proteins, regulating different plant processes (Devoto and Turner, 2003).
Analysis of several alleles of the JA resistant mutant jar/, and also auxin resistant plant
lines revealed that the JA- and auxin act through a common signalling intermediate, which
may also affect response to other hormones (Devoto and Turner, 2003). This observation

FC! shares components with SCF™! (Devoto

might also be supported by the fact that SC
et al., 2002). Interestingly, loss-of-function in maize ROUGH SEATH?2 (ortholog of
Arabidopsis ASI) compromised polar auxin transport (Tsiantis et al., 1999). This resulted
in increased local auxin concentrations, which in turn may affect the JA-dependent
signalling pathway. By analogy, loss-of-function in ASI in Arabidopsis may result in
higher levels of local auxin and consequently perturbed regulation of the JA/ET-dependent
signalling pathway, promoting resistance against necrotrophic pathogens. Furthermore,
auxin has also been shown to positively regulate ET mediated responses in root growth of
Arabidopsis plants. Feeding experiments using low doses of auxin indicated that certain
levels of auxin are required to sensitize the cells to ET (Rahman e al., 2001). A simplified

diagram representing our suggested mechanism of resistance regulated by A4S/ is presented

below.
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Figure 9 Proposed model of asI-mediated disease resistance. This

model integrates AS/ into distinct signalling pathways regulating plant
development and disease resistance. We suggest that A4S simultaneously

negatively regulates the JA/ET expression of defence genes and repress the
expression of a susceptibility factor (gene X). While functional COIl
seems to be required together with ASI for leaf development, resistance

and development seem to be regulated separately.
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iii  Strategies for the identification of new components of asl/-mediated disease

resistance & susceptibility

In order to elucidate the function of 4S/ in disease resistance some key experiments are
required. The defence response of transgenic lines transiently overexpressing the 4S7 gene
under the control of an inducible promoter (e.g. Glucocorticord - DEX inducible system)
(Aoyama and Chua, 1997), as well as a comparative analysis of the transcript profiles of
transgenic pathogen-infected and healthy lines, using an Arabidopsis microarray chip such
as the Affymetrix, could provide fundamental insights into as/-mediated disease resistance.
The deployment of inducible lines (35S::4S1.::Gr) has potential benefits over the use of
lines constitutively overexpressing the 457 gene. (1) The role of 45/ in disease resistance
can be examined in the absence of the interference caused by the developmental phenotype
of as] knockout or constitutive overexpresser. This developmental interference can mask
the effect of AS! in disease resistance. (2) Using Affymetrix GeneChips for comparison
between the inducible system and the knockout line, we can look for genes that are up- and
down-regulated at early stages following pathogen infection, respectively. These genes are
" potentially primary targets of 4SI and possibly directly involved in the as/-mediated
disease resistance. (3) Time course pathogen assays using the inducible lines can reveal

genes that are sequentially transcribed in response to pathogen attack.

The promoter region of genes with consistent differences in their pattern of expression (up-
and down-regulation) will be analysed in an attempt to identify conserved motifs (cis-
elements). The proteins potentially targeted for binding can then be identified by an
electophoretic mobility sift assay (EMSA) and specificity of these elements can be further
investigated by coordinated deletions in the consensus sequence. This methodology
recently rendered the elucidation of new functions, of the NPRI gene (Wang et al., 2005).
These authors analyzed the transcript profiles of nprl/ and 35S5::NPRI::Gr lines,
sequentially treated with SA and DEX, and identified a group of genes that have different
pattern of expression in the two lines. Analysis of these genes resulted in the identification
of the TIL cis-element, which is involved in the SA-induction of secretion-related genes via
NPRI. Thus, besides its function in PR-I expression and SAR activation, NPRI also

prepares the cells for PR-/ secretion by making more components of the secretory
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machinery. The transcription factor that controls TLI is still unknown, but it is unlikely a
TGA because TIL is distinct from TGA-binding as-/ element. Members of the TGA/OBF
family of basic leucine zipper (bZIP) transcription factors have been implicated in the
activation of SA-responsive genes, and two of these TGA factors were shown to interact
with NPRI in vitro (Zhou et al., 2000). Therefore, Wang and co-workers speculate that
NPRI regulates secretion-related and PR genes through different transcription factors and

cis-elements.

In addition, we could also attempt to identify specific targets for 4S/-binding. Previous
experiments using the yeast two-hybrid system failed to reveal any AS/ direct binding
factor (Andrew Hudson, personal communication). However, a new methodology for
determining the DNA-binding specificity of transcription factors, termed bacterial one-
hybrid system (B1H), was introduced recently (Meng et al., 2005). This system is similar to
yeast one-hybrid system, but it is advantageous over the yeast systems because
transformation efficiency is much higher in bacteria, allowing screening of libraries with
much higher complexity. Moreover, only basic molecular techniques are required, what
makes it readily available. The B1H system contains the transcription factor éxpression
vector, a library of randomized binding sites in the receptor vector and the bacterial
selection strain. The DNA-binding domain is expressed as fusion to the o-subunit of RNA
polymerase. The reporter vector contains restriction sites for introducing a library of
randomized oligonucleotides upstream of the promoter of two reporters, the yeast HIS3 and
URA3 genes. If a DNA-binding domain (bait) recognizes a target site (prey) in the reporter
vector, it will recruit RNA polymerase to the promoter and activate transcription of both
reporter genes. Selection of active promoters can be performed by addition of 3-amino-
triazole (3-AT), a competitor of HIS3, into the growth medium, while addition of 5-fluoro-
orotic acid (5-FOA), converted into a toxic compound by the uracyl biosynthesis, will
select against active promoters. Selection for increased levels of HIS3 will isolate vectors
harbouring a binding site for the bait. Vectors containing DNA sequences that activate the
promoter independent of the bait (self-activation) can be eliminated by selection against
URA3 expression. Thus, recognition of sequences for the bait can be isolated from the
library of prey by a combination of positive selection in the presence of the bait and the

negative selection in the absence of the bait (Meng et al., 2005). Therefore, this new system
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constitutes of a robust technique to be used to determine the specificity of transcription
factors and could be used to further search for proteins targeted by A4S/ in response to

pathogen infection.
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