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Abstract
The Arabidopsis mutant edsl (enhanced disease susceptibility]), which is known to
be defective in some aspects of R gene-mediated and basal disease resistance, is also
compromised in nonhost disease resistance. A genetic modifier screen was carried
out in order to identify further genes involved in NHR against Blumeria graminis Ii
sp tritici race Say GH135 (Bgtl). Here, we report the isolation and characterization
of two mutations, designated sedi (suppressor of edsi) and sed2, both of which
suppress edsl-mediated susceptibility towards Bgtl.
The sedi edsi mutant line exhibited restricted penetration of Bgtl and a low
formation frequency of haustoria and secondary hyphae. Loss of SED] function also
resulted in enhanced resistance against Bgt race WI IS (Bgt2), Blumeria graminis f,
sp. hordei isolate 139 (Bgh), and Peronospora parasitica in an eds] genetic
background. However, sedi edsi plants still maintained susceptibility against a
broad-spectrum of host pathogens and increased susceptibility toward necrotrophs.
Furthermore, sed] led to powdery mildew resistance independent of SA
accumulation, callose deposition or the constitutive activation of defence genes.
SED1 may therefore encode a compatibility factor that is essential for successful
pathogenesis.
The sed2 mutant was initially isolated from a systemic acquired resistance (SAR)
mutant screen using activation tagged populations of Arabidopsis and found to
exhibit enhanced resistance to Hyaloperonospora parasiticaNoco2. The sed2 mutant
also suppressed edsl-mediated susceptibility towards Bgtl. The sed2 edsi double
mutant showed resistance against Bgtl with regard to penetration and the formation
of haustoria and secondary hyphae. sed2 eds] double mutants were also resistant to a
series of host bacterial and oomycete pathogens. Thus, sed2 acts as a suppressor of
eds] establishing resistance against host and nonhost pathogens. This mutation
mapped to a 400 kb interval between markers nga280 and T81,23 on chromosome I.
Additionally, during the study of NHR to Bgtl, we discovered a phenomenon termed
massive mesophyll cell death (MMCD) within challenged leaves of the Landsberg
erecta (Ler) accession. In contrast, this phenomenon was absent in the Columbia
(Col-0) accession. Here we report the isolation and characterization of one mutant,
designated localised mesophyll cell death 1 (lmdl). lmdl strongly reduced MMCD in
Ler plants in response to Bgtl, Bgt2 and Bgh, to a level reminiscent of that observed
on Col-0 plants. However, lmdl did not affect edsl-mediated susceptibility towards
these pathogens. Therefore, LMDJ may encode a positive regulator of MMCD which
might function in cell-to-cell signalling. This mutation mapped to chromosome III
close to the molecular marker CIW4.
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Chapter One
Introduction

1. General review of plant disease resistance

In nature, without motility plants have to endure constant attack by a series of
potential pathogens such as bacteria, fungi, viruses, oomycetes and nematodes. To
successfully maintain their life cycles, plants have evolved a battery of defence
mechanisms to defend themselves from infections. After detecting the presence of
pathogens, plants trigger an intrinsic arsenal of defence responses involving
programmed cell death (in terms of plants known as the hypersensitive response,
HR), production of reactive oxygen species (Grant and Loake, 2000), structural
reinforcement of the plant cell wall (Hammond-Kosack and Jones, 1996), synthesis
of antimicrobial enzymes and secondary metabolites (Kuc and Rush, 1985) and the
accumulation of salicylic acid (SA) at the site of infection (Malamy et al., 1990).
Over a period of hours to days after those local responses, systemic acquired
resistance (SAR) can be activated, through complex signal transduction networks,
which induce a long-lasting resistance against a broad spectrum of pathogens (Ryals
etal., 1994; Dong, 2001).

Although plants are equipped with multiple powerful weapons, our global food
supply is still threatened by many recalcitrant pathogens and pests (Moffat, 2001).
Each year around 12% of potential global crop production is lost due to plant disease
(Shah, 1997), which is especially acute in developing countries. According to one
estimate (Pimentel et al., 2000), the total cost of crop losses caused by various
pathogens to the US economy alone, including all outbreaks of naturally occurring
diseases, could be in excess of $30 billion per year. Due to the inevitable continuous
increase of the human global population, scientists therefore face the challenge of

how to feed these people with limited agricultural production.

Although fungicides are used to give effective protection from some fungi, later
people gradually realized their fatal detrimental effects on environment. Intensive
chemical applications bring extremely severe environmental pollution and toxin
accumulation inside animals and humans. Since 90% of the population growth is in
developing countries, chemical controls are often beyond the economic capacity of
farmers from those nations. Therefore an important trait of interest is crop protection,
to eliminate or reduce fungicides and increase self-immunity (Phillips and Freeling,
1998).

Considered environmental safe and economically viable, a new theory, the so-called
'Green Revolution' emerged, which promoted the development of alternative
plant-breeding technologies (Hoisington et al., 1999). Conventional selective
breeding could now be complemented by modifying specific gene targets in
established crops, which decreases the time and effort required for lengthy plant
breeding to eliminate deleterious genes (Cook, 1998). Thus, research on plant disease
resistance may lead to significant improvements in crop protection.

As a model plant for molecular and genetic study, Arabidopsis thaliana has many
advantages, including a short life cycle, small size, large number of offspring and a
relatively small nuclear genome. The completion of the sequencing of the entire
genome gave a boost to all areas of plant science (Arabidopsis Genome Initiative,
2000). Accordingly, many applications in plant breeding, such as identification of
genes controlling important defence pathways, determination of directional pathways
of evolution and location of useful genes from exotic sources, could now be easily
accomplished. Although it is easier to identify and introduce some useful genes into
certain crops with quick progress of biotechnology, the problem of disease resistance
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durability still exists because pests and pathogens can adapt rapidly (Cook, 1998;
Pink and Puddephat, 1999). Frequently, a protracted breeding effort of ten or more
years' duration to produce a new resistant plant variety is wasted as a new pathogen
race very quickly overcomes the developed resistance. For these reasons, many
efforts have been invested towards understanding innate resistance mechanisms in
plants to provide durable protection.

2. Gene-for-gene resistance

Through studies of flax and its fungal pathogen Melampsora lini interaction, Flor
first defined 'gene-for-gene' disease resistance in plants (Flor, 1971). He
demonstrated that this race-specific resistance could only happen when plant
resistance (R) genes match their corresponding pathogen avirulence (Avr) genes. The
absence of either leads to the breakdown of resistance.

2.1 Gene-for-gene hypothesis models

Based on his conclusion, a receptor-elictor hypothesis was proposed to account for
gene-for-gene resistance more than 30 years ago (Gabriel and Rolfe, 1990). The plant
defence response is triggered after the plant recognizes specific signal molecules
(elicitors) produced by pathogens (Fig. 1.1A-B). These elicitors are encoded directly
or indirectly by Avr genes and R genes are thought to encode putative receptors for
these elicitors (Staskawicz et al., 1995; Lamb, 1996). This has been confirmed by
different plant-pathogen interaction studies from different research groups. For
example, Scofield and Tang individually demonstrated direct evidence for such an
elicitor-receptor mechanism underlying tomato and its bacterial pathogen
Pseudomonas syringae pv. tomato (Pst) recognition (Scofield et al., 1996; Tang et al.,
1996). Based on their results, resistance to this bacterial speck disease in tomato only
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occurs when the R gene-Plo in the plant responds to the expression of the Avr geneavrPto from the pathogen. Jia and colleagues also have suggested that Avr-P ita

functions as an elicitior molecule expressed by the rice blast fungus Magnaporthe
grisea and directly binds to the rice Pi-ta protein, triggering a signal transduction

cascade, leading to resistance (Jia ci al., 2000).
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Fig. 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 virulence proteins may target host proteins (green)
that control defence responses, metabolism or other plant process that affect
pathogen virulence. (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 turn 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 (McDowell and
Woffenden, 2003).

4

Although numerous sets of R and Avr proteins have been identified, the direct
physical interaction was only demonstrated in these two cases (Scofield et al., 1996;
Tang et al., 1996; Jia et al., 2000). Moreover, various Avr proteins can actually
function as virulence factors on susceptible hosts lacking the corresponding R genes
(Lorang et al., 1994; Ritter and Dangl, 1995). Therefore, the classical receptor-elictor
model has been questioned, which led to the formation of the guard hypothesis (Van
der Biezen and Jones, 1998; Glazebrook, 2001; McDowell and Woffenden, 2003).
This model predicts that accompanying pathogen attack, a given R protein has the
role of a sentinel of cellular homeostasis, guarding the altered status of a plant
protein (guardee) which is probably targeted and modified by pathogen Avr protein
(Fig. 1.1C). Several publications provide direct evidence supporting for the guard
hypothesis (Kim et al., 2002; Kruger et al., 2002; Mackey et al., 2002). Thus, this
could be the answer to the question of how a resistance response can be triggered
even without involving a direct interaction between the R and Avr proteins.

2.2 Classfication of R genes

Significant efforts by several laboratories in the past decade has resulted in the
identification and cloning of many R genes from a variety of model and crop species
through different genetic methods (Johal and Briggs, 1992; Martin et al., 1993).
Surprisingly, although those genes can give resistance to different phytopathogens
such as bacteria, viruses, fungi, oomycetes and even insects (Nimchuk et al., 2001),
analysis of the structural features of R proteins reveals the existence of only a limited
number of sequence motifs, which can be divided into five superfamilies according
to their protein structural features (Fig. 1.2) (Dangl and Jones, 2001). The limited
repertoire of motifs suggests that the processes underlying R protein-specified
recognition of unrelated pathogens are highly conserved and probably involve a
restricted number of downstream defence pathways (Feys and Parker, 2000).
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Fig. 1.2 Structure and location of major superfamilies of plant disease resistance
proteins (Dangi and Jones, 2001).

The largest group of R genes encodes a nucleotide-binding site leucine-rich repeat
(NBS-LRR) class of proteins (Dangi and Jones, 2001). Many NBS-LRR-containing
R genes have been cloned in the past thirteen years (Bendahmane et al., 1999;

Collins el al., 1999; Liu and Ekramoddoullah, 2003). The NBS domains are found in
diverse proteins with ATP or GTP binding activity, such as adenosine triphosphatases
(ATPases) and elongation factors, which are critical in various fundamental cellular
events (Saraste el al., 1990; Baker et al., 1997). Analyses reveal that the LRR
domains have been shown to mediate protein-protein interactions, ligand binding and
pathogen recognition (Kobe and Deisenhofer, 1994; Bent, 1996; Ellis et al., 1999;
Young, 2000). The NBS-LRR proteins can be further divided into two major
subclasses on the basis of their amino-terminal sequences (Fig. 1.2). One group of
NBS-LRR proteins that shows high homology to the intercellular signalling domains
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of the Drosophila Toll and mammalian interleukin- 1 receptors is designated as
TIR-NBS-LRR; the other group of NBS-LRR proteins lacking the TIR domain
possesses a coiled-coil motif in the N-terminal region and classified as
CC-NBS-LRR (Jones, 2001).

2.3 R gene signalling mutants

Genetic screenings performed in Arabidopsis have generated several classes of
mutants which define distinct signal transduction cascades acting downstream of R
genes. The recessive edsi (enhanced disease susceptibility 1) mutant was originally
identified in a screen for mutants that are defective in resistance to the obligate
biotrophic oomycete pathogen Hyaloperonospora parasitica Noco2 (Parker et al.,
1996). EDSJ encodes a protein that has similarity in its amino-terminal portion to the
catalytic site of eukaryotic lipases (Falk et al., 1999). Pathology assays revealed that
EDS] is required for establishment of gene-for-gene resistance mediated by

TIR-NBS-LRR genes (Feys et al., 2001). The ndrl (non-race-specific disease
resistance 1) mutation appears to influence the function of some but not all the

CC-NBS-LRR genes, causing a loss of resistance to both bacterial and fungal
pathogens (Century et al., 1995; Aarts et al., 1998). A CC-NBS-LRR type R gene

RPP8 (resistance to Peronospora parasitica8) conferring isolate-specific resistance
to H. parasitica, was not strongly suppressed by either eds] or ndrl mutation (Aarts
et al., 1998), which suggests that this might not be due to the redundancy of both
signalling components but rather to utilization of a third, as yet undefined, signalling
pathway (McDowell et al., 2000).

2.4 The hypersensitive response

The most prominent feature of the gene-for-gene defence response is the appearance
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of a necrotic lesion resulting from dead plant cells at sites of pathogen infection, a
phenomenon known as the hypersensitive response (HR), a form of programmed cell
death (PCD) (Dangi et al., 1996; Pennell and Lamb, 1997). HR can be
phenotypically diverse, from a single cell to a large necrotic area, preventing
pathogen colonization (Holub et al., 1994). HR is also distinct from necrosis caused
by metabolic toxins or severe trauma, requiring active host cell metabolism (Pennell
and Lamb, 1997).

In animal cells, PCD is thought to highly depend on caspase protease activity (Whyte,
1996; Green and Reed, 1998) and extensive studies have provided evidence that the
caspase activities are present in plants during HR. For example, caspase activities are
detected in tomato after chemical-induced cell death (De Jong et al., 2000).
Caspase-specific inhibitors abolish nitric oxide induced cell death in Arabidopsis
suspension cultures (Clarke et al., 2000a). Furthermore, Hatsugai and co-workers
found that vacuolar processing enzyme (VPE) exhibits caspase-1 activity and is
essential for virus-induced HR (Hatsugai et al., 2004). However, the molecular
mechanism ofVPE mediated cell death is still under elucidation.

Although HR is a common feature of many R gene mediated resistance reactions, it
seems that it is not an obligatory component. An Arabidopsis dndl (defence, no
death 1) mutant was found through testing HR after inoculation of individuil leaves
with avirulent Psi' DC3000 (Yu et al., 1998). Even though defective in HR, the dndl
mutant still retains gene-for-gene resistance and also shows enhanced resistance
against a broad spectrum of virulent pathogens. On the other hand, a number of
mutants have been identified in Arabidopsis, which can simulate HR even in the
absence of pathogens (Dietrich et al., 1994). Moreover, the occurrence of the HR can
be modulated by environmental effects and in particular can be attenuated at high
humidity (Hammond-Kosack et al., 1996). Thus cell death and defence gene
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expression during the HR may involve separate pathways (Jakobek and Lindgren,
1993; Yu et al., 1998).

2.5 Signal transduction during HR

Physiological features of HR common to a plant's response to different pathogens
include calcium flux change, a reactive oxygen species (ROS) burst, nitric oxide (NO)
production and protein phosphorylation (Lamb et. al., 1989; Delledonne et al., 1998).

Ca2 is believed to serve as a second messenger in many essential plant processes
(Chandra et al., 1997). The earliest plant response to invading pathogens is regulated
by calcium influx into the cell (Pike et al., 1998). The fluctuations of cytosolic Ca

2+

levels are thought to be mediated by Ca 2tpermeable channels located at the plasma
membrane of the host cell (Gelli et al., 1997). Xu and Heath investigated the role of
cytosolic Ca 2+during the HR of cowpea to the cowpea rust fungus (Xu and Heath,
1998). A slow and prolonged elevation of Ca 2 is observed in epidermal cells of the
resistant but not susceptible plants when the fungus grows through the cell wall. It
seems that the increase of Ca 2 level is involved in signal transduction leading to the
HR (Levine et al., 1996; Xu and Heath, 1998).

Elicitor-mediated calcium influxes, as well as transient increase of cytosolic Ca 2
levels are found to be necessary for elicitor stimulation of the oxidative burst
(Chandra et al., 1997; Jabs et al., 1997). The extracellular formation of ROS, such as
superoxide

(02),

hydrogen peroxide (H 2 02) and the hydroxyl free redical (Off),

plays a key role in plant defence (Tenhaken et al., 1995; Lamb and Dixon, 1997;
Clarke et al., 2000a) The emerging data suggests that plants possess a mechanism
for generating

02,

which involves a plasma membrane-located NADPH oxidase

analogous to the mammalian respiratory burst oxidase (Groom et al., 1996; Tones et
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al., 2002). The 02

is not stable and usually rapidly dismutated either

nonenzymatically or via superoxide dismutase (SOD) to H 2 02 (Grant and Loake,
2000). H2 0 2 can also act as a local signal for PCD and also as a diffusible signal for
the induction of defensive genes in adjacent cells (Levine et al., 1994; Alvarez etal.,
1998).

Increasing evidence exists indicating that the free radical gas-nitric oxide acts as a
key signalling molecule in plant physiology, modulating development and a variety
of antimicrobial defence responses (Delledonne et al., 1998; Beligni and Lamattina,
2000; Beligni, 2002; Zeier et al., 2004). NO bioactivity is regulated not only at , the
level of synthesis but also by degradation, in particular by S-nitrosoglutathione
reductase (GSNOR; also known as glutathione-dependent formaldehyde
dehydrogenase, GS-FDH), the primary function of which has long been considered
to be detoxification of endogenous' and exogenous formaldehyde (Sakamoto et al.,
2002). However, Liu et al. revealed that this enzyme activity was highly specific for
the metabolism of S-nitrosoglutathione (GSNO), a naturally occurring NO reservoir
and reactive nitrogen intermediates (RNIs) (Liu et al., 2001). There is a growing
body of evidence suggesting the existence of GSNOR in plants, and GSNOR has
been shown to be involved in. activation of defence response against pathogens (Diaz
et al., 2003; Feechan et al., 2005).

Calcium signals are presumed to be translated through protein phosphorylation and
such activity has been implicated in cell culture responses to a series of specific and
non-specific elicitors (Ligterink et al., 1997; Blumwald et al., 1998; Suzuki et al.,
1999; Kroj et al., 2003). It is also assumed that some plant resistance genes encode
receptor-like protein kinases which can activate their own downstream signalling
cascades by phosphorylation' (Song et al., 1995; Feuillet et al., 1997). The
mitogen-activated protein (MAP) kinases, which have homology to those of yeasts
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and mammals, are found to be involved in early signalling events of gene-for-gene
interactions and non-specific elicitation of defence responses, as well as in diverse
abiotic stimuli such as wounding and environmental stress (Song and Goodman,
2002; Agrawal et al., 2003; Kroj et al., 2003).

3. Systemic acquired resistance

Besides the immediate gene-for-gene resistance, plants also develop some inducible
resistance mechanisms, such as systemic acquired resistance (SAR), to give a
long-lasting resistance to subsequent infections or prevent further spreading of
existent infection in systemic tissues (Uknes et al., 1992). SAR is a plant defence
system triggered by a necrotizing pathogen infection, which can lead to reduction in
the systemic severity of disease caused by a broad-spectrum of virulent pathogens
(Ryals et al., 1996) but not by chewing insects or migrating nematodes
(Hammond-Kosack and Jones, 1996).

Within a few hours of localized necrosis plants begin to express a set of SAR defence
genes not only at the site of infection but also throughout the rest of the plant (van
Loon, 1985). Analysis of these SAR genes shows that most belong to the class of
pathogenesis related (PR) genes which were originally identified as novel genes that
accumulated after tobacco mosaic virus (TMV) infection of tobacco leaves (van
Loon and van Kammen, 1970). Since PR gene induction is tightly correlated with the
onset of SAR, such genes are widely used as molecular markers for analysis of SAR
(Ward et al., 1991). During last 30 years PR genes have been extensively identified
throughout diverse plant species including both dicots and monocots (White et al.,
1987; Nasser et al., 1988). In tobacco, there are more than nine distinct families of
PR proteins coordinately induced to high levels of expression during SAR, including
both acidic and basic forms (Ward et al., 1991). In Arabidopsis, the SAR marker
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genes are PR- 1, PR-2 and PR-5 (Uknes et al., 1992). Of those, PR-i gene encodes an
protein with approximately 60% identity to both the acidic and basic forms of PR-i
from tobacco (Uknes et al., 1992). Due to its intensity and specificity of gene
induction, PR-i is the most commonly used SAR marker gene in Arabidopsis.

In addition to pathogen infection, exogenous application of salicylic acid (SA) or its
synthetic functional analogs, such as benzo-(1 ,2,3)-thiadiazole-7-carbothioic acid
S-methyl ester (BTH) and 2,6-dichioroisonicotinic acid (INA), has also been shown
to be able to induce SAR (White, 1979; Vemooij et al., 1995; Lawton et al., 1996).
An increasing body of evidence suggests that endogenous SA plays a critical role in
the activation of SAR and its levels increase after pathogen infection prior to the
induction of PR genes (Malamy et al., 1990; Metraux et al., 1990). Genetic studies
have shown that depletion of SA in plants results in a suppression of both SAR and
gene-for-gene resistance (Gaffney et al., 1993; Delaney et al., 1994). Gaffney and
colleagues showed that transgenic tobacco plants that constitutively express a
bacterial salicylate hydroxylase gene (nahG), which encodes an enzyme that
catalyzes the conversion of SA to catechol, can not accumulate free SA and thus fail
to trigger SAR (Gaffney et al., 1993). By using Arabidopsis NahG transgenic plants,
Delaney and co-workers showed that the defect in SA accumulation not only makes
the plants unable to activate SAR but also leads to enhanced susceptibility to virulent
and avirulent viral, fungal and bacterial pathogens (Delaney et al., 1994).

It has been widely accepted that a signal is transported from the pathogen infected
leaf to distal uninoculated leaves to establish SAR. Recently, the dir] (defective in
induced resistance 1) mutant defective in a putative apoplastic lipid transfer protein
was shown to impair systemic, but not local resistance in pathogen-infectçd
Arabidopsis (Maldonado et al., 2002). Therefore DIR] appears to play a role in the
production or transmission of the SAR signal that moves from inoculated leaves to

other parts of the plant. Although many experiments clearly present a correlation
between increased levels of SA and activation of SAR, there is little evidence that SA
is the long distance translocated signal. Through a grafting experiment by using
transgenic tobacco plants that constitutively expressed the NahG gene, Vernooij and
his colleagues demonstrated that the dramatic reduction of SA levels is observed in
nahG rootstocks after TMV inoculation, however the induction of SAR in the grafted
wild-type scions appeared to be unaffected (Vernooij et al., 1994). In cucumber
without affecting SAR, the primary leaf inoculated with Pseudomonas syringae can
be detached before increased SA is detected in the other uninfected leaves
(Rasmussen et al., 1991). Even though SA may not be the mobile signal for SAR, it
is essential for SAR establishment.

4. Signalling pathways of defence responses

4.1 SA-dependent signalling pathway

Genetic approaches used to identify components involved in the transduction of SA
signalling have produced promising candidates. Screens for Arabidopsis mutants
which failed to activate the SA- or iNA-responsive chimeric reporter gene expression
led to isolation of NPR1 or NIM1 (nonexpressor of PR or noninducible immunity)
(Cao et al., 1994). This gene clearly functions downstream of SA, as nprl/niml
mutations block the expression of PR genes in response to SA and cause enhanced
susceptibility to infections by various pathogens (Cao et al., 1994; Delaney et al.,
1995; Glazebrook et al., 1996). Sequence analysis of the gene and its mutant alleles
have shown that NPR1 contains a functionally important ankyrin repeat domain (Cao
et al., 1997), which is known to be responsible for mediating protein—protein
interactions (Sedgwick and Smerdon, 1999). Multiple yeast two-hybrid screens
suggest that NPR1 might interact with TGA transcription factors to mediate PR gene
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expression (Zhang et al., 1999; Despres et al., 2000; Kim and Delaney, 2002b). In
addition to controlling the expression of PR genes, NPRJ also directly regulates the
expression of the protein secretory pathway genes, which is essential for SAR (Wang
et al., 2005a).

There are several mutants that have been identified compromising SAR signalling
upstream of SA. The Arabidopsis PAD4 (phytoalexin deficient 4)

gene, which

encodes a lipase-like protein that directly interacts with EDS 1 in vivo (Jirage et al.,
1999; Feys et al., 2001), was first discovered via a screen for enhanced disease
susceptibility to low doses of the virulent bacterial pathogen Pseudomonas syringae
pv. maculicola (P s. maculicola) (Glazebrook et al., 1996). Both edsi and pad4
mutants compromised SA-induced PR-i expression after pathogen infection, which
could at least be partially rescued by exogenous application of SA (Parker et al.,
1996; Zhou et al., 1998). The ArabidopsisSID2 (salicylic acid induction-deficient 2)
gene encodes a predicted chloroplast-localized isochorismate synthase (ICS), which
is proposed to catalyze the conversion of chorismate to isochorismate within the
pathway for biosynthesis of SA in plants (Wildermuth et al., 2001). sid2 and the
allelic edsi6 mutant are defective in SA synthesis and SAR activation, and exhibit
enhanced susceptibility to numerous pathogens (Nawrath and Metraux, 1999;
Wildermuth et al., 2001). Application of SA complements the sid2 deficiency,
confirming the involvement of SID2 in SA-dependent signalling pathway.

The other class of mutants that have been identified exhibit increased SA level and
show SAR constitutively. A series of Arabidopsis cpr (constitutive expresser of PR
genes) or cim (constitutive immunity) mutants, such as cpri, cpr5 and cpr6, display
enhanced accumulation of SA, constitutive PR gene expression and a broad-spectrum
pathogen resistance (Bowling et al., 1994; Bowling et al., 1997; Clarke et al., 1998).
In cpr nahG double mutants, some of these defence-related phenotypes, including
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constitutive PR gene expression and resistance to the pathogens H. parasitica Noco2
and P. s. maculicola, are severely suppressed (Clarke et al., 2000b), which suggests
that these cpr genes act upstream of SA.

4.2 JA-dependent signalling pathway

Jasmonic acid (JA) and its methyl ester methyl jasmonate (MeJA), are innate
regulators influencing a variety of aspects of plant growth and development, which
have been shown to affect several plant physiological responses in Arabidopsis
including pollen development, fruit ripening, root growth and the accumulation of a
vegetative storage protein (Bell et al., 1995; Creelman and Mullet, 1995; McConn
and Browse, 1996). JA also plays an important role in plant resistance to pathogens
(Creelman and Mullet, 1997; Wasternack and Parthier, 1997; Penninckx et al., 1998;
Vijayan et al., 1998).

Cloning and characterizing Arabidopsis JA-related mutants can further widen our
understanding of the functions in JA-mediated plant disease resistance. The
JA-insensitive coil (coronatine insensitive 1) mutant was shown to exhibit increased
susceptibility to the necrotrophic fungal pathogens Botiytis cinerea and Alternaria
brassicicola compared with wild type Arabidopsis (Thomma et al., 1998). COIl
encodes a degenerate F-box motif and leucine-rich repeats domain which presumably
is involved in regulating defence responses modified by ubiquitination (Xie et al.,
1998). Inoculation of Arabidopsis with the fungal pathogen A. brassicicola induces
expression of the plant defensin gene PDF1.2 (Penninckx et al., 1996), which
encodes an anti-microbial peptide and overexpression of this gene leads to enhanced
resistance to certain 'non-SAR' pathogens (Terras et al., 1995; Epple et al., 1997).
This kind of induction does not require SA or NPR1, which indicates the existence of
SA-independent pathways (Thomma et al., 1998).
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4.3 ET-dependent signalling pathway

Ethylene (ET) is a growth hormone of simple two-carbon structure. However, like JA,
ET can influence many aspects of plant growth, development and productivity (Ecker,
1995). Direct genetic manipulations of plant ET production or responsiveness have
been demonstrated for a variety of plant species including Arabidopsis, tomato and
tobacco. In many cases, these manipulations have been carried out in order to alter
economically important traits such as fruit ripening and floral senescence. Excluding
its physiological roles, ET is also considered to be a stress hormone because its
synthesis can be induced by a series of abiotic or biotic stimuli such as mechanical
wounding, drought and pathogen infection (Kende, 1993; Johnson and Ecker, 1998;
Wang et al., 2002).

A transcription factor Pti4 (Pto interacting 4) that has been shown to specifically
interact with the product of the tomato R gene Pto in a yeast two hybrid screen, is an
immediate-early ET-response gene, the product of which is required in association
with ET regulation of GCC-box-containing PR genes (Gu et al., 2000). Expression of
Pti4 in tomato leaves can be quickly induced by ET, which is also observed by the
infection with bacterial pathogen Pst DC3000 containing the avrPto gene (Gu et al.,
2000). This provides evidence that the ET response is involved in Pto-mediated
gene-for-gene resistance in tomato.

A number of ET-related mutants have been identified in Arabidopsis, which reveals
hierarchy among ET biosynthesis and signalling pathway components (Solano and
Ecker, 1998; Stepanova and Ecker, 2000). Arabidopsis EIN2 (ethylene insensitive 2)
gene has been cloned and encodes a membrane-associated signal transduction
component, of which the amino terminus shows some homologies to the
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disease-related NRAIVIIP family of metal ion transporters (Alonso et al., 1999), which
have been found in all organisms from bacteria to humans (Supek et al., 1997). Null
mutations in EIN2 lead to complete loss of ET responsiveness throughout plant
development and display enhanced susceptibility to the necrotrophic fungus B.
cinerea (Thomma et al., 1999a), indicating that EIN2 is an essential component in ET
signalling pathways.

4.4 Cross-talk between defence signalling pathways

Although SA, JA and ET activate distinct signalling pathways, there is a growing
body of literature, which shows that these pathways do not function independently
(Kunkel and Brooks, 2002) (Fig. 1.3). They are involved in an intricate signalling
network to fine tune defence responses within diverse plant-pathogen interactions.

Many studies provide evidence for the positive interactions between JA and ET
signalling pathways. Activation of the PDF1.2 gene in Arabidopsis following by A.
brassicicola attack has been shown previously to be blocked in the ethylene response
mutant ein2 and the j asmonate response mutant coil (Penninckx et al., 1996).
Interestingly JA and ET seem to be required simultaneously, as the expression of
PDFJ .2 is not activated by either ET treatment of coil plants or JA treatment of ein2
plants (Penninckx et al., 1998). An Arabidopsis microarray experiment that monitors
gene expression in response to various defence-related stimuli revealed that nearly
half of the genes induced by ET are also induced by JA treatment (Schenk et al.,
2000).
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Fig. 1.3 Current model of defence signalling pathways in Arabidopsis thaliana.
Based on Kunkel and Brooks (2002).

One of the major roles postulated for JA is its antagonistic effect on SA-dependent
signalling pathways (Creelman and Mullet, 1997). Similarly, various
pharmacological and genetic experiments have shown that SA is a potent suppressor
of the JA-dependent signalling pathway (Doares etal., 1995; Niki etal., 1998; Gupta
et al., 2000). In Arabidopsis transgenic nahG plants that are unable to accumulate SA,
show significantly increased JA levels and JA-responsive genes are more strongly
induced compared with wild type in response to infection by Pst DC3 000, indicating
that in wild type plants JA formation is suppressed by endogenously accumulating
SA (Spoel et al., 2003). Results from several laboratories suggest that NPR1, a
positive regulator of SAR, also plays a role in signal cross-talk and modulates the
expression of the JA-inducible gene PDFJ.2 (Shah et al., 1999; Devadas et al., 2002).
In addition, NPR1 modulates cross-talk between SA- and JA-dependent defence
pathways through a novel function in the cytosol rather than nuclear localization
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(Spoel et al., 2003).

Induced systemic resistance

Colonization of roots by certain rhizosphere-associated bacteria elicits a form of
disease resistance termed induced systemic resistance (TSR) (van Loon et at., 1998).
These bacteria are thought of as plant growth-promoting rhizobacteria (PGPR),
because their application can stimulate growth and increase plant resistance under a
variety of stressful conditions (Kloepper et al., 1992). Mediated by non-pathogenic
rhizobacteria, ISR has been demonstrated in several plant species and been shown to
be effective against bacterial, viral and fungal diseases (Pieterse et al., 1996).

In contrast to pathogen-induced SAR, rhizobacteria-mediated ISR is not associated
with the activation of PR genes (Hofflandet al., 1995; Pieterse et al., 1996; Van
Wees et at., 1997). Moreover, transgenic nahG plants can establish TSR after
treatment of the root with TSR-inducing rhizobacteria (Pieterse et al., 1996; Van
Wees et al., 1997). Therefore TSR is an SA-independent process. Furthermore,
Pieterse et at. demonstrated that Pseudomonas fluorescens WCS417r-mediated TSR
against Pst follows a novel signalling pathway that is dependent on both JA and ET
but not SA (Pieterse et at., 1998). TSR is also found to require NPR1, which is
previously known to be involved only in SA-dependent processes (Pieterse et al.,
1998). This implies that NPRJ may respond to more than one signal and may be
involved in both SAR and TSR signalling pathways.

Nonhost disease resistance

6.1 Difference between host and nonhost disease resistance
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In nature plants are immune to the majority of potential pathogenic microbes because
of a phenomenon referred to nonhost resistance (NHR), which is shown by an entire
plant species against all races of given species of pathogens (Heath, 2000). Thus
resistance of plants against phytopathogens has been classified into host and nonhost
form (table 1.1).

Table 1.1 Differences between host and nonhost resistance
Nonhost

Host
Resistant level

Pathogen race or plant cultivar Species

Resistance spectrum

Narrow

Broad

Genetic basis

R gene-Avr gene interaction

Multifactorial

Durability

Transient

Durable

Study level

Genetic basis known

Unknown

Race specific resistance is based on pathogen race or plant cultivar level resistance,
which is controlled by a plant R gene and a pathogen Avr gene interaction
(Hammond-Kosack and Jones, 1997; Dangl and Jones, 2001). The effectiveness of
race specific resistance is dramatically transient since it is easy to lose resistance if
either of these two genes is missing (Flor, 1971). In that case the pathogen can not be
recognized by the plant and disease ensues. In contrast, NIHR is based on the species
level, which can provide a broad-spectrum and durable resistance
(Thordal-Christensen, 2003). Although the genetic base of NHR is not well
characterized, it seems to be a complex trait (Joshi et al., 1999). Therefore studying
NHR may provide insights into developing durable disease resistance.

62 Nonhost elicitors

It is well known that nonhost pathogen products can be detected by the plant
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surveillance system during an early stage of NHR and elicit inducible defence
responses, which can also be triggered during the enzymatic degradation of the plant
cell wall (Heath, 2000). These general elicitors, which are conceptually equivalent to
pathogen-associated molecular patterns (PAMPs) recognized by animals during
microbial invasion, are the primary inducers of defence responses in nonhost
plant-pathogen interactions (Parker, 2003). These general elicitors may include
oligosaccharides, peptides or glycoproteins (Hahibrock et al., 1995; Potin et al., 1999;
Gaulin et al., 2002). There is some evidence that oligosaccharides are able to
enhance nonhost plant resistance against pathogens and it is thought that mimicking
pathogen attack with such nonspecific elicitors could become an alternative strategy
in crop plant protection (Lyon et al., 1996).

New experimental evidence shows that flagellin, a protein of bacterial flagella, also
serves as an elicitor which is recognized by FLAGELLIN SENSITIVE2 (FLS2), an
LRR receptor kinase activating a downstream mitogen-activated protein (MAP)
kinase pathway (Asaiet al., 2002). This defence cascade resembles innate immunity
in insects and mammals, suggesting the conservation of an ancient system for
combating invaders.

63 Wall-associated defence

For some biotrophic fungi that need to penetrate directly into epidermal cells and
remove nutrients from host cells via complex feeding structures known as haustoria,
the physical barrier of the plant cell wall is undoubtedly an important component in
nonhost disease resistance. Indeed, it has been well known that wall-associated
defences are triggered concomitant with the ROS burst and localized wall
thickenings at fungal penetration sites (Aist, 1976; Lamb and Dixon, 1997). The
occurrence of these wall appositions termed papillae, has been frequently found to
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account for the failure of fungal invasion and development (Huckeihoven et al.,
1999). Some interesting recent findings, indicate that the perception of nonhost
fungal attack might depend on the physical linkage of the cell wall and plasma
membrane (Mellersh and Heath, 2001).

ROS such as superoxide and hydrogen peroxide have been postulated to play
essential roles in plant nonhost as well as host resistance to powdery mildew fungi
(Thordal-Christensen et al., 1997; Huckeihoven and Kogel, 1998; Mellersh et al.,
2002). Histochemical analysis on accumulation of superoxide anion radicals (O{)
and H202 at the site of infection suggests their different roles and sources in the
nonhost interaction of cereals with inappropriate formae speciales of Blumeria
graminis (Trujillo et al., 2004). Furthermore H202 plays a more important role than
02'_in restricting fungal growth during wall penetration in powdery mildew
fungus-cowpea interaction (Mellersh et al., 2002). Interestingly there are differential
roles of H2 02 in preventing fungal penetration by diverse plant-fungal interactions
(Mellersh et al., 2002).

The cytoskeleton, including microfilaments and microtubules, is highly conserved
subcellular structure and has essential functions during cell cycle, development and
stimuli adaptation (Roberts et al., 1985; Trans et al., 1987; Cai etal., 1997). By using
inhibitors of the dynamic cytoskeleton polymerization-depolymerization, an
increasing body of results have provided evidence for a crucial role of the
cytoskeleton in cellular defence (Gross et al., 1993; Kobayashi and Hakuno, 2003).
Treatment with cytochalasins, specific inhibitors of actin microfilament
polymerization, dramatically increases the penetrations in several nonhost
plant-fungus combinations (Kobayashi et al., 1997). In addition to the intact tissue
observations, Kobayashi and Hakuno demonstrate that even in the dedifferentiated
cultured BY-2 cells, the actin cytoskeleton is responsible for preventing fungal
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penetration (Kobayashi and Hakuno, 2003). Surprisingly, loss of actin cytoskeletal
function and EDS1 activity, in combination, severely compromises NHR in
Arabidopsis, which converts Arabidopsis into a host for wheat powdery mildew
(Blumeria graminis f.sp. tritici, Bgt) regardless of least 150 million years of
evolutionary divergence time (Yun et al., 2003). These experiments strongly imply a
correlation between the changes in cytoskeleton architecture, in particular actin
filaments, the cytoplasmic rearrangements and defence of fungal attack. The
actin-related defence against fungal penetration might be a basic and primitive
defence mechanism of plant cells.

6.4 Nonhost defence genes

To better understand nonhost defence mechanisms, many projects are being carried
out to isolate mutants compromised in NHR. Several NIHR genes have been
identified and they are required for resistance to a series of nonhost pathogens.

Arabidopsis nhol (nonhost 1) mutant is the first to be isolated that is compromised in
NHR to Pseudomonas syringae pv phaseolicola NPS3 121 (Lu et al., 2001). The
nhol mutant also supports the growth of bacterial pathogens P s. tabaci and P
fluorescens, both of which are nonpathogenic on Arabidopsis plants. In addition,
NHOJ is required for resistance to the necrotrophic fungus B. cinerea, which
suggests that NHOJ is not only important for bacterial resistance (Kang et al., 2003).
However the nhol mutation does not enhance disease susceptibility to virulent
bacteria P s. maculicola and Pst DC3000, A. brassicicola, Peronospora trfoliorum
or Xanthomonas oryzae pv. oryzae, indicating that NHOJ is required for resistance
only to certain pathogen groups (Kang et al., 2003). A blast search shows that NHOJ
defines a novel gene for resistance, which shares strong homologies with glycerol
kinases from plants, animals, fungi and bacteria (Kang et al., 2003). Although the
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biochemical role of glycerol kinase in plant defence is not well understood, it seems
that alteration of these metabolic processes will in turn affect levels of downstream
intermediaries, which may have an important role in nonhost disease resistance.
Indeed, loss of NRR in nahG plants to P s. phaseolicola is due to the deleterious
effect of catechol, a degradation product of SA, rather than the absence of SA (van
Wees and Glazebrook, 2003).

Arabidopsis PEN (penetration) genes were isolated from a genetic screen for
penetration mutants that allowed increased penetration of the barley powdery mildew
pathogen Blumeria graminis f. sp. hordei (Bgh) (Collins et al., 2003; Lipka et al.,
2005; Stein et al., 2006). The pen mutants supported a higher penetration rate which
was indicated by the presence of a fungal feeding structure-haustorium (Stein et al.,
2006). PEN] encodes a soluble N-ethylmaleimide-sensitive factor adaptor protein
receptor (SNARE)-domain and plasma-membrane resident syntaxin, which
redistributes to plasma membrane microdomains beneath fungal appressoria (Assaad
et al., 2004; Bhat et al., 2005). PEN2 encodes one of the Arabidopsis family 1
glycosyl hydrolases (F1GHs), which localizes to peroxisomes at Bgh entry sites
acting as an inducible preinvasion resistance response (Lipka et al., 2005). The
phenotypes conferred by pen3 resulted from the loss of function of PLEIOTROPIC
DRUG RESISTANCE8 (PDR8), an ATP binding cassette transporter (Stein et al.,
2006). PEN3 was therefore implied to be involved in exporting toxic materials to
attempted invasion sites. These discoveries strongly indicate the existence of an
inducible resistance mechanism against fungal invasion at the cell periphery (Lipka
et al., 2005; Stein et al., 2006).

6.5 Conserved defence mechanism between host and nonhost disease resistance

Although host and nonhost resistance are purported to be essentially different in
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respect of resistant spectrum and durability under the field conditions, it has been
presumed that host and nonhost resistance may involve similar mechanisms (Heath,
1981). Interestingly, a nonhost avirulence gene avrRxv was isolated from tomato
pathogen Xanthomonas campestris pv. vesicatoria (Xcv) that confers HR induction
on nonhost bean cultivar Sprite (Whalen et al., 1988). This avrRxv gene acts in a
similar manner to general host specific Avr genes because of its ability to induce HR
and inhibit disease occurrence by several host interactions. In addition, the
corresponding resistance gene Rxv in bean segregates as a single incompletely
dominant gene for the HR induction triggered by avrRxv (Whalen et al., 1988). This
result provides strong evidence for the hypothesis that NHR may be governed by a
similar mechanism to those reported host resistances.

To date, numerous studies have documented that there is a shared mechanism
between host and nonhost resistance. For example, a recent study has shown that
plant SGTJ (suppressor of G2 allele of SKPJ) gene, which encodes homologues of
yeast ubiquitin ligase- associated protein, is required for disease resistance mediated
by NBS-LRR and multiple other types of R proteins (Austin et al., 2002). As a result
of performing virus-induced gene silencing (VIGS) of SGTJ homologues in
Nicotiana benthamiana, silenced NbSGTJ plants show dramatically increased
susceptibility to several nonhost pathogens (Peart et al., 2002). Thus SGT1 is
required for both host and nonhost disease resistance in plant. Previously mentioned
NHOJ which conveys disease resistance to some nonhost pathogens is also
demonstrated to be required for gene-for-gene resistance against bacterial pathogens
containing an avirulence gene (Lu et al., 2001). Furthermore, mutations in
AtGSNORJ,

an Arabidopsis thalianá GSNOR, increased the level of cellular

S-nitrosothiol (SNO) and dramatically compromised R gene-mediated defence, basal
resistance and nonhost response (Feechan et al., 2005).
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7. Powdery mildew, the number one killer of wheat

Wheat is one of the most important economic crops throughout the world, which can
be seriously affected by several fungal diseases such as powdery mildew, rust and
leaf blotch (Austin, 1986). Powdery mildew of wheat is caused by the obligate
parasitic fungus Blumeria graminis f.sp tritici (Bgt), one of the most common and
destructive pathogens (Agrios, 1997). Disease symptoms are first observed on the
upper surface of lower leaves as formation of white cotton-like mycelium. As the
mildew pustules become older, they often change color slightly to a brown tinge.

The powdery mildew has some morphological stages of differentiation in primary
infection, which makes it favourable for studies of host-parasite interactions (Fig.
1.4). After landing on the surface, the conidia initiate firstly a primary germ tube and
subsequently an appressorial germ tube, from which a penetration peg may penetrate
through the cell wall and expand within the epidermal cell to form haustoria, which
are normally elliptic with long finger shaped appendages protruding from both ends.
Germination of conidia on leaves of the wheat is rapid, reaching a maximum within
4-6 hours (Western, 1971). Although germination and formation of appressoria are
light independent, the maturation of appressoria is light sensitive and could be
inhibited by both darkness and high light conditions. Nutrients are withdrawn by
haustoria from wheat to give rise to the formation of secondary hyphae and
subsequently conidiophores on the surface. After extensive establishment of infection
structures, the pathogen utilizes wheat nutrients, increases water transpiration and
reduces host photosynthetic area and vigor (Alexopoulus, 1996). Therefore, severe
infection of powdery mildew can also cause host death.

Bgt is most damaging in years with relatively mild weather, especially during April
and May. Mild temperatures, heavy nitrogen fertilization, relatively high humidity
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and dense stands of wheat favor mildew development (Agrios, 1997). Heavy mildew
infection causes early loss of flag leaves, which results in reduced kernel size and test
weight. Grain yield losses from powdery mildew can approach up to 34% under
disease favorable conditions and infection is most severe when disease develops
before or during flowering (Griffey et al., 1993).

Comdia
Spore
Primary
germ tube

/

conidiophore
Appressoria
germ tube

Secondary

Cell wall
peg

Epidermal cell

Haustoria

Fig. 1.4 A schematic picture of powdery mildew infection structures formed on
wheat.

Resistance to wheat powdery mildew disease can be conferred by race-specific R
genes termed Pm (for powdery mildew). Although around thirty Pm genes have been
identified in wheat and some of them have been mapped
(http://wheat.pw.usda. gov/ggpages/wgc/2005upd.html), only recently one of them,
the Pm3b allele of the wheat powdery mildew resistance locus Pm3 was cloned for
the first time (Yahiaoui et al., 2004). Mutant analysis and transient expression
experiments confirmed that Pm3b was a member of CC-NBS-LRR type of R genes
and conferred AvrPm3b-dependent resistance to wheat powdery mildew.
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These R genes have been extensively used in classical breeding programs and
provide a practical strategy to control disease, but such resistance can easily be
overcome if a new virulent race of the fungus emerges. Although fungicides could
also effectively control powdery mildew, it is not generally profitable to apply
routinely on wheat due to the expensive cost and deleterious effects on the
environment. It has been reported that Bgt has a high potential to adapt to and
overcome the effectiveness of R genes and fungicides (Morzfeld et al., 2004).
Therefore, development of durable, broad-spectrum resistance to powdery mildew is
an important goal for plant breeders.

Biotechnological approaches for disease resistance represent an attractive alternative
in contemporary agriculture, complementing traditional approaches by crop breeding
or chemical treatments. Since the first report on stable transgene expression in wheat
(Vasil et al., 1992), gene engineering and wheat transformation is the most
meaningful in the context of diseases that are insufficiently controlled by the
previous mentioned traditional methods. A number of transgenes have been
introduced into wheat and demonstrated to reduce the penetration effic(ency of
conidiospores, formation of haustoria and to some extent, increase resistance against
Bgt (Schweizer et al., 1999a; Schweizer et al., 1999b; Niu et al., 2005; Wang et al.,
2005b).

In order to prevent pleiotropic side effects of putatively harmful transgene products
as well as loss of energy resources due to unnecessary accumulation of transgene
products, it is desirable to express transgenes in a tissue-specific or a regulated
manner. This is especially relevant for fungal pathogens like Bgt, which invade
exclusively epidermal cells after penetrating directly through the cell wall. It would
therefore be helpful to express antimicrobial transgenes in an epidermis specific
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fashion. Altpeter et al. developed a novel transgenic approach to transient as well as
stable over-expression of defense-related genes specifically in wheat epidermal cells.
This resulted in elevated resistance against Bgt (Altpeter et al., 2005). Such strategies
may therefore lead to the biotechnological development of enhanced and durable
resistance against powdery mildew in wheat.
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Chapter Two
Material and Methods

Growth of Arabidopsis thaliana

Arabidopsis thaliana seeds of accession Columbia (Col-0), Landsberg erecta (Ler),
Wassilewskija-1 (Ws-1) and mutant Ler edsl-2 (Parker et al., 1996) were used.
Seeds were placed on soil for 48 hours at 4°C and were transferred into growth
rooms. Plants were grown under 10 hours of light at 22°C and 14-hours of dark at
18°C. For aseptic growth, seeds were sterilised with commercial bleach for 20
minutes, washed 4 times in distilled water and maintained 4 days in the dark at 4°C
to improve germination uniformity. Plants were subsequently transferred to MS
plates containing MS basal salts supplemented with 1% (wlv) sucrose and 1% (w/v)
agar. All chemicals employed were purchased from Sigma-Aldrich UK unless stated
otherwise. Petri dishes were transferred to a growth chamber with 16 hours of light at
22°C and 8 hours of dark at 18°C.

Pathogen growth and disease resistance assay

2.1 Blumeria graminisf sp tritici and Blumeria graminisf sp hordei

All races of wheat powdery mildew Blumeria graminis f. sp tritici (Bgt) were
obtained from Syngenta (Jealott's Hill, UK). The Bgt races were maintained on
wheat cultivar Hereward. The Bgt race routinely employed was Say GH135,
designated as Bgtl. The other Bgt race was W11S, denoted as Bgt2. The barley
powdery mildew Blumeria graminis f. sp hordei (Bgh) isolate 139 was obtained from
Dr. I. Hem (SCM, Dundee, UK) and maintained on barley cultivar Golden Promise.
Bgt or Bgh conidia were dust-inoculated directly on the leaf surface over Arabidopsis
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plants. Plants were left in the growth room for another 5-7 days before harvesting
leaf samples. The penetration percentage is calculated as the number of papillae
divided by the number of germinated conidia. The haustorial formation percentage is
calculated as the number of haustoria divided by the number of germinated conidia.
The secondary hyphae formation percentage is calculated as the number of hyphae
divided by the number of germinated conidia. The epidermal cell death percentage is
calculated as the number of dead cell divided by the number of germinated conidia.

2.2 Pseudomonas syringaepv tomato DC3000 and Pseudomonas fluorescens 2-79

Pseudomonas syringae pv tomato DC3000 (Pst DC3000) (Whalen et al., 1991) was
grown in King's Broth (KB) liquid medium supplemented with 50mg/l rifampicin
(King et al., 1954). Four week old plants were infected with a Pst DC3000
suspension in 10 mIvI MgC12 by completely infiltrating the abaxial side of the leaf
with a 1 ml syringe (Cao et al., 1994). Three leaves per plant and three plants per line
were infiltrated. After four days, development of symptoms could be observed at this
time point. Leaves from each plant were weighed and ground in 1 ml 10 MM MgCl 2
using a pestle and mortar. Serial dilutions were made from the resulting bacterial
suspension and 100 Al of each dilution was spread onto KB medium plates
containing 50mgIl rifampicin. The plates were incubated at 30°C for two days and
the number of bacterial colonies for each plate was recorded. Bacterial counts were
statistically analysed using the Student T test (Mini-tab version 14).

Pst DC3000 isolates carrying the avirulence genes avrB and avrRps4 respectively,
were grown on KB medium supplemented with 50mg/l rifampicin and 50mg/I
kanamycin. Liquid cultures were grown on a shaker at 30°C and cells were pelleted
by centrifugation and were re-suspended for plant inoculation in 10 MM MgCl2 . For
inoculations, around 10j1 of avirulent strain Pst DC3000 solution were forced under
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the abaxial epidermis using a 1 ml syringe. Successful inoculations were visualized
by the appearance of a watery area under the epidermis.

Pseudomonas fluorescens 2-79 (P fluorescens) (Thara et al., 1999) was grown on
KB liquid medium supplemented with 50mg/i rifampicin. Four-week-old soil-grown
plants were infected with a P fluorescens suspension in 10 MM M902 by syringe
infiltration as described above for Pst DC3 000 infection. Measurements of bacterial
growth and statistical analysis were carried out as described for Pst DC3000
infection.

2.3 Hyaloperonospora parasitica

The Hyaloperonospora parasitica isolates Noco2 (Parker et al., 1996) and Cala2
(Holub et al., 1994) were maintained on edsi plants grown under humid conditions.
Conidiospores were harvested by vortexing infected seedlings in water. The spore
concentration was determined by using a haemocytometer, and the spores were
diluted with sterile water to 1x10 5 spores per ml. Four-week old plants were
sprayed with the conidiospore solution and placed in trays covered with clear lids to
maintain a humid environment.

Fungal growth on plant leaves (visualised as condiophore growth) was scored after
10 days infection using a qualitative method as previously reported (Cao et al., 1997).
Scoring was as follows (Table 2.1): 0 - no infection, 1 - less than 25% of one leaf
with conidiophore growth, 2 - 25 to 50% of one or two leaves per infected plant
covered with condiophores, 3 - 25 to 50 % of three or four leaves per infected plant
covered with conidiophore growth, 4 - 25 to 50% of most leaves covered with
condiophore growth, 5 - all leaves covered with conidiophore growth. Plants in
different replicates were assigned a disease index as follows: D.I.= iXj/n, where
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-the
i=infection class, j--the number of plants scored for that infection class and n total number of plants in the replicate (Epple et al., 1997).

Table 2.1 Infection Index
Score

Infection Area

Number of Infected Leaves per plant

0=

no infection

0

1=

<25%

1-2

2=

25-50%
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3=

>50%

3-4

4=

>50%

most

5=

>50%

all

2.4 Botrytis cinerea and Altemarea brassicicola

Botrytis cinerea (B. cinerea) isolated from strawberry plants 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 mycelium and centrifuged at
3,500xg for 10 minutes to pellet the spores. The pellet was re-suspended in lml of
half-strength potato dextrose broth (PDB) medium, and dilutions thereafter were
used to determine spore concentration using a haemacytometer chamber and a light
microscope. For testing resistance against B. cinerea, four week-Old Arabidopsis
105 spores/ml
plants were sprayed with a conidial suspension containing 5 x
re-suspended in

Y2

PDB until droplets ran off or drop inoculated by applying a 5 Itl

drop of spore suspension on the surface of three leaves per plant. Inoculated plants
were incubated at 100% relative humidity for 4-6 days before being examined for
typical necrotic lesions caused by B. cineria infection.

Scoring was as follows: 0 = no necrotic lesions, 1 = plants showing small-dry lesions,
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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.= i.Xj/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.

Alternarea brassicicola isolate M1JCL20297 (A. brassicicola) was obtained from Dr.
B. Thomma (Mycotheque de l'Université Catholique de Louvain, Louvain-la-Neuve,
Belgium) and was grown on potato carrot and agar (PCA) medium (Thomma et al.,
1999b). Spores were collected as for B. cinerea and the spore density adjusted to
5x105 spores/ml with sterile water. Plant inoculation was done in a similar fashion to
Botrytis, except that spore drop inoculation was performed on detached leaves.

3. Histochemical staining

3.1 Trypan blue staining

To visualize the pathogen structures and dead plant cells, the leaf samples were
stained by boiling for 2 minutes in lactophenol trypan blue solution (glycerol, lactic
acid and phenol, 250m111 of each, lgIl trypan blue powder) as previously described
(Keogh et al., 1980). After cooling down to room temperature, stained leaves were
cleared in chloral hydrate solution (2.5 gIl) overnight at constant shaking. The leaf
samples were equilibrated in 70% (vlv) glycerol and mounted onto the microscope
slides.

3.2 Aniline blue staining
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The extent of callose deposition was determined by aniline blue staining as
previously described (Dietrich et al., 1994). Following vacuum infiltration and
boiling in lactophenol, the leaves were incubated for 1 hour, transferred to saturated
chloral hydrate and agitated overnight. Samples were viewed by epifluorescence
microscopy with excitation at 430 ran.

4. DNA and RNA blot analysis

4.1 Southern blot analysis

DNA (lOj.tg) isolated from sed2 mutant line was digested overnight using the
restriction enzymes EcoRI and HindIII (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 hybridized sequentially with full length pSKI015 vector as a probe.
Probes were labelled with a- 32P-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 (Standard Saline-Citrate), 1% (w/v) SDS,
which was followed by two washes at 65°C in 4 x SSC and 0.5% (w/v) SDS, Blots
were exposed to XO matARTM 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).

4.2 Northern blot analysis

/
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Total RNA was extracted from Arabidopsis leaves harvested from 5-week old plants
using the Trizol protocol

(ww.science.siu.edulnickrentlPLB42O/DNA.TechniciuelThzol.method.html).

In summary, leaf tissue (approximately 0.1g) was ground inside of a 1.5 ml
eppendorf tube using an electric micropestle, followed by adding 200d of Trizol
solution. In sequence, tubes were vortexed vigorously until the sample was
completely dispersed and 40[l chloroform added into each tube and vortexed again
for another 15 seconds. After 2-3 minutes standing at room temperature, the samples
were centrifuged at 10,000xg for 10 minutes and the supernatant carefully
transferred into a new tube. Isopropanol and 08 M sodium citrate/1.2 M NaCl was
added into each tube as half the volume of the aqueous phase and mixed by inverting
the tubes gently. Tubes were let to stand for 10 minutes before another centrifugation
cycle at 10,000xg for 10 minutes. The pellet was washed in 75% ethanol (v/v) once,
followed by an extra centrifugation step at 10,000xg for 5 minutes. The pellet was
dried at room temperature and then dissolved in 50 ILI 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 run, and used to calculate the
concentration of RNA. Samples (10 jig) were separated on formaldehyde-agarose
gels (Sambrook et al. 1989), transferred to a HybondTM-N hybridization membrane
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

0.5% (w/v) SDS. Blots were exposed to XOmatARTM imaging film (Kodak) for an
appropriate 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
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subsequent probe (Sambrook et al. 1989).

Probes were prepared by amplification of appropriate sequences using PCR and
directly purified using a kit (Promega, UK) (Table 2.2). Alternatively, probes were
generated from plasmids by digestion with relevant restriction enzymes and purified
from the gel using a gel purification kit purchased form Qiagen (Table 2.2).
Sequences for the PCR primers and templates used for each probe are reported.
Probes were labelled with a- 32P-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

Probe
(kb)

PR]

TA-PR]

CTGCAGACTCATA TATGTACGTGTGTA 0.3
TGCATGATC

CACTCTGG

GSTJ

GST]

GOTTCTTTAAGTG CAAGACTCATTAT 1.0
CGAAGATTAC

AATCTCAAAC

PDFJ.2

Genomic TCATGGCTAAGTTT AATACACACGATTT 0.3
DNA

AGCACC

GCTTCC

5. Laser scanning confocal microscopy

Arabidopsis leaves infected with Bgtl were cleared and stained with. Alexa fluor 488
as previously described (Duncan and Howard, 2000). Laser scanning confocal
microscopy was performed using a BioRad Radiance 2100 system mounted on a
Nikon Eclipse TE300 inverted microscope. Samples were imaged using dry x20 and
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x60 water immersion plan apo objectives, with 488 nm excitation from an argon ion
laser. Cleared infected leaves were imaged in 3D by producing projections of
confocal optical sections. Alexa fluor 488 was obtained from Molecular Probes
(Eugene, OR, USA).

6. Salicylic acid determination

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 (v/v) and vortexed for 1 minute. It is important that the sample does
not thaw before adding MeOH. The sample was then transferred to a 2 ml microtube,
centrifuged at 15,000 xg for 5 minutes and supernatant transferred to a new tube. The
pellet was resuspended in 1 ml 100% methanol, centrifuged and the two supernatant
pooled together and dried in a speed vacuum 'centrifuge at medium temperature. The
residue resulting from drying the -suematant was then resuspended in 1 ml 5% of
trichioroacetic acid, followed by the addition of 1 ml of ethyl acetate: cyclopentane:
isopropanol (50:50:1) and vortexed for 1 minute. The organic phase was transferred
to a new tube. The aqueous phase was re-extracted with another 1 ml of the organic
50:50:1 mix and the two supernatants 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
supernatants were pooled together and dried in the vacuum centrifuge. The residues
were dissolved in 200 Al of 50% methanol (vlv), filtered and subjected to HPLC
analysis.
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RT-PCR

RNA was extracted and the concentration determined as described in section 4.2.
RNA was DNAase (Promega) treated by adding 1 itl of DNAase per .tg of RNA in
1 x Promega DNAase buffer and incubating at 37°C for 30 minutes. The reaction was

stopped by adding lx 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 5 0'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 2.3.

Table 2.3 Primers used for RT-PCR.
Gene

Reverse primer

Forward primer

Product
(kb)

At3g48090 CAACTCGGACGCCATT TACGGCCCTGTGTCTTC
(edsi)

0.6

GTT

CTTC

At2g37620 CATCAGGAAGGACTTG GATGGACCTGACTCGTC 0.351
(actin])

ATAC

TACGG

Mapping using SSLP markers

In order to generate an F 2 mapping population, sedi edsi, sed2 and lmdl edsi plants
were crossed to Col-edsl RNAi, Ler and Ws-1 plants, respectively. F 2 plants
expressing the mutant phenotype were selected for mapping, which was performed
using the simple sequence-length polymorphisms (SSLPs) protocol (Bell and Ecker,
1994). This approach is based on PCR of polymorphic genomic DNA sequences
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between different accessions. The PCR primers used for SSLP markers are outlined
at The Arabidopsis Information Resource (TAIR) (http://www.arabidopsis.org/) . The
markers used in the present project are listed in Table 2.4.

Genomic DNA was extracted from leaf tissue using a CTAB DNA extraction
protocol (Dellaporta, 1983). Approximately, 3 leaves 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 (6,000 xg, 15 mm), the DNA was precipitated from the resulting
supernatant by the addition of an equal volume of isopropanol. After a further
centrifugation step (6,000 xg, 20 mm), the DNA pellet was washed in 70% (vlv)
ethanol and finally re-suspended in 60 tl of water.

Primers for the different markers are listed in Table. 2.4 and all primers were
manufactured by Sigma (UK). PCR reactions were performed using lOx buffer,
magnesium chloride and Taq polymerase and deoxynucleotides from Promega (UK).
The PCR reactions were carried out in 20 l volume containing 1-2 il of the DNA
miniprep (approximately 10-20 ng DNA), 5 pmol of each primer, 200 xM each of
four deoxynucleotides, 2mM magnesium chloride and 1 unit of Taq polymerase.
The PCR reactions were carried out in a PTC-200 Peltier thermal cycler. The PCR
conditions were as follows: 30 s at 94°C, primer annealing for 30 s at 56°C, primer
elongation for 1 mm. This cycle was repeated 30 times. 4 l of 6x loading dye
(Sambrook et al. 1989) was added into each tube of the SSLP PCR products prior to
electrophoresis. Ws-1, Col-0 and/or Ler samples were included on each gel as
controls and run in adjacent lanes in order to visualize polymorphisms. A 1 kb and/or
100 bp DNA ladder (New England Biolabs) were also included on each gel in order
to determine the size of different PCR or restriction digestion products.
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Table 2.4 List of SSLP markers used in mapping experiments. Observed PCR products polymorphic between Ws-1, Col-0 and Ler and
primer sequences for the markers are shown. acM represents centimorgans.
a

Forward primer seq

Col-0 (kb) Ler (kb)

Reverse primer seq

Name

Type

Ws-1 (kb)

10

NF2IMI2

SSLP

0.215

-.160

GGC1TI'CTCGAAATCTGTCC

TFAC1TITFGCCTCTI'GTCATI'G

83.32

nga128

SSLP

0.172

0.19

GGTCTGTITGATGTCGTAAGTCG

ATCTI'GAAACCCmAGGGAGGG

1

83.5

nga280

SSLP

0.105

0.085

GGCTCCATAAAAAGTGCACC

CTGATCTCACGGACAATAGTGC

1

84.4

F13N6

INSIDE

0.148

0.124

TATGTFCAACGCCGACTCAG

CCGTCAAGATCTGAACACCA

1

85

T8L23

INSIDE

0.199

0.186

AAGCATTGCAGTFGATGTGC

CTFGGGGT7GG1TrGTI'GTr

1

87.8

F8A5

INSIDE

0.235

0.177

ACGCTCG1TAGGTACGCCT

GGAGTGAGTAACGTGCATG

1

115.55

ngal 11

SSLP

0.128

0.162

TG' FITIT IAGGACAAATGGCG

CTCCAGTI'GGAAGCTAAAGGG

2

9.6

ngal 145

SSLP

0.213

0.217

GCACATACCCACAACCAGAA

CCTFCACATCCAAAACCCAC

2

30

CIW3

SSLP

—.023

—.0.2

GAAACTCAATGAAATCCACTI'

TGAACTrCTFGTGAGC1TrGA

2

72

B102

SSLP

0.2

0.209

T1'AACAGAAACCCAAAGC1TFC

TGACCTCCTCUCCATGGAG

3

18.4

CHIB

SSLP

0.082

0.074

ATGAGAAGCTATAAITITITCAATA

CTCATATATACAAAGAACTACTATAC

3

43

Owl

SSLP

—024

—.0.23

CCCCGAGTFGAGGTATI'

GAAGAAATFCCTAAAGCATFC

3

70

CIW4

SSLP

—019

—0.215

GTFCA1TAAAC1TGCGTGTGT

TACGGTCAGATT'GAGTGATI'C

3

86

nga6

SSLP

0.131

0.123

TGGA1TFCTFCCTCTCT1TCAC

ATGGAGAAGC1TACACTGATC

4

10

CIW5

SSLP

—.0.164

-.0.144

GGTFAAAAATFAGGGTrACGA

AGA'ITrACGTGGAAGCAAT

4

26.56

nga8

SSLP

0.166

0.198

TGGC1TITCG1TFATAAACATCC

GAGGGCAAATC1TI'AlTI'CGG

4

47

CIW7

SSLP

...0.15

—0123

AAmGGAGATrAGCTGGAAT

CCATGTrGATGATAAGCACAA

4

65

DHSI

SSLP

0.17

0.194

GAGC1TrGTAAATCAACAACC

GAlA IITIICAGGCGACGTGGAAGC

5

29.62

nga151

SSLP

0.102

0.12

CAGTCTAAAAGCGAGAGTATGATG

GTITFGGGAAGTITI'GCTGG

5

42

CIW8

SSLP

—.0.1

—.0.135

TAGTGAAACC1TFCTCAGAT

UATGTITFC1TCAATCAGTI'

5

60

S0191

SSLP

0.148

0.156

TGATG1TGATGGAGATGGTCA

CTCCACCAATCATGCAAATG

115

CIWIO

SSLP

—.0135

—0.13

CCACA1TfCC11C1TTCATA

CAACA1TT'AGCAAATCAACT7

Chr

cM

1

5

-

.
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Chapter Three
Genetic screening for NHR mutants

1. General introduction of genetic strategies

Completion of the sequencing for the Arabidopsis genome has resulted in an
explosion of information on genes. The challenge for the post-sequencing era is to
discover the biological functions of these genes. To facilitate such an evaluation, the
most direct way is to disrupt the genes and analyse the consequences. Several
forward and reverse genetic approaches have been developed in plants for such
purposes.

1.1 Forward genetics--from phenotype to gene

Forward genetics has been in operation for more than a century. This approach aims
to identify the sequence change responsible for a specific mutant phenotype. The
most efficient way to induce heritable mutations in plants is by chemical or physical
induced seed mutagenesis. Mutagens such as ethyl methane sulfonate (EMS) and fast
neutrons can be easily applied to a broad spectrum of species, not only the model
plant Arabidopsis, but also economically important crops and horticultural species
(Benaben et al., 1995; Parker et al., 1996; Caldwell et al., 2004). The mutagenic
efficiency of this method is extremely high and the mutation can be stably carried on
through generations. For example, the mutagenic effect of EMS for isolating mutants
was reported with a frequency around 0.2 x 10 mutants/locus under an experimental
condition of 10 mlvi for 24 hours (Koomneef et al., 1982).

Another big advantage for scientists to consider employing mutagenesis is its ability
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to provide an allelic series, not just a complete knockout mutation, but also a partial
knockdown mutation, which is a very useful strategy yielding refined insights into
some essential gene functions because knockout mutations may lead to embryo
lethality. The Arabidopsis vtcl (vitamin C) mutant was first isolated from EMS
mutagenized Col-0 plants by its sensitivity to the air pollutant ozone (Conklin et al.,
1996). This weak knockdown mutation in vtcl mutants reduced by 75% activity of
its encoded protein GDP-mannose pyrophosphorylase, an enzyme essential for
vitamin C biosynthesis (Conklin et al., 1999). However, complete loss of enzyme
activity by knockout mutation caused embryo lethality (Lukowitz et al., 2001).

EMS mutagenesis can also lead to dominant gain-of-function mutation. To identify
genes related to plant mitochondrial morphology and dynamics, mutant screening
was undertaken by using an EMS-mutated population of Arabidopsis which
expressed a fused protein consisting of GFP and mitochondria-targeting pre-sequence
(Feng et al., 2004). From 19,000 M2 populations, one dominant mutant was isolated
by fluorescent microscopic observations that had larger mitochondria than wild-type,
together with another six recessive mutants.

1.2 Reverse genetics--from gene to phenotype

In classical, reverse genetics, scientists start with a specific gene of interest and try to
find out the corresponding phenotype when the gene is mutated. Catering for this
purpose, insertional mutagenesis is an alternative means based on the insertion of
foreign DNA into plants. The sequence information retrieved from inserted DNA acts
as a marker for subsequent identification of the mutation. Because of the
improvement in Agrobacterium-mediated transformation techniques, insertional
mutagenesis using T-DNA has become increasingly popular as a tool for gene
discovery in Arabidopsis Compared with chemical or physical mutagenesis, the
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most attractive advantage of using T-DNA as the insertional mutagen is its
straightforward identification of mutation from an individual plant that carries a part
of the well-known sequence of T-DNA, which can be detected easily by polymerase
chain reaction (PCR) methods (McKinney et al., 1995).

In Arabidopsis, T-DNA has been broadly utilized for generating insertional mutant
pools and studying gene function (Azpiroz-Leehan and Feldmann, 1997; Bouche and
Bouchez, 2001). Over 225,000 independent T-DNA insertional lines of Arabidopsis
have been created which represent near saturation of the gene space (Alonso et al.,
2003). International Arabidopsis T-DNA stock centres such as the Arabidopsis
Information Resource (http://www.arabidopsis.org ) and Salk Institute Genomic
Analysis Laboratory (http://signal.salk.edu ) have been established to store large
populations of T-DNA knockout lines.

1.3 Activation tagging

Loss-of-function mutants are informative, because the mutant phenotype is directly
associated with the biological function of the disrupted gene. However, it has been
revealed that most of the genes belong to families or have closely related sequences
in the genome of Arabidopsis (The Arabidopsis Genome Initiative, 2000). These
duplicated or redundant genes would not display any detectable phenotypes by the
mutation of a single copy. In addition, genes that are essential during multiple stages
of plant growth and development will not be uncovered if loss-of-function mutants
are lethal. These cases therefore become a limitation of loss-of-function screens.
Thus, gain-of-function mutation is an alternative approach for gene function analysis
that may compensate for this limitation.

Activation tagging has been recently developed as a novel method of generating
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gain-of-function mutations in many organisms (Weigel et al., 2000; Jeong et al.,
2002; Tani et al., 2004). This system uses T-DNA containing four tandem arranged
copies of cauliflower mosaic virus (CaMV) 35S enhancers, which could randomly
integrate into the plant genome by Agrobacterium -mediated transformation (Fig. 3.1).
Enhancers can function in either orientation and therefore significantly activate
endogenous expression of nearby genes, resulting in dominant gain-of-function
mutations.

KpnI
Eco RI

JA

pUC19

Pst I
Hind III

I

co
o

pSKIO1 5

Kpn I

T7

Not
Spe I

4x35S
Not I

Fig. 3.1 Schematic representation of activation tagging vector pSKI015. pUC19,
pUC19 sequences; BAR, basta selection marker; T3, T3 RNA polymerase promoter;
T7, T7 RNA polymerase promoter (Weigel et al., 2000).

As a novel approach, activation tagging has also been employed to investigate the
complex signalling networks underlying disease resistance in Arabidopsis (Chini et
al., 2004; Tani et al., 2004; Xia et al., 2004). An activation-tagged mutant adri
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(activated disease resistance 1) constitutively expressed a CC-NBS-LRR class of R
gene and displayed broad spectrum disease resistance and drought tolerance (Grant et
al., 2003; Chini et al., 2004). Because of the versatility of the uses, activation tagging
is a powerful tool for genome research.

2. Second-site modifiers

Once a mutation affecting a specific phenotype has been identified, a secondary
screen can be applied for the sake of further exploring the phenotype conveyed by
the mutation (Page and Grossniklaus, 2002). A second-site modifier screen is a
powerful way to isolate mutants that either enhance or suppress the primary
phenotype (Forsburg, 2001).

Genetic screens for suppressors have been widely used to further investigate gene
functions and to dissect signal transduction pathways. In Arabidopsis, suppressor
screens have been used to identify genes functional in many aspects of growth
signalling pathways, including auxin (Woodward et al., 2005), gibberellin (Peng et
al., 1999) and abscisic acid (ABA) pathways (Steber et al., 1998). This approach has
also proved powerful in the dissection of disease resistance signalling pathways (Li
et al., 1999; Zhang et al., 2003; Zhang and Li, 2005). A dominant mutant sncl
(suppressor of nprl, constitutive 1) was isolated in a screen for suppressors of nprl-1
(Li et al., 2001). The sncl mutation results in constitutive PR gene expression and
resistance to Psm ES4326 and H. parasitica Noco2 in the nprl-1 background.
Epistasis analyses suggests that

sncl

activates both SA-dependent and

SA-independent resistance pathways (Zhang et al., 2003).
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3. Establishment of NHR against Bgtl

3.1 Developmental stages ofBgtl on wheat

As a biotrophic fungal pathogen and one of the most important diseases of wheat,
Blumeria graminis f.sp tritici race Say GH135 (Bgtl) causes powdery mildew
recognized as fluffy white mold on the leaf surface (Fig. 3.2A). Following
germination on the leaf surface, spores (conidia) establish a specialized infection
structure—the appressorium (Fig. 3.2B). A penetration peg emerges from the
appressorium and attempts to penetrate a host epidermal cell directly. Successful
penetration supports the development of the bilateral - haustorium, a bilateral
projected structure that extracts host nutrients to support the formation of secondary
hyphae on the leaf, which subsequently ramify and colonize over the leaf surface.
The infection cycle ends with formation of erect conidiophores that produce chains
of conidia at their tips. Therefore, these serial and particular stages of Bgtl
development can be employed as visible markers to score the progression of Bgtl
infection (Yun et al., 2003).
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Fig. 3.2 Blumeria graminis f.sp tritici (BgtI) growth on host plant wheat. (A)
Disease symptoms after 10 days infection. (B) Three-dimensional projection of
confocal optical sections showing a complex structure of BgtI on wheat. C, conidia;
PG; primary germ tube, AG appressorial germ tube; PP, penetration peg; H,
haustorium; SH, secondary hyphae. Scale bar, 15 ini.

3.2 Reaction oJdfferen1 Arabidopsis plants to Bgtl

To test the potential pathogenicity of Bgzl on Arabidopsis plants, conidia of Bgti
were dusted onto leaves of wild-type Landsberg erecla (Ler) accession. After 7 days
post infection (dpi), leaves were detached and stained with trypan blue staining
solution for specifically staining fungal structures and dead cells. As a nonhost
pathogen, BgtI was unable to grow to a significant level in Ler (Fig. 3.3A-B).
Individual spores only formed a primary germ tube and an appressorial germ tube
(Fig. 3.3A), which can be observed similarly on wheat. Most appressoria failed to
penetrate into the underlying cell and growth ceased at this stage. Occasionally some
Bgtl established a successful penetration. In these cases, an abnormal unilateral

haustorium and extremely short secondary hyphae developed (Fig. 3.3B).

We also examined BgII growth on Arabidopsis edsi (Ler) mutant, which was
compromised in both R gene-mediated and basal disease resistance (Aarts el al.,
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1998; Yun el al., 2003). In this case there was massive formation of bilateral
haustona within the epidermal cell layer; extensive secondary hyphae along the leaf
surface were also observed frequently (Fig. 3.3C). This represented a significant
advancement in the development of BgzI on the edsi mutant compared with those on
wild-type Ler plants. Thus edsi exhibits enhanced disease susceptibility to the
nonhost pathogen, BgtI.

4.'

I
Fig. 3.3 Bgtl growth on Arabidopsis plants. (A) An appressonal germ tube from a
single spore of BgII on wild type Arabidopsis Ler plant. Conidium (black
arrowhead), appressonum (black arrow) are shown. (B) Formation of a unilateral
haustorium (red arrow) and short secondary hyphae (red arrowhead) on Ler. (C) A
bilateral haustorium (white arrow) and secondary hyphae (white arrowhead) in edsi
plants. Scale bars, 25 pm.

3.3 Induction of defence responses in Arabidopsis during NHR to Bgtl

To test whether plant defence mechanisms were responsible for this nonhost
interaction, we examined the expression of the defence related genes GSTJ
(glulathione S-rransferasel) and PR) in plants challenged with BgtI, which acted as

molecular markers for the accumulation of ROS and SA respectively (Uknes et al.,
1992; Grant et al., 2000). Inoculation of BglI on Ler plants strongly induced the

transient expression of GSTI and PR) from 24 hours post inoculation (hpi) onward
(Fig. 3.4). In edsi plants, the accumulation of GSTJ and PRI transcripts in response

49

to Bgll were severely attenuated. These results clearly suggest that EDS I plays a
profound role in NHR against BgtI (Yun el al., 2003).
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Fig. 3.4 BgtI induces defence gene expression in Arabidopsis. Plants were
inoculated with BgtI and harvested at the indicated time point for RNA extraction.
Ler shows strongly induced expression of both GSTI and PRI marker genes, which
were severely compromised by edsi.
4. Genetic screening for suppressors of edsi against BgtI

4.1 Screening from EMS mutagenized pools

Generation of mutant pools

To better understand the molecular mechanism via which EDS 1 regulates nonhost
disease resistance against BgII, we conducted a suppressor screen for enhanced
resistance to BgII in an edsi genetic background. The M2 seeds harvested from
10,000 MI EMS-mutagemzed edsi plants (100 plants per pool) were then used to
screen for edsi suppressors based on suppression of eds/ susceptibility to Bgtl.

Primary screen

Four-week old M2 plants were inoculated with BgtI spores on the leaf surface and
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Bgil growth status was checked at 7 dpi under the microscope, following t!ypan blue

staining. Wild-type Ler plants and the edsi mutant, which shows enhanced
susceptibility to BgtI, were used as controls. Compared with the level of infection on
edsi plants, those lines that showed increased resistance against BgiJ were first

isolated as candidates and were termed suppressor of ç..d1 (sed). During the primary
screen, we also isolated some candidate mutants that were more susceptible than
edsi in response to Bgil infection and were therefore called enhancer of edsi (eed).

The representative images of Bgtl growth on sed and eed candidate mutants are
shown in Fig. 3.5. In total, 18 pools were screened which equaled 1977 individual
M2 lines. From those, 65 sed and 157 eed were selected as candidate mutants and
were allowed to self-fertilize and the M3 seeds were collected for further screening
in the next generation.

edsi

eed

sed

xlO

!1
H

x40

Fig. 3.5 Bgtl growth on sed and eed candidate mutants. Images represent the
growth of Bgil on denoted plants with low (lOx) and high (40x) magnification. The
formation of multiple haustoria and conidiophores on the eed candidate mutants are
indicated by arrow and arrow head respectively.
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Secondary screen
Due to the time limitation, only a total of 24 sed and 42 eed candidate mutants were
rechecked in the secondary screen. Three leaves from 6 plants of each line were
inoculated with Bgt] and tested for fungal growth after 7 days. Due to the possibility
of potential dominant mutations, if most of the plants showed the corresponding
results observed in the primary screen, that line was kept and retested in a third round.
During the secondary screen, one sed was confirmed in the M3 as being strongly
resistant to Bgtl and 7 eed showed increased susceptibility against Bgtl. These lines
were further examined in the next generation.

Tertiary screen
All the plants of this sed candidate mutant regained a wild type-like phenotype of
resistance to Bgtl in an edsi background. Thus this line was reconfirmed in M4
generation as a suppressor of edsi and designated as sedi. The characterization of
this mutant will be documented in a later chapter. Unfortunately, none of these 7 eed
showed consecutive enhanced susceptibility Of edsi to Bgtl in all the tested M4
progenies. Hence, no eed mutant was isolated through the screen. The flow chart in
Fig. 3.6 represents the procedure and results of screening.
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Ml EMS nmtagenized plants
Self-fertilize
M2 in total 1977 lines were screened

Primary screen

Secondary screen

M3 65 sed candidate mutants

I
I

1 out of 24 sed

Tertiary screen

M4

Tertiary screen

M5 sedi mutant was isolated

157 eed candidate mutants

I
I

7 out of 42 eed

No eed mutant had been found

Fig. 3.6 Schematic of screening process and correlative outcomes.

4.2 Screening from activation tagged mutagenized pools

Another eds] suppressor mutant was originally isolated through a SAR activation
screen. In this screen, a transgenic line of Arabidopsis Col-0 accession containing a
chimeric PR] :.-lucferase (LUC) cassette was subjected to mutagenesis by the
activation tagging vector pSK1015 (Grant et al., 2003) (Fig. 3.7). Screening of
mutants based on LUC activity via an ultra low light imaging camera system led to
the identification of a number of mutants that exhibited constitutive PR] gene
expression (Tani, 2003). Following Bgt] inoculation, one of these activated disease
resistance (adr) mutants also showed enhanced Bgt] resistance in an eds],
background and was subsequently designated as sed2. Further analysis of the sed2
mutant will be described later in detail.

53

PRI-Pro I LUC I OCS-Ter

NOS-Pro I NPTII

I

NOS-Ter

LB
Fig. 3.7 Schematic diagram of PRJ::LUC cassette. The PR] promoter was fused to
the firefly luciferase (L UC) marker gene and the octopine synthase (OCS) terminator
to generate the PRJ::LUC construct. A kanamycin selectable marker gene NPTII
was fused to the nopaline synthase (NOS) promoter and terminator. RB, right T-DNA
border; LB, left T-DNA border (Tani et al., 2004).

5. Discussion

A detailed understanding of the complex phenomenon of NIHR is still an elusive goal.
One of the reasons for this could be that NHR is thought to be a multigenic trait and
therefore is difficult to genetically dissect (Heath, 1996). However, some exciting
insights have emerged from recent research on nonhost disease resistance and several
nonhost specific components have been identified with persistent efforts of numerous
researchers. By using the Arabidopsis-Pseudomonas syringae pv phaseolicola
interaction as a model genetics system to study plant defence mechanisms involved
in the nonhost interaction, the Arabidopsis nhol (nonhosti) mutant has been isolated
as the first nonhost component (Lu et al., 2001). Mutation in nhol had been shown to
compromise nonhost disease resistance against the bacterial pathogen

P s.

phaseolicola. Moreover, in the nonhost interaction between Arabidopsis and the
barley powdery mildew fungus Blumeria gram mis f. sp. hordei (Bgh), three
Arabidopsis pen (penetration) mutant loci were discovered which allowed high
frequency of Bgh entry into epidermal cells (Collins et al., 2003; Lipka et al., 2005;
Stein et al., 2006). The isolation of pen mutants thereby highlights the importance of
defence operating at the cell periphery. Hence, genetic studies based on a suitable
interaction model could be an advantage to straightforwardly dissect nonhost
resistance pathways. In this study, we set up a nonhost genetic model by using the
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Arabidopsis edsi mutant-wheat powdery mildew Bgtl interaction.

The mutagenesis was performed in an edsi genetic background. Arabidopsis EDS1
encodes a protein homologous to eukaryotic lipases (Falk et al., 1999). EDS1 is an
essential component of the signalling pathway required for TIR-NBS-LRR function
(Aarts et al., 1998). Moreover, it is also an important regulator of basal resistance to
invasive obligate biotrophic and certain hemibiotrophic pathogens (Feys et al., 2001).
It has been demonstrated that the edsi mutant is partially compromised in nonhost
disease resistance against Bgtl (Yun et al., 2003). Thus EDS1 acts as a central
regulatory protein and provides a major barrier to infection by both host and nonhost
pathogens. This prompted us to further explore the mechanism of EDS 1 in the
regulation of nonhost disease resistance. For this purpose, we conducted an edsi
suppressor screen based on the fact that the enhanced susceptibility toward Bgtl
infection on edsi plants facilitated the convenient distinction between resistant and
susceptible phenotypes. The characterization of sed mutants may provide some
insights into the interaction dynamics of EDS 1 and its suppressors in this nonhost
defence response.
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Chapter Four
Characterization of sedi edsi mutants

1. sedi edsi plants exhibit enhanced disease resistance against Bgll

Compared with the advanced development of BgtJ on edsi mutants, the sedi
mutation filly suppressed edsi susceptibility towards BgiI and restored the wild
type-like resistant phenotype (Fig. 4. IA-C). Most conidia failed to penetrate into
epidermal cells to establish a feeding structure, termed the haustorium, on sedi edsi
plants. Therefore, growth was arrested after formation of the appressonal germ tube
(Fig. 4.IC), which was reminiscent of Bgil growth on wild-type Ler plants (Fig.
4. IA). The sedi edsi mutants also exhibited severely reduced stature and pale curly
leaves, which were distinct from either Ler or edsi plants (Fig. 4.1 D-F).

Fig. 4.1 SEW suppresses edsi deficiency in NHR against Bgtl. Plants were dust
inoculated with BglI and leaves were stained with tiypan blue at 7 dpi. (A-C)
Microscopic images of BgiI growth on leaves of Ler (A), edsi (B) and sedi edsi (C),
respectively. (D-F) Morphological phenotypes of individual Ler (D), edsi (E) and
sedi edsi (F) plants. Scale bars 30 pm in (A), (B) and (C); 2 cm in (D), (E) and (F).
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To further define suppressor function of sedi in edci-accociated NHR deficiency
against Bgti, we examined some stage-specific criteria of Bgii growth. As a primary
infection criterion, we first scored the frequency of attempted penetration indicated
by the presence of cell wall appositions (papillae) at interaction sites (Fig. 4.2A).
Although 45% of conidia showed successful penetration attempts on Ler plants
which was slightly reduced to 40% on edsi mutants, these data were not significantly
different. The percentage of successful penetration attempts on sedi edsi plants was
dramatically diminished to 25%, which is almost a decrease of 50% compared to that
observed on either Ler or edsi plants.
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Fig. 4.2 sedi edsi plants show enhanced resistance to BgtI and reduced
epidermal single-cell death. Growth of Bgii on the given plant lines were scored
for the percentage of penetration (A), the percentage of penetrating con dia which led
to formation of haustoria (B), secondary hyphae (C) and epidermal cell death (D) at 7
dpi. The papilla is indicated by an arrow. Error bars represent standard error (n=4).
Scale bar, 15 rim.
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We also determined the frequency of haustorial and secondary hyphae formation as
criteria for the post-penetration stage (Fig. 4.213-C). Secondary hyphae formed on the
leaf surface are indicative of successful nutrient uptake through haustoria.

edsi

mutants showed enhanced NHR susceptibility to BgtJ indicated by approximately 10
times higher haustorial establishment than those formed on

Ler plants and

subsequently possessed 10 times higher secondary hyphae formation. Thus, the
pivotal function of EDS 1 during NT-IR to BgzJ was to restrict haustorial formation.
However, sedi edsi mutants restored the frequency of both haustorial and secondary
hyphae formation to similar levels as in wild-type Ler plants. Therefore sedi edsi
plants exhibited enhanced NHR to Bgtl by both preventing Bgtl penetrating into
epidermal cells and also by inhibiting the development of further infection structures.

Furthermore, some epidermal cells penetrated by Bgtl underwent rapid HR-like cell
death, which resembled some

R

gene-mediated defence mechanisms of

host-resistance responses (Slesinski and Ellingboe, 1969; Xiao et al., 1997). To
determine if resistance in sedi edsi plants is mediated by cell death, we examined
the extent of such epidermal layer-specific cell death on these plants (Fig. 4.2D). On

sedi edsi plants, about 5% of the penetrated conidia triggered hypersensitive cell
death in contrast to 16% and 12% of the conidia on Ler and edsi mutant lines,
respectively. Hence, sedi edsi plants also displayed an additional function in
attenuating Bgtl-elicited epidermal cell death.

All the F 1 plants derived from a backcross of sed] edsi plants with their parent eds]
plants showed Bgtl susceptibility like edsi mutants, demonstrating that sedi is a
recessive mutation. 47 plants out of a total of 210 F 2 progeny showed enhanced
resistance against BgtI relative to edsi plants. This 3:1 Mendelian segregation ratio
(X2=0.77, 0.5 > P> 0.3) suggested that the restoration of NRR in sedi edsi mutants
resulted from a single mutation or two closely linked mutations.
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2. sedl does not restore expression of defence-related genes in sedi edsi plants

It has been well documented that mutants isolated from suppressor screens which
rescue the disease resistance phenotype of the original mutations are often due to the
regain of induction of defence-associated genes or their constitutive expression (Shah
et al., 1999; Xiao et al., 2004). Previous northern blot results showed that edsi was
defective in the activation of the expression of defence genes GSTJ and PR] in
response to BgtI infection. To address the question of whether the restored nonhost
disease resistance phenotype in the sedledsi mutant line was the result of recovering
the expression of defence genes, we investigated accumulation of defence marker
gene transcripts in sedi edsi plants over time following pathogen infection. As
shown in Figure 4.3, the sedi mutation did not suppress the absence of defence gene
expression established by edsi. Thus, neither significant SA-dependent PR]
expression nor ROS-dependent GST1 expression were detected in sedi edsi plants.
The Arabidopsis PDF1.2 gene that encodes an antimicrobial defensin has been
shown to be induced in an SA-independent but JA/ET-dependent manner (Penninckx
et al., 1996). PDF1.2 was not induced by BgtI infection in either sedi edsi mutant
lines or Ler or edsi plants (Fig. 4.3). Thus, the reconstituted resistance to BgtI in
sed] edsi mutants was not due to the recovered induction of defence genes, which
are required for the activation of SA- and JA/ET-mediated resistance.
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Fig. 4.3 sedi edsi plants do not exhibit constitutive defence gene expression.
Methelene blue staining of rRNAs shown at the bottom indicated the equal loading
of total RNA.

3. SA is not elevated in sedi edsi plants

As a key defence signalling molecule, SA has been shown to play an important role
not only in the activation of SAR, but also in basal and gene-for-gene defence
responses (Malamy et al., 1990; Gafihey ci al., 1993; Delaney ci al., 1994). To test
the potential role of SA in facilitating resistance to Bgil, we measured total SA
content in sedi edsi plants at different times-post infection. SA level in wild-type
Ler plants was increased to sevenfold above base line upon Bgii infection (Fig. 4.4).

There was no significant difference for SA level between ecLcl and sedi edcl plants,
in which the accumulation of SA did not alter after infection.

60

0.8
0.7
0.6
0.5

/

I

00 0.4
03

0

Ler
- edsi
_sedledsi

18

24

48

72

hours post infection

Fig. 4.4 Total SA level in Ler, edsi and sedi edc! plants in response to attempted
BgtI infection. Leaves from 4-week-old plants were infected with BgiI and analyzed
by HPLC at the stated time points. The total SA value ± SE were averages of two sets
of samples. This experiment was repeated once.

4. SED1 also acts as a nonhost suppressor of edsi in response to Bg12 and Bgh

To determine if disease resistance established in sedi ed.s1 plants was either race or
species specific, the sedi ed.sI line was inoculated with other two nonhost pathogens,
another race of Bgf (Wil S, denoted as Bg12) and barley powdery mildew Bgh isolate
139 (Yun et al., 2003; Hein et al., 2005). Neither pathogen could form intracellular
haustoria on sedi edsi plants, whereas haustoria, as well as extensive secondary
hyphae, are commonly observed on the edsi mutant (Fig. 4.5). Thus, sedi is more
likely to be a suppressor of ed/ that is involved in both Bgz- and Bgh-Arabidopsis
interactions.
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Fig. 4.5 sedi edsi plants show enhanced NHR against Bg12 and Bgh. Similar to
Bgtl, neither Bg12 nor Bgh could form bilateral haustoria on Ler, while such NI-IR
was compromised on edsi mutants as indicated by the robust establishment of
secondary hyphae. The ethl-mediated susceptibility to these two nonhost pathogens
was suppressed by sedi. Scale bars, 20 pm.
5. Callose formation is not impacted by sedi

In response to fungal pathogen attack, plants can reinforced the cell wall directly
beneath sites of penetration by the rapid deposition of callose, high-molecular-weight
-1,3-glucan (Aist, 1976). Induced callose formation was thought to contribute to
resistance by forming a physical barrier against penetration (Zeyen, 2002). To
address the possibility that the sedi edsi mutant may have increased callose
deposition at infection sites, we stained infected leaves with aniline blue to highlight
callose (Fig. 4.6A-D). Wild-type Ler plants showed brightly stained callose around
the penetration sites as well as in the area of the epidermal cell wall. Interestingly, the
induced callose was much reduced in the sedi edsl mutant. This line was almost
indistinguishable from edsi plants, indicating that callose deposition could not
account for the resistance established by sedi edsl plants.
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Fig. 4.6 Reduced callose accumulation in sedi edsi plants. (A) Aniline blue
stained uninoculated leaves. Microscopic images were taken under UV irradiation
with lOx magnification. Callose deposition (green fluorescence) at 7 dpi after
infection with BgIl (B), Bg12 (C) and Bgh (D), respectively. Images in the upper
panel are in lOx magnification and are magnified 40x in the lower panel. Scale bars,
50 pm.
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sedi does not alter disease resistance to P. fluorescens

To explore whether the increased NHR expressed in sedi edsi plants could provide
protection against other nonhost pathogens in addition to fungi, the sedi edsi plants
were challenged with the nonhost bacterial pathogen Pseudomonasfluorescens strain
2-79 (P fluorescens), which is not ordinarily pathogenic on Arabidopsis (Weller and
Cook, 1983). The number of P fluorescens in the leaves of the sedi edsi mutant
lines was statistically compatible with that found in Ler and edsi plants (Fig. 4.7).
This suggests that SEDI is not a nonhost suppressor of edsi in response to P
fluorescens.
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Fig. 4.7 Growth of nonhost bacterial pathogen P fluorescens. Plants are
(107 cfulml) and P fluorescens growth is
inoculated with a bacterial suspension
examined at 4 dpi.

sedi edsi plants exhibit broad spectrum disease susceptibility

To further investigate whether sedi edsi plants showed resistance against host
pathogens, we challenged sedi edsi plants with a series of well studied parasites
including biotrophic bacteria, oomycete and necrotrophic fungi, all of which infect
wild-type Col-0 plants.
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7.1 sed I does not affect basal or R gene-mediated defence responses against Pst
DC3 000

The expression of basal resistance to invasive pathogens is a vital defence response.
Arabidopsis mutants that are defective in basal defence are super-susceptible to
virulent pathogens (Hammond-Kosack and Parker, 2003). First, we challenged sedi
eds] plants with the virulent bacterial pathogen Pseudomonas syringae pv. tomato
(Psi') DC3000 (Whalen et al., 1991). It has been reported that edsi mutants revealed
defects in basal resistance against virulent Pst DC3000 (Aarts et al., 1998). Pst
DC3000 inoculated leaves of edsi and sedi edsi plants exhibited severe disease
symptoms compared to wild-type Ler plants (Fig. 4.8A-C). To provide a quantitative
assessment of bacteria growth in infected leaves, the number of bacteria were scored
in Ler, edsi and sedl edsi plants (Fig. 4.8D). The number of Pst DC3 000 found in
the leaves of edsi and sedi edsl mutant lines were surprisingly similar, this was
almost 1.5 log higher than those formed on Ler plants.
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Fig. 4.8 SEDI is not required for basal resistance against Psi DC3000.
Four-weeks-old plants were vacuum-infiltrated with a bacterial suspension (lO s
cfulml). Disease symptoms were observed on Ler (A), edsi (B) and sed] edsi (C)
plants at 4 dpi. (D) Bacterial growth was measured at 4 dpi. cfu, colony forming unit.
Error bars represent standard errors. Scale bars, 0.5 cm.
We also tested whether SEDI was required for disease resistance mediated by
gene-for-gene interactions (Flor, 1971). Arabidopsis Ler plants carry RPM] and
RPS4 which confer resistance to avirulent stains of Pseudomonas that contain the

avirulence genes avrB and avrRps4 respectively (Bisgrove el al., 1994; Hinsch and
Staskawicz, 1996). Resistance mediated by RPM], a TIR-NBS-LRR class of R gene
was abolished by ed.ci, while NDR] was required for the CC- NBS-LRR class of R
gene RPS4-conferred defence (Parker ci al., 1996; Aarts ci al., 1998). Bacterial
growth in inoculated leaves indicated that sedi cc/si plants are still compromised in
R gene-mediated resistance against both the TIR and CC class of NBS-LRR genes

(Fig. 4.9A-B). These results suggest that SED] alone might not contribute
significantly to R gene-mediated disease resistance.
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Fig. 4.9 SEDJ is not required for gene-for-gene resistance to avirulent strains of
Psi DC3000. In planta growth of Psi DC3000 carring either avirulence gene avrB (A)
or avrRps4 (B). Bacteria were syringe infiltrated at a concentration of 106 cfulml and
bacteria growth was measured at 4 dpi. Error bars indicate standard error of triple
replicas.

7.2 Disease susceptibility, to Hyaloperonospora parasitica is partially compromised
by the sedi mutation

Hyaloperonospora parasitica is an oomycete biotroph and causes downy mildew on
Arabidopsis (Agrios, 1997). Different isolates of H. parasitica elicit various
responses on Arabidopsis accessions (Holub ci al., 1994). H. parasitica isolate Cala2
is virulent on Ler, which lacks the corresponding RPP2 (Resistance to jeronospora
parasitica 2) gene (Parker et al., 1996). However, Ler plants are resistant against
isolate Noco2 due to the presence of RPP5 gene (Parker et al., 1993). Therefore, H.
parasitica isolate Noco2 is avirulent on Ler. To test the defence response to these
two isolates of H. parasitica, 4-week-old plants were sprayed with a spore
suspension of either Cala2 or Noco2. To quantify the extent of disease symptoms
according to the number of leaves and area covered by H. parasitica, a disease index
was used to score the pathogen growth (Epple et al., 1997). Substantial growth of
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both isolates were observed at 10 dpi on the edsi lines compared with Ler plants,
resulting in the heavy production of hyphae covering the leaf surfaces (Fig.4. I OA-B).
Nevertheless, the growth of H. parasitica was partially suppressed on sedi edsi
plants.
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Fig. 4.10 sedi edsi plants exhibit partial resistance against H. parasitica. Growth
of H. parasilica isolate Cala2 (A) and Noco2 (B) were scored at 10 dpi. Hyphal
formation is indicated by arrows. A disease index was employed for the
quantification of visual hyphal formation on the leaf surface. Scale bars 1 cm in (A);
0.5 cm in (B).
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73 sedl edsi plants exhibit reduced disease resistance against necrotrophic
pathogens

mutants are altered in disease resistance against, a

To investigate whether

sedi edsi

necrotrophic pathogen,

Boirytis cinerea

was first employed. This particular pathogen

causes necrotic lesions on a broad spectrum of plant species and elicites an increase
in both endogenous levels of JA and ET and accumulation of the plant defensin,
PDFI.2 (Coley-Smith, 1980; Thomma et al., 1999a; Seo et al., 2001). There was not
a distinguishable difference regarding the disease symptoms observed on either
or

edsi

Ler

lines (Fig. 4.11A-13). Unexpectedly, more severe necrotic lesions were

recorded on sedi edsi mutants 4 days post inoculation of B. cinerea (Fig. 4.11 Q.
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Fig. 4.11 sedi edsi plants show enhanced susceptibility to B. cinerea. Plants were
drop inoculated with a spore suspension and necrotnc lesions were observed on
leaves of Ler (A), edsi (B) and sedi edsi (C) at 5 dpi.
To test whether the susceptibility conferred by
applicable to necrotrophs other than
necrotroph,

B. cinerea,

Alternaria brassicicola.

susceptibility to A.

brassicicola

The

sedi

was

edsi

mutants showed higher

plants determined by the larger

size of necrotric lesions and higher sporulation (Fig. 4.12A-E).
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Fig. 4.12 Disease development on sedi edsi mutants inoculated with A.
brassicicola. Leaves from four-week-old edcl (A) and sedi edsi plants (B) were
detached and challenged with S p1 of fungal spore suspension (5 x 105 spores/mi).
Photos were taken at 4 dpi. Leaves from infected edsi (C) and sedi edsi plants (D)
were stained with trypan blue solution for fungal growth at 4 dpi. (E) A. brassicicola
growth was scored for the percentage of germination. Compared with edcl plants, A.
brassicicola could initiate four times more spore germination and cause more severe
lesions on sedi edsi mutants. Scale bars, 30 pm.
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8. Discussion

The sedi edsi line was isolated from a suppressor screen of edsi, which is
compromised in NHR against Bgtl. sedi edsi plants had an increased capacity to
restrict Bgtl entry as well as that of two other nonhost pathogens, Bgt2 and Bgh.
Consequently, sedi edsi plants showed diminished establishment of both haustorial
structures within epidermal cells and the formation of secondary hyphae on the leaf
surface. Nevertheless, sedi edsi plants partially increased resistance towards downy
mildew H. parasitica but did not exhibit enhanced disease resistance towards the
nonhost bacterial pathogen P fluorescens. Thus, sedi seems to be a mildew-specific
suppressor for edsi.

The restored phenotype of disease resistance to Bgtl in sedi edsi plants is unlikely
to be the result of recovering the edsi mutation. Firstly, edsi mutants were derived
from fast neutron mutagenized mutant pools, which had approximately a 1 kb
deletion within the EDS] gene and resulted in the complete absence of EDS 1
transcript (Falk et al., 1999). It is extremely unlikely to expect that loss of function in
edsi due to extensive deletion could be restored by EMS-induced secondary point
mutagenesis, which only cause a single nucleotide change (Koornneef et al., 1982).
Secondly, sedi edsi mutants still maintained susceptibility to two host pathogens in a
similar fashion to edsi plants. sedi edsi plants only exhibited enhanced disease
resistance against the nonhost pathogens Bgtl, Bgt2 and Bgh. Thus, sedi is likely to
be a second-site modifier.

It had been well established that in response to powdery mildews, the callose
c

accumulation at papillae serves as a defence mechanism to prevent fungal
penetration (Thordal-Christensen, 2000; Zeyen, 2002). This cell wall fortification
was traditionally regarded as a positive defence response until the recently isolated
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pmr4 (powdery mildew resistant 4) mutant was discovered (Nishimura et al., 2003).
The pmr4 mutant lacks pathogen-induced callose accumulation due to the loss of
callose synthase function. This surprisingly resulted in increased resistance to
Arabidopsis powdery mildew Erysiphe cichoracearum (Ec) rather than an expected
more susceptible phenotype. Furthermore, mutations in the SA defence pathway
were sufficient to compromise pmr4-mediated resistance but could not restore callose
in the papillae. The diminished callose deposition on sedi edsi plants could provide
a new line of evidence that callose is not an incompatibility factor for growth of
nonhost powdery mildews.

Because constitutive expressions of PR], GSTJ or PDF1.2 were not observed in
uninfected sedi edsi plants, the resistance of sed] edsi plants is not mediated by the
constitutive activation of the SA- or JA/ET-dependent defence pathways. This sets
sedi eds] mutant line apart from other known suppressor mutants, in which the
resistance was correlated with constitutive activation of SA or JA/ET defence
pathways (Shirano et al., 2002; Zhang et al., 2003). Moreover, the sed] mutation
shows full restoration of NHR in edsi plants without the hyper-activation of any
known defence-related gene. It is tempting to speculate that either SED] negatively
regulates a novel defence response that is independent of EDS] or SED1 is a
compatibility factor that is essential for successful pathogenesis of powdery mildew
Bgtl, Bgt2, Bgh and downy mildew H.parasitica.

The isolation and characterization of the son] (suppressor of nimi-1) mutant
indicates the existence of an effective, broad-spectrum defence system that is
independent from well-known defence responses which are mediated by SA or JA
accumulation (Kim and Delaney,. 2002a). The SON] gene encodes an F-box protein,
which acts as a negative regulator of this defence response through the
ubiquitin-proteosome pathway. However, if the sed] mutation activates a novel
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defence pathway, it must have a narrow spectrum and probably be specific to
powdery mildews and downy mildew, because sedi eds] plants remain susceptible to
biotrophic bacteria, and necrotrophic fungi. This is in contrast to the broad-spectrum
resistance observed in son] mutants and many other disease-resistant mutants
(Bowling et al., 1994; Dietrich et al., 1994; Frye and Innes, 1998).

sed] conveys powdery mildew resistance independent of accelerated cell death,
callose deposition at infection sites or the constitutive activation of defence genes. It
is plausible that sedi could affect a compatibility factor that is essential for
successful powdery mildew pathogenesis. So far, little is know about compatibility
factors. Several recessive resistance loci have been described to confer resistance to a
wide range of pathogens without constitutive activation of defence responses, which
might arise as a result of lack of a pathogen-specific host compatibility factor
(Panstruga, 2003). Barley MLO, a novel plant-specific plasma membrane protein that
has seven transmembrane domains, is required for compatibility to Bgh and
regulation of cell death (Buschges et al., 1997; Devoto et al., 1999).

Through a genetic screen for host factors involved in a compatible interaction
between Arabidopsis and Ec, a varied collection of pmr mutants were isolated that
exhibited enhanced resistance to the fungal pathogen without constitutive activation
of any well-described defence pathway (Vogel and Somerville, 2000; Vogel et al.,
2002; Vogel et al., 2004). Thus, pmr-mediated resistance could be the result of loss
of a susceptibility factor required by the pathogen for growth and development. MBC
of PMR6 revealed a gene encoding a pectate lyase-like protein (Vogel et al., 2002).
The current hypothesis to account for the phenotype is that the PMR6 enzyme is
required to convert a pectin precursor to a final form during some stage of pectin
synthesis. Mutation in PMR6 results in a novel pectin structure in the wall, which
will be targeted for degradation by the fungal hydrolytic enzymes and this process
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will subsequently trigger a host defence response (Vorwerk et al., 2004). Previously
described pmr4 mutants could act as another candidate compatibility factor. The
presence of callose could be an induced defence response, which then acts to limit
further defence responses (Nishimura et al., 2003).

Based on the results that formation of epidermal cell death at infection sites was
much reduced in sedi edsi plants and defence-associated genes were not induced in
the mutants, it could possibly be speculated that the intracellular defence
mechanisms after successful penetration are not activated in sedi edsi mutants.
Hence, SED1 is more likely to be a novel compatibility factor that contributes to the
entry-promoting function in powdery mildew and downy mildew interactions,
although the possibility that an unidentified defence pathway was activated by sedl
can not be completely ruled out.
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Chapter Five
Characterization of sed2 mutants

1. sed2 suppresses edsl-mediated susceptibility toward

Bgtl

sed2 mutants were initially isolated from a SAR screen using activation tagged
mutant pools that were generated in a PRJ::LUC transgenic background. sed2
mutants were found to exhibit constitutive LUC activity and acquired systemic
resistance to H. parasitica Noco2 (Tani, 2003). Furthermore, epistatic analysis
between sed2 and edsi showed that the sed2edsl double mutants maintained the
ability to constitutively express PR] and elevate resistance to H. parasitica Noco2.
This suggests that the activated disease resistance response in sed2 mutants is via an
EDS] -independent pathway (Tani, 2003).

In order to know whether sed2 can also suppress edsi deficiency in response to the
nonhost pathogen Bgt], we examined fungal growth on sed2 eds] mutants (Fig.
5.1 A). The high level of growth of Bgtl on eds] plants was arrested by sed2 to levels
which were similar to growth on wild-type Col-0 and sed2 mutants. We also
examined the growth and development of Bgt] at different stages of infection. The
frequency of attempted penetration was decreased in sed2 mutants compared with
Col-0 and this decrease was not abolished by the loss of EDS] function (Fig. 5.1B).
Later stages of Bgtl development indicated by the formation of haustoria and
secondary hyphae were also reduced on both sed2 and sed2 edsi mutants compared
to eds] plants, while these symptoms were around eight- and twenty-fold higher
respectively on edsi mutants (Fig. 5.1C-D). There was a lower percentage of
epidermal cell death elicited by Bgt] on sed2 mutants, a level almost half of that
observed on Col-0 plants (Fig. 5.1E). The low levels of cell death on sed2 mutants
were even lower in sed2 eds] double mutants despite eds] mutants having a higher
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percentage of cell death than sed2 mutants.
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Fig. 5.1 edsl-mediated susceptibility to Bgtl is suppressed by sed2. (A)
Microscopic images of BgtI on denoted plants at 7dpi. Frequency of Bgll conidia
that attempted to penetrate (B), formed haustona (C) and secondary hyphae (D),
triggered epidermal cell death (E). Error bars represent standard error of four
replicates. Scale bars, 30 pm.

2. sed2 may be a result of genome deletion caused by an aberrant T-DNA
insertion

The sed2 mutant was backcrossed to transgenic Col-O plants containing the
PRJ::LUC construct in order to examine the dominantlrecessive nature of the
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mutation (Koorneef and Stam, 1992). All the F 1 plants lost constitutive LUC activity
and the segregation of the F 2 progenies fit the expected Mendelian ratio for a
recessive trait, which suggested that sed2 is a single recessive mutation (Tani, 2003).
However, all the F2 plants were sensitive to Basta, the selectable marker for
activation tagged lines (Weigel et al., 2000). A southern blot was carried out using
two parts of the pSKI015 vector as probes (Tani, 2003). No bands were detected by
the CaM V35S enhancer probe and two unspecific bands were detected by the pUC19
probe. This data suggests that the activation tagging vector is not present or is at least
truncated in sed2 mutants.

Preliminary work has shown that the sed2 mutation is located at the lower arm of
chromosome I, possibly within a 180 kb region (Tani, 2003). If the pUC19 part of
pSKI015 was located within this region and caused the sed2 mutant phenotype, a
larger size of PCR product may be obtained from a DNA sample from sed2 mutants
compared to a sample from Col-0. Therefore, we designed twelve sets of primers
spanning this 180 kb area in order to find any possible size difference between PCR
products from Col-0 and those from sed2 mutants (Fig. 5.2A). Although some pairs
of primers did not work as expected, the long PCR resulted in successful
amplification using genomic DNA samples from Col-0 (Fig. 5.2B). Surprisingly,
none of the long PCR reactions worked when using same amount of sed2 genomic
DNA as templates, although fragments of small size (1 kb) could be easily amplified
using this DNA samples (data not shown).
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Fig. 5.2 Long fragments can not be amplified from sed2 mutants. (A) Schematic
diagram showing the relative sizes and positions of PCR products covering the
region between flanking markers nga280 and T6H22 on chromosome 1. 1-4, 20kb
PCR products amplified by corresponding primer sets; 11-18, primers that amplify
10kb PCR products. nga280 and T6H22 are the expected flanking molecular markers
of sed2 (Tani, 2003). Scale bar 10kb. (B) Long PCR results. It is clearly shown that
although two primer pairs, 13 and 14 did not work at all and pairs 15 and 16
amplified shorter products than expected, a long PCR fragment could be successfully
amplified using pairs of primers on Col-0 (lane on the left) but not sed2 (lane on the
right). Ml, 10 kb molecular marker from promega; M2, lambda DNA digested with
Hind III restriction enzyme.

Due to the failure to amplify long PCR products from sed2 mutant lines, we wanted
to ascertain whether the pUCI9 backbone was present in these sed2 mutants and if
present, how many copies existed. With the help of Jeong-gu, we first designed 4
pairs of primers that evenly spanned the pUC19 backbone of pSKI0I5 (Fig. 5.3A).
Two sets of these primers showed unspecific amplifications, another two sets of
primers failed to amplify bands from sed2 mutants (Fig. 5.3B), while a strong
specific band could be amplified from the positive control, a full sized pSKI0I5
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vector. This suggested that the PCR reaction was successful and thus leads to the
suspicion that pUCI9 was absent in sed2 mutants. Later we redesigned another three
specific primer pairs to repeat this PCR experiment and again no bands were
amplified from sed2 mutants (Fig. 5.3A, Q. We also carried Out a Southern blot
using the full length pSKIOI 5 vector as a probe. The hybridization procedure failed
to detect the appropriately labeled bands on the membrane (data not shown). If all
these results are taken into consideration, it seems that sed2 is likely a result of a
genome deletion caused by the loss of the T-DNA during transformation.
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Fig. 5.3 The pUC19 backbone can not be detected in sed2 mutants. (A)
Schematic representation of the location of the designed primers on the pUC19
backbone of the pSKIO 15 vector. Primers were named by their location and the
orientation is indicated by an arrow. Primers in red are the redesigned primers. F,
Forward; R, Reverse. (B) The PCR result using four first-designed sets of primers. 1,
pSKIOIS; 2, Col-O; 3, Ler; 4, sed2; 5, H20. Two sets of primers (1646F/1848R and
2412F/2613R) were not specific. (C) PCR results using the three redesigned sets of
jL

ted products could only be amplified from the positive control sample, the pSKI015
vector, but not the sed2 plants nor negative control H 20.
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3. sed2 causes developmental abnormalities and spontaneous lesions

Compared with Col-O plants, sed2 mutants showed an extremely reduced stature and
a tightly centralized rosette leaf formed in long-day (16 hours light) conditions (Fig.
5.4A). Under short day (8 hours light) conditions, sed2 plants grew much bigger than
in long days, although they were still much smaller than wild type. These plants
exhibited spontaneous necrosis initiated at the leaf margins, which was also present
in sed2edsl double mutants (Fig. 5.4B-C). Because the severely reduced stature and
small pointed leaves of sed2 plants grown under long light conditions made it
difficult to infect plants with pathogens and to isolate sufficient material for any
biochemical assays, sed2 mutants used for all subsequent experiments were grown
under short day conditions.
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Fig. 5.4 Morphological alterations in sed2 mutants. Morphological changes
between long day (A) and short day (B) conditions on different plants. (C) Under
short day conditions, spontaneous lesions were observed on sed2 mutants. This
phenotype was slightly accelerated in sed2 edsi plants. Scale bars 2 cm in (A) and
(B); 1 cm in (C).
4. sed2 mutants exhibit constitutive expression of defence genes in an

EDSJ-independent manner

Six-week old plants infected with BgIi were harvested at different time points post
inoculation. Northern blot analysis was performed to determine the expression of the
ROS-dependent gene GST] (Grant and Loake, 2000), the SA-dependent gene PR]
(Uknes etal., 1992) and the JA/ET dependent gene PDFJ.2 (Penninckx etal., 1996).
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Wild type Col-O plants had the strongest expression of GSTJ and PDF1.2 at 24 hours
post infection (hpi) and PR] at 48 hpi, while edsi mutants were completely
compromised in the expression of these defence genes (Fig. 5.5). Interestingly, the
sed2 mutants expressed GSTI constitutively, as did sed2 edsi plants. The induction
of GSTJ in both sed2 and sed2 edsi mutants was much faster than in Col-O plants.
sed2 mutants also expressed PRI constitutively at a high level; this was partially
suppressed by edsi in the double mutants. After Bgtl infection, the level of
transcripts of PR] was slightly decreased at 12 hpi and became higher thereafter. The
expression level of PR] reached a maximum at 48 hpi and then decreased to the base
level. Surprisingly, neither sed2 nor sed2 edsi plants expressed PDF1.2 upon
attempted Bgtl infection.
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The equal loading of total RNA is indicated by ethidium bromide stained rRNAs.

5. Both sed2 and sed2 edsi mutants show high levels of SA accumulation

In order to investigate the possible contribution of SA to sed2-mediated disease
resistance against Bgtl, the content of free SA and its conjugate SAG were measured
in sed2 and sed2 edsi mutants (Fig. 5.6). The free SA levels in both sed2 and sed2

edsi plants were similar, and were about two-fold and 20-fold higher than those
detected in wild-type Col-0 plants and edsi mutants respectively. Surprisingly, sed2
single mutants accumulated substantially lower levels of SAG than those in the edsi
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background, although the SAG content in sed2 plants was still more than two times
higher than Col-O plants.

J)
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Col-()

edy I

scJ2

sed2 edsi

Fig. 5.6 SA and SAG levels in sed2 and sed2 edsi mutants. Error bars, standard
error of two replicates.

6. sed2 edsi plants exhibit disease resistance to a broad-spectrum of pathogens

Previous data showed that sed2 exhibited significant resistance against the downy
mildew pathogen H. parasitica Noco2 (Tani, 2003), which is a virulent isolate for the
Col-0 ecotype (Parker et al., 1993). To test whether the defence response to H.
parasitica isolate CaIa2, which is avirulent on Col-O, could be compromised by the
edsi background in sed2 mutants, a suspension of spores was sprayed onto the leaf
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surfaces and plants were maintained in a humid environment to favor fungal growth
(Agrios, 1997). The amount of fungal growth was visually scored for sporulation of
conidiophores on leaves 10 days after infection. Col-0 plants typically did not
support downy mildew growth, while edsi mutants were found to be more
susceptible (Fig. 5.7). As expected, sed2 plants showed a similar level of resistance
to Cala2 as the Col-0 line as there was no development of conidiophores. This
resistance was only weakly decreased by the absence of EDSI.

Fig. 5.7 sed2 and sed2 edsi plants show resistance to H. panm*ica Cala2. Ten
days after infection, disease symptoms were assessed by eye. Formation of
conidiophores on edsi mutants is indicated by an arrow. Disease resistance of sed2
mutants was slightly impaired by edsi.

The response to bacterial pathogens was also investigated in sed2 and sed2 edsi
plants. Psi DC3000 is virulent on the Arabidopsis Col-0 ecotype (Whalen et al.,
1991). Resistance to Psi DC3000 is always associated with the accumulation of SA
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and expression of the defence gene PR] (Cameron et al., 1999). Pst DC3000
carrying the avrB or avrRps4 genes are avirulent on Col-O because of the presence of
corresponding R genes RPM] and RPS4, respectively (Bisgrove et al., 1994; Hinsch
and Staskawicz, 1996). Three plants from each line were inoculated with the
appropriate concentrations of these three bacterial suspensions and pathogen growth
was determined in the infiltrated leaves at 4 dpi. As shown in Figure 5.8 A and B,
sed2 mutants showed a similar level of resistance to both virulent Pst DC3000 and
avirulent Pst DC3000 (avrB) as Col-O, which was not compromised in the edsi
background. Interestingly, in response to avirulent Pst DC3000 containing avrRps4,
although there was no statistically significant difference in bacterial growth between
sed2 and Col-O plants, disease resistance in sed2 mutants was partially abolished in
the absence of EDS] (Fig. 5.8C).
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7. Discussion

Initially isolated as a SAR mutant which enhanced resistance to the H. parasitica
isolate Noco2, sed2 mutants were recovered that also suppressed edsi susceptibility
to the nonhost pathogen Bgtl. sed2 edsi double mutants as well as sed2 single
mutants showed similar resistance levels regarding the percentages of fungal
penetration, haustorial and secondary hyphae formation, and were even more
resistant to Bgt] than wild-type Col-O plants. In contrast with previously identified
sedi edsi mutants, sed2 edsi mutants were also more resistant to a broad spectrum
of bacterial and oomycete pathogens compared to eds] mutants. Thus, sed2 mutants
act as a suppressor of edsl-mediated susceptibility to both host and nonhost
pathogens.

There is a requirement for NDRJ function by the CC-NBS-LRR class of R gene
including RPM], which confers resistance to Pst DC3000 carrying the corresponding
Avr gene avrB (Aarts et al., 1998). However, a mutation in EDS] abolished
resistance conferred by RPS4, a TIR-NBS-LRR class of R gene, to the avirulent strain
of Pst DC3000 expressing avrRps4 (Parker et al., 1996). Furthermore, eds] mutants
also proved to be defective in the activation of basal disease resistance to a virulent
strain of Pst DC3000 (Aarts qt al., 1998). Pseudomonas pathogenicity assays showed
that sed2 mutants showed a similar level of resistance as wild-type Col-O in response
to all these three tested pathogens, which suggests that sed2 mutants do not
contribute to either basal protection or gene-for-gene resistance mediated by RPM]
or RPS4. Such basal and RPM]-mediated resistances in sed2 mutants were
independent of EDS]. Interestingly, EDS]

was partially required for the

establishment of disease resistance in sed2 mutants conferred by RPS4. These data
lead us to speculate that sed2 mutants express both EDSJ-dependent and
EDS] -independent components of plant disease resistance.
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A detailed examination of the northern blots in sed2 eds] plants revealed a partial
effect of edsi on the sed2-mediated defence response. Both sed2 and sed2 eds]
mutants constitutively expressed the SA-dependent defence gene PR], but sed2 edsi
plants exhibited less pronounced levels of PR] expression than sed2 mutants. A
similar phenomenon was observed in the cpr5 mutants, in which defence gene
expression was suppressed by eds] in young tissue (Clarke et al., 2001). However,
such eds]-suppressed PR] expression seems to act in an age-dependent manner, as
there was an effect in older tissues of cpr5. Thus, it would be valuable to know
whether sed2-induced PR] expression was compromised by eds] in younger tissue.
Expression of the PDF1.2 gene is dependent on both the jasmonate and ethylene
signalling pathways (Penninckx et al., 1998). The PDF1.2 gene was not induced in
sed2 mutants in response to Bgtl infection, indicating that SED2 does not function in
the JA/ET pathway.

GSTs play roles in both normal cellular metabolism as well as in the detoxification of
a wide variety of xenobiotic compounds (Mannervik and Danielson,

1988). A

subclass of plant GSTs has been implicated in numerous stress responses, including
those arising from pathogen attack, oxidative stress, and heavy-metal toxicity (Mans,
1996). Induction of GST1 was successfully employed as a marker gene for detecting
the dynamics of ROS accumulation in response to attempted pathogen infection
(Grant et al., 2000). Northern analysis showed that independent of EDS], sed2 plants
constitutively expressed GSTJ at a low level. Therefore, there is likely to be a low
level of ROS accumulated in the intact sed2 mutants. It has been reported that the
accumulation of ROS play a key role in the initiation of cell death and lesion
formation both in the HR and in certain lesion mimic mutants (Johal et al., 1995;
Jabs et al., 1996; Lamb and Dixon, 1997). This could be a reason why spontaneous
macroscopic lesions were observed on the leaves of sed2 mutants. Hence, it would be
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interesting to measure the extent of ROS formation such as H 202 and

02

using

3,3-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT) staining
(Thordal-Christensen et al., 1997; Heath, 1998).

The effective application of activation tagging as a novel insertional mutagen for
gene tagging purposes has been widely facilitated by Agrobacterium-mediated
T-DNA transformation (Walden et al., 1994; Kardailsky et al., 1999; Weigel et al.,
2000; Grant et al., 2003). A wide range of plant species are now routinely
transformed using this system, including several monocots (Tinland, 1996; An et al.,
2005). However, one of the major disadvantages of T-DNA-based activation systems
is the creation of complex integration patterns near the insertion site (Gheysen et al.,
1990; Nacry et al., 1998). There is much evidence to indicate that T-DNA integration
can induce rearrangements of DNA, including small deletions, base substitutions and
insertions of nucleotide sequences around the T-DNAJplant DNA junctions (Gheysen
et al., 1991; Mayerhofer et al., 1991). It is also reported that homologous
recombination may occur between a T-DNA insert and either another T-DNA or plant
genomic DNA (De Neve et al., 1997). No remains of the activation tagging vector
could be detected by either PCR or Southern hybridization in sed2 mutants, which
implied that the mutation could be a result of a deletion caused by the T-DNA. It
seems that apart from deletion, there are more complicated chromosomal
rearrangements which occurred in sed2 mutants. This possibility is supported by the
surprising discovery that long PCR fragments could only be amplified using
wild-type genomic DNA but not the DNA from sed2 mutants, although both the
quantity and quality of the two DNA samples were comparable and enabled the
amplification of relative small PCR products (data not shown).
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Chapter Six
Characterization of NO edsi mutants
1. Differential responses of Col-O and Ler accessions following attempted Bgtl
infection

During the study of Arabidopsis disease resistance to the nonhost fungal pathogen
Bgtl, we discovered that in contrast to Col-O accessions, a phenomenon termed
massive mesophyll cell death (MMCD) could be observed within the infected leaves
of Ler accessions (B.W. Yun, unpublished data) (Fig. 6.1A-H). Without Bgtl
challenge, there was no mesophyllic cell death (MCD) detected on either
Arabidopsis accession (Fig.6.1A-B, E-F). Seven days after infection with Bgtl, a
broad area of cells within the mesophyll layer of the infected Ler leaves underwent a
HR-like cell death which was indicated by a mass of trypan blue stained cells (Fig.
6.1 G-H). Moreover, this kind of MMCD was not coordinatively observed on the
infected Col-O leaves, where the MCD could be rarely detected and was restricted to
the cells under the attacked epidermal cells (Fig. 6.1 C-D, I). There was a similar
level of staining intensity between pre- and post-inoculation (Fig. 6. 1A-D).

To quantify the MCD, randomly selected photos showing the mesophyll cell layer of
each mutant were measured using the luminance function in Paint Shop Pro. The
arbitrary units represent the relative intensity of stained leaves, which directly
correlates to the extent of MCD (Fig. 6.1J). Compared with Col-O, there was a
remarkable increase of staining intensity on Ler plants challenged by Bgtl, which
implied that an extensive burst of MCD occurred within the mesophyll cell layer.
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Fig. 6.1 Diverse responses of Arabidopsis accession Col-O and Ler in terms of
massive mesophyllic cell death triggered by Bgtl. No cell death was detected on
either unchallenged accession (upper panel). After inoculation with BgiI (lower
panel), Ler plants clearly showed high levels of MIMCD which did not occur on
Col-O plants. A, C, E, G; whole leaf stained with trypan blue solution; B, D, F, H,
microscopic image of stained leaves. (I) Restricted MCD on Col-O plants. Arrow
indicates the infection site of BglI. (J) Quantification of MCD by luminance analysis
from five microscopic photos taken from both intact and BgI infected leaves. Scale
bar, 50j.uri.

93

2. lindI strongly reduces MMCD in Ler edsi plants

The edsi mutants we used for these experiments were derived from the Ler
accession (Parker etal., 1996) and also showed a massive MCD phenotype following
attempted Bgtl infection, which was similar to that observed on wild-type Ler plants
(Fig. 6.2A-B). During NHR screening using EMS-mutagenized edsi plants, one
mutant was isolated that dramatically restricted the spread of MCD and was therefore
designated as lmdl (localised mesophyllic cell death]). This line had a phenotype
reminiscent to that observed on Col-0 plants (Fig. 6.2A-B). In comparison with both
Ler and Ler edsi plants, the infected leaves of Ler lrndJ edsi possessed no areas of
significant cell death (Fig. 6.2C-E). However, the lrndl mutation in eds] mutants
does not completely abolish cell death in the mesophyll cell layer (Fig. 6.2F).
Occasionally, some limited mesophyll cells beneath the infected epidermis undergo
cell death in lmdl edsi mutants. Moreover, Bgtl could also trigger epidermal cell
death (ECD) on lrndl eds] plants as in wild-type Ler and eds] plants (Fig. 6.2G).
Despite this decrease in cell death, lrndJ edsi mutants do not show altered disease
resistance to BgtI. Fully developed haustoria and extensive growth of secondary
hyphae were observed on lrnd] edsi mutants, to a similar level to that of susceptible
edsi mutants (Fig. 6.2F).
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Fig. 6.2 MMCD induced by Bgtl is significantly diminished in Imdl edsi
mutants. Trypan blue stained unchallenged (A) and Bg:1 challenged (B) leaves of
denoted plants. Microscopic images showed epidermal (C) and mesophyllic (D) cell
layer. (E) Quantification analysis of MCD. (F) MCD was confined to the
mesophyllic cells tight beneath the infection sites of ImdI edsi mutants, which was
inferred by the blue elliptic shape of cells stained with trypan blue solution. (G)
Normal HR-like cell death within epidermal cells occurred on lmdl edsi mutants.
Scale bar, 50girn.
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3. MMCD phenotypes are induced in response to some, but not all pathogens

To examine whether such HR-like MMCD in Ler was only manifested against
attempted Bgt] infection, we tested some additional phytopathogens (Fig. 6.3). These
phytopathogens covered wide categories including host and nonhost, biotrophic and
necrotrophic, fungal and bacterial pathogens. Recognition of pathogen attack triggers
a HR in the plant, which includes changes in ion fluxes, generation of ROS and local
cell death (Greenberg, 1997; Hutcheson, 1998). Both Col-O and Ler accessions have
the RPM] and RPS4 gene that could recognize the presence of avirulent strains of
Pst DC3000 containing the corresponding avirulence genes avrB and avrRps4,
respectively (Bisgrove et al., 1994; Hinsch and Staskawicz, 1996). HR is considered
to be one of the most important factors in the restriction of growth of these bacterial
pathogens. Both Col-O and Ler plants are susceptible to virulent Pst DC3000, which
appears to have developed strategies to avoid recognition, and actively suppress host
defence (Whalen et al., 1991), while necrotrophic pathogens, such as B. cinerea,
benefit from host cell death and actively kill the host by producing toxins. HR has
been shown to facilitate plant infection by necrotrophic pathogen B. cinerea,
although it can be an effective defence strategy against a broad spectrum of
biotrophs.

Compared to Col-O, MMCD was only observed on Ler leaves inoculated with the
biotrophic fungal pathogens Bgt2 and Bgh ( Fig. 6.3). There was no visible difference
between Col-O and Ler in response to bacterial pathogens, although significantly
attenuated MMCD occurred on both accessions in a similar level to the mock-treated
control plants. Leaf tissue infected with B. cinerea was rotten indicating that host
cells were killed by this pathogen. There was no MMCD formed beyond the
infection site on either Col or Ler leaves (Nurrnberg, 2005). Thus, MMCD on Ler
accessions but not Col-0 accessions seems to be a specific phenomenon in response
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to powdery mildew attacks.

unchallenged

B. cwe'ei

Pç'12

Col-O

1•

•j

Ler

mock

Psi DC3000 (vir)

Pst DC3000 (arrB) P.t DC3000 (irrRps4)

C01-0

Ler

Fig. 6.3 Different responses between Col-O and Ler accessions in various
plant-pathogen interactions. Plants were inoculated with a diverse range of
phytopathogens including biotrophic fungi and bacteria and a necrotroph as indicated
on the top of each panel. Biotropluc fungal pathogens were dust-inoculated directly
onto the leaf surfaces as previously described (Yun el al., 2003) and challenged
leaves were stained with trypan blue solution at 7dpi. A conidial suspension
containing 5 x 105 spores/ml of B. cinerea was sprayed onto the leaf surfaces and
inoculated leaves were incubated at 100% humidity for four days before being
examined for MMCD (Nurmberg, 2005). Bacterial pathogens were sprayed onto leaf
surfaces at a relatively high concentration (108 cfulml), and leaves were then
detached for staining at 3dpi. The mock-treated plants were sprayed with 10mM
M902 solution containing 0.05% silwet, the same solution used to make bacterial
suspension for inoculation.
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4. lmdl edsi mutants exhibit localized MCD in response to Bgt2 and Bgh

Because the preliminary results showed that there was also a difference in M14CD
between Col-O and Ler against these biotrophic fungi, we were curious to know what
would happen in terms of MMCD on lrndl edsi plants challenged with those
pathogens. We inoculated these pathogens by directly dusting conidial spores onto
the leaf surfaces. Samples were collected and stained with trypan blue for MCD at
7pdi. As both macroscopic and microscopic images show in Fig. 6.4A, MMCD was
dramatically reduced in response to all these potential pathogens on lmd] eds]
mutants. Furthermore, the luminance assay using Paint Shop Pro software also
showed that the intensity of MCD resulting from pathogen challenge on lmdl edsi
mutants was much lower than on either wild-type Ler or edsi plants (Fig. 6.4B).

Similar to what happened in response to Bgtl infection, only ECD and localised
MCD underlying the attacked epidermal cells, was found in lmdl edsi plants against
Bgt2 or Bgh infections (Fig. 6.4 C-F). Development of Bgt2 and Bgh infection

structures on lmdl edsi mutants were similar to those found on edsi mutants (Fig.
6.4 D, F).
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Fig. 6.4 Localised MCD is observed on lmdl edsi mutants triggered by either
Bg12 or Hg/s. (A) Bg12- and Bgh-mediated MCD was absent on lmdI edsi mutants
indicated by both trypan blue stained leaves (left) and mesophyll cells (right). (B)
Both basal and pathogen-induced luminance intensities were much lower in ImdI
edc1 mutants compared with Ler or edsi plants. Restricted formation of MCD on
ImdI edsi mutants following attempted Bg12 (C) and Bgh (E) infection.
Pathogen-induced ECD as well as extensive formation of haustoria and secondary
hyphae were found on Imdl edsi plants 7 days after infection with either Bg12 (D) or
Bgh (F). Scale bars, 301.un.

5. Isndl edsi mutants enhance sensitivity to sucrose stress

To explore whether loss of LMDI function could compromise any growth signalling
pathways, we tested lmdI edsi growth on MS plates containing different signalling
molecules. All the plants that grew on MS base alone, exhibited similar growth.
There was no difference between lmdI edsi and control plants Ler or edsi when
grown on plates containing various concentrations of abscisic acid, CaCl2 or NaCl
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(data not shown). Surprisingly, high concentration of sucrose strongly inhibited lmdI
edsi forming normal cotyledons but not Ler or edsi plants (Fig. 6.5).

Fig. 6.5 Growth of Imdl edsi mutants on MS plates are severely affected by
sucrose stress. Ler, edsi and Imdl edsi plants simultaneously grown on both basic
MS plates and MS plates with 6% sucrose. Photo was taken 7 days after grown under
the continuous light.

6. lmdl is a recessive mutation

The lmdl edsi mutants were backcrossed to edsi plants in order to test whether lmdI
was a dominant or recessive mutation (Koomeef and Stam, 1992). All the

F1

plants

showed normal MMCD phenotypes resulting from Bg:I infection, which meant ImdI
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is a recessive mutation. The F2 progeny segregated at a ratio of 1: 5 (X2=0.44, 0.7>
P> 0.5), which implied that lmdl is a weak allele of a single or two closely linked
recessive mutations.

The lrndl edsi mutants were also crossed to Ler plants in order to isolate the lmdI
mutant line in the absence of edsi. F 1 plants were confirmed by PCR using triple
edsl-specific primers (Parker et al., 1996). Wild-type Ler plants produced two PCR
bands, one around 750 bp and the other around 1.5 kb. Plants carrying the edsi
mutation would amplify two bands as well but the small size band was around 650
bp. If a plant was heterozygous for EDSJ, both products were amplified resulting in
two small size bands together with the larger band. In order to reduce PCR time and
increase efficiency, we did not amplify the larger bands which were conserved
between wild-type plants and mutants, and only amplified for the small size bands by
adjusting the elongation time. Because of low resolution on normal agarose gels for
separating 650 and 750 bp bands, we used 3% Metaphor agarose (Cambrex, USA).

As seen in Fig. 6.6A, crossed F 1 plants were confirmed by PCR as producing two
bands with triple "edsi" primers. All the F 1 plants clearly showed MCD phenotypes
triggered by Bgtl. The F2 plants were first screened by PCR to isolate "Ler"
genotypic plants (Fig. 6.6B) and the selected plants were inoculated with Bgtl. Only
plants that clearly showed no MCD compared with Ler plants were chosen as lmdJ
mutants (Fig. 6.6C). Both localised MCD and ECD were detected on lmdl mutants
(Fig. 6.613).
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Fig. 6.6 Independent mutation of ImdI. (A) PCR results of individual Lerxlmdl F
plants. Only No. 1, 3 and 4 lines that showed heterozygous bands as indicated were
sucessfiully crossed plants. (B) In the F 2 segregation population, Ler-genotype plants
were identified by PCR. (C) MMCD was observed on Ler plants but not the lmdi
mutants. (D) Microscopic images of Bgii-infected lmdl mutants. Scale bar, 50j.un.

7. Discussion

Natural variation can be observed for many traits when different Arabidopsis
accessions are grown together and compared under similar environmental conditions.
This genetic variation in naturally occurring populations of Arabidopsis could be an
alternative resource to the generation of laboratory-induced mutants (Borevitz and
Nordborg, 2003). Most variation among accessions is of a quantitative nature that is
commonly due to the effect of alleles at several loci (multigenic), which, combined
with the environmental effect, determines a continuous (quantitative) phenotypic
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distribution of the trait in the segregating populations (Alonso-Blanco and Koornneef,
2000). Nevertheless, some of this variation is of a qualitative nature because the
different phenotypes in a particular trait between two accessions correspond to the
genotypes of a single segregating locus (monogenic) (Alonso-Blanco and Koornneef,
2000). To date, many qualitative Arabidopsis loci that contribute to naturally
occurring variation in glucosinolate biosynthesis, flowering time as well as disease
resistance against multiple pathogens, have been identified and well characterized
(Mithen et al., 1995; Kunkel, 1996; Deslandes et al., 1998; Koomneef et al., 1998;
Gomez-Gomez et al., 1999; Ton et al., 1999).

In this chapter we characterised the phenotype of MMCD, a natural variation
between two Arabidopsis accessions Col-0 and Ler. The extensive spread of MMCD
was only observed on Ler accessions challenged by three different biotrophic fungal
pathogens but not on challenged Col-0 accessions. Because the Chi squared value is
0.44, with one degree of freedom, the P value is over 0.5. Hence, the 3:1 ratio is most
probably correct. This genetic variation is likely to be a qualitative trait which could
be therefore assigned to the LMDJ gene. The lmdl mutation severely compromised
MCD phenotypes against attempted pathogen infection in the Lér genetic
background. Only a few limited mesophyll cells surrounding the infection sites
underwent death observed in either the lmdl or lmdl edsi mutants. Since all the F 1
plants either backcrossed with eds] or crossed with Ler exhibited normal Ler-like
massive cell death within the mesophyll cell layer, the specific phenotype of MCD
on Ler accessions was likely to be a recessive trait and it seemed that EDS1 is not
required for such pathogen-induced MCD. Although F 2 plants segregated at a 1:5
(mutant: wild-type) ratio rather than the expected 1:3 fashion, it could be statistically
accepted as a weak allele of single mutation. Hence, lmdl is either a single recessive
mutation or two closely linked recessive mutations preventing MMCD in responses to some powdery mildews.
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In comparison with the ECD triggered by three fungal pathogens, pathogen-induced
MCD was triggered in cells that do not interact directly with pathogens. And
localized MCD was able to spread to the vicinal mesophyllic cells rather than being
confined to the initial site of infection. Thus, we could hypothesise that these
complex MMCD phenotypes on Ler accessions have two stages of signal
transduction. Firstly, the infection message is delivered from the infected epidermal
cell down to the mesophyll cells directly beneath and MCD is locally triggered.
Secondly, the death signal was thereafter spread to the neighbouring mesophyll cells
causing MMCD, which is implied by the large areas of staining on the infected
leaves. Because in lmdl mutants MCD was localised to a limited amount of
mesophyllic cells under the infected epidermal cells rather than fully abolishing
MCD, LMDJ is possibly required for the'spread of cell death during the secondary
stage of transduction.

Like animal cells, plant cells can respond to various stimuli, including fungal toxins
and biotic stresses, by initiating programmed cell death (PCD). During incompatible
interactions, cell death is generally manifested in the form of HR and requires host
participation (Greenberg, 1997; Richberg et al., 1998). One of the most prominent
components of HR is the accumulation of ROS, such as H 2 02 and 02, at the point of
attempted pathogen invasion (Grant and Loake, 2000). It is widely accepted that
ROS are involved in induction of PCD. H 2 02 induced PCD is observed in suspension
cultures of soybean, Arabidopsis and tobacco cells (Levine et al., 1994; Desikan et
al., 1998; Houot et al., 2001). Recent studies have demonstrated that NO also plays a
key role in regulation of PCD. It has been reported that NO could cooperate with
ROS to promote host cell death in soybean suspension cells (Delledonne et al., 2001).
Furthermore, NO has been shown to induce PCD via cGMP-dependent signalling
pathways in Arabidopsis cells (Clarke et al., 2000a). Therefore, ROS and NO could
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be speculated to act as molecules that trigger MMCD on Ler accessions following
invasion of powdery mildew pathogens. Hence, LMDJ could positively regulate
levels of ROS or NO or both in the mesophyll cell layer. Because H 202-induced PCD
in cultured tobacco cells occurred in a dose-dependent manner, loss of LMD1 might
dramatically reduce the cellular level of ROS and/or NO, which might lead to the
failure to trigger spreading MCD in lmdl plants. This could be investigated by
employing DAB staining to measure H2 0 2 and diaminofluorescein diacetate
(DAF-2A) in conjuction with confocal microscopy to quantitate the concentration of
NO (Thordal-Christensen et al., 1997; Huang et al., 2004).

Recent studies have explored the requirement of SA in the activation of PCD during
the HR against an invading pathogen. HR induced by two H. parasitica isolates
avirulent on Arabidopsis appears to depend on SA since nahG, and SA
induction-deficient (sid) mutants block the HR in response to infection, although
growth of the hyphae was surrounded by a trailing necrosis indicating an
intermediate resistance (Delaney et al., 1994; Nawrath and Metraux, 1999). Similarly,
nahG delays the HR of tobacco in response to tobacco mosaic virus (Mur et al.,
1997). Clearer evidence pointing to a role of SA in PCD comes from the analysis of
Arabidopsis acd (accelerated cell death) and lsd (lesion-simulating disease) mutants
that spontaneously activate PCD and defence responses. In many of these mutants,
including acd6-1, acdll and 1sd6, nahG expression completely suppresses PCD
development, while this can be restored by exogenous application of SA analogs such
as INA and BTH (Weymann et al., 1995; Rate et al., 1999; Brodersen et al., 2002).
Therefore, SA appears to play a central role in many types of plant cell death. Thus,
LMDJ could positively regulate SA - levels in response to powdery mildew invasion.
To determine the accumulation level of SA in lmdl mutants will be an informative
experiment to do.
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An Arabidopsis S-nitrosoglutathione reductase (GSNOR) has been shown to control
the extent of cellular S-nitrosothiol (SNO) formation under basal conditions and
during attempted pathogen ingress (Feechan et al., 2005). Loss of AtGSNORJ
activity in atgsnorl-3 mutants led to significantly increased SNO levels, and the
mutant plants were compromised in disease resistance against numerous pathogens.
Furthermore, atgsnorl-3 plants also exhibited accelerated HR development and cell
death formation, but delayed ROS accumulation in response to the avirulent stains of
Pst DC3 000 (Yun et al., unpublished data). These suggest that SNOs are key
regulators of plant hypersensitive cell death. The formation and turnover of cellular
SNO may modulate cell death by inversely controlling the kinetics of NO and ROS
accumulation (Yun et al., unpublished data). It is possible to speculate that LMDJ
may actively regulate cellular SNO levels and lead to the formation of MMCD
following attempted powdery mildew infection.

Caspases are conserved cysteine proteases that regulate cell death in animals (Green
and Reed, 1998). Extensive studies have provided evidence that the caspase activities
are present in plants. For example, hypersensitive cell death in tobacco caused by a
bacterial pathogen of beans can be inhibited by specific inhibitors of caspases (del
Pozo and Lam, 1998), and that caused in cowpea by a rust fungus can be delayed by
a cysteine' protease inhibitor (D'Silva et al., 1998). Recently, vacuolar processing
enzyme (VPE) has been shown to be a protease that exhibits caspase- 1 activity and is
essential for virus-induced hypersensitive cell death (Hatsugai et al., 2004). It is
conceivable that LMDJ may function as a plant caspase to regulate MMCD in the
mesophyll cell layer.

Extensive studies on plant signalling molecules over the past decade indicate that
plant cell-to-cell communication makes use of small peptide signals and specific
receptors. To date, only a few peptide-ligand-receptor pairs have been identified in
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plants, which are involved in a variety of physiological processes, such as growth,
development and defence response (Ryan, 2000; Ryan et al., 2002). However, these
must be only part of the story, because plant genome sequencing has revealed many
genes predicted to encode small peptide ligands and receptor-like kinases, whose
functions remain to be uncovered (Shiu and Bleecker, 2001). Therefore, certain
ligand-receptor combinations might play a major role in LMDJ-asscociated MMCD
in Ler accessions. Because in response to attempted powdery mildew infection, cell
death on lmd] mutants is confined to the mesophyll cells right beneath the
challenged epidermal cell in comparison to the extensive spreading of MCD on
wild-type Ler plants, we may infer that a signal transduction event(s) required for
inducing MMCD is compromised by lmdl. Hence, LMDJ could encode a protein
that is involved in such a ligand-receptor interaction and which positively regulates
MMCD.

Although the lmdl edsi mutants lose the ability to mediate extensive MMCD upon
attempted pathogen infections, they were not altered in the level of disease resistance.
Similar to what is found on edsi mutants, fully developed bilateral haustoria and
secondary hyphae on the leaf surfaces were frequently observed on the lmdl edsi
mutants challenged by either Bgtl, Bgt2 or Bgh. These data implied that
LMDJ-regulated MMCD is not associated with disease resistance, which is in
agreement with the concept that hypersensitive cell death and defence responses can
involve different pathways (Jakobek and Lindgren, 1993; Yu et al., 1998). In fact, a
number of mutants were identified that developed spontaneous necrotic lesions in the
absence of any pathogen attack (Dietrich et al., 1994; Dangi et al., 1996). The
biological function of cell death during disease resistance is still not clear. In some
plant-pathogen interactions, activation of cell death is necessary for inhibiting or
delaying further spread of the pathogen, whereas in others cell death is either not
essential or not sufficient for disease resistance (Lam et al., 2001). Therefore, a
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requirement for cell death might rely on the particular plant-pathogen interaction.
Although disease resistance against the powdery mildew pathogens Bgtl, Bgt2 and
Bgh was not altered by lmdl, it would be interesting to investigate what kind of other
defence responses, if any, are compromised in lmdl mutants.
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Chapter Seven
Towards map-based cloning of SED and LMD1 genes
1. Principles of map-based cloning

In contrast to reverse genetic strategies which identify mutations based on a known
sequence, forward genetics seeks to clone the sequences underlying a specific mutant
phenotype. Map-based cloning (MBC), also known as positional cloning, is. an
indirect approach required for the identification of a gene affected by chemically- or
physically-induced mutations. MBC is used to identify the region containing the
gene of interest by looking for linkage between the mutated gene and genetic
markers whose physical location in the genome is known (Lukowitz et al., 2000).
Thus, the genetic interval containing a mutation will be successively narrowed down
by excluding all other parts of the genome that statistically show low-frequency
linkage.

MBC used to be a rather tedious and time-consuming approach. To date, three major
breakthroughs have made the rapid Jv[BC of a gene more feasible in a model species
such as Arabidopsis: firstly, the complete sequencing of the entire Columbia (Col-0)
Arabidopsis genome (The Arabidopsis Genome Initiative, 2000), secondly the wealth
of availability of randomly distributed genetic markers in the Cereon Arabidopsis
Polymorphism Collection (htlp://www.arabidopsis,ory cereon/), and finally, the
outstanding progress made in methods to detect DNA polymorphisms (Jander et al.,
2002):

The prominent advantage of MBC is that the process is initially easy and does not
require prior assumptions or knowledge of any sequence. By looking at all of the
genes simultaneously in the genome in order to discover the genes that affect the
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specific phenotype of interest, MBC could be applied to find mutations anywhere in
the genome including intergenic regions and those genes without inferred functions
(Jander et al., 2002). MBC is also an essential strategy for identifying the genetic
basis of quantitative trait loci (QTLs) underlying natural variation among
Arabidopsis accessions. Many QTLs have currently been successfully identified
using this method (Remington et al., 2001; Koomneefet al., 2004).

Several Arabidopsis accessions that are sufficiently divergent are used to design a
high density of molecular markers for mapping with fine resolution. Among these,
the most commonly used combination for mapping purposes is the recently
sequenced Col-0 and Ler accessions. Since George Redei initiated work with Col-0
and Ler in the 1950s, they have been the subjects of every aspect of Arabidopsis
research (Redei, 1992). Col-0 and Ler are also the parents of a widely used collection
of recombinant inbred lines (Lister and Dean, 1993). Hence, thousands of genetic
markers have been analyzed in these lines and the genetic map generated from that
work has become the standard.

The molecular markers most widely used in MBC are simple sequence length
polymorphisms (SSLP5), cleaved amplified polymorphic sequences (CAPS) and
derived CAPS (dCAPS) (Lukowitz et al., 2000). As illustrated in Fig. 7.1, SSLP
markers exploit the variability of short repetitive sequences between Col-0 and Ler
accession directly by PCR (Bell and Ecker, 1994). Usually the size difference
produced by short repetitive sequences is very small. Thus, SSLP primers are
typically designed to amplify short fragments and the PCR products are resolved on
high-percentage agarose gels (Fig. 7.1A). CAPS markers are used to amplify a
genomic sequence that contains a restriction site in one of the accessions, but not in
the other (Konieczny and Ausubel, 1993). PCR products require digestion with the
appropriate restriction enzyme before they are analyzed on the gel (Fig. 7.1B).
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dCAPS markers can be used to exploit almost all single nucleotide changes
(Michaels and Amasino, 1998; Neff et al., 1998). A mismatched PCR primer is
designed next to the polymorphic position in order to create an artificial restriction
site within one accession, but not the other. Differences can then be detected by using
similar methods to CAPS markers (Fig. 7.1C).
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Fig. 7.1 Molecular markers commonly used for mapping. (A) SSLP markers. A
primer pair (arrows) is used to amplify a fragment containing a short repetitive
element. Col-0 has an (AT) 2 0 repeat whereas Ler has an (AT) 15 repeat. Consequently,
the Col-0 product is 150 bp and the Ler product is 140 bp long. This size difference
can be visualized by agarose gel-electrophoresis (GE) with a standard (Std) as
comparison. If a plant is heterozygous for the marker (Het), both products are
amplified resulting in two bands. (B) CAPS markers. In the example the fragment is
600 bp long and the Col-0 fragment contains an EcoRI site, but the Ler fragment
does not. The PCR products are then digested with the respective enzyme (EcoRI)
and the products are analyzed on an agarose gel. Two bands (400 and 200 bp) are
seen in Col-0, whereas a single band (600 bp) is detected in Ler. A heterozygous
plant (Het) should give all three bands. (C) dCAPS markers. In the example the
mismatch is in the forward primer, where has a C instead of G eight nucleotides
away from the 3' end. Consequently, at this position the sequence of all PCR
products will change with respect to the genomic sequence. As a result the Ler PCR
product, but not the Col product, will contain a BslI site (CCNNNNNNNGG). The
following steps will therefore be the same as for analyzing the CAPS markers.
Adapted from Lukowitz et al. (2000).

To identify markers in specific genomic regions that are genetically linked, to a
mutation, the most effective way is by bulked segregant analysis (BSA), a method of
examining DNA pools of mutants rather than individual samples (Michelmore et al.,
1991). The linked markers could subsequently be easily identified with a reduced
number of PCR reactions required. 22 SSLP markers that span a distance of 10 to 40
% recombination over the entire Arabidopsis genome are widely used for BSA of
Ler x Col-0 populations (Fig. 7.2). As an improved approach to establish linkage
with a minimal number of PCR reactions, a high-throughput procedure has been
described which is particularly useful for large-scale projects (Ponce et al., 1999).
Using fluorescent labeled primers, 21 SSLP markers are co-amplified simultaneously
and the discrimination of amplified products is facilitated by using an automatic
sequencer to detect different fluorochromes.

After the identification of the flanking markers, a large mapping population will be
used to screen for recombination and used to resolve the regions containing the gene
of interest. The ultimate goal of fine mapping is to narrow down the genetic interval
to 40 kb (approximately equal to 0. 16 cM genetic distance in Arabidopsis) or less,
within which will be contained four to ten genes on average (Jander et al., 2002).
Consequently, complementation experiments can be applied to eventually pinpoint
the gene.
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Fig. 7.2 Schematic representation of the SSLP marker positions used in genetic
mapping. Centromeres are represented by open circles and nucleolar organizing
regions by shaded boxes. The length of each chromosome according to the
recombinant inbred map (in centimorgans, cM) is listed below the chromosome
(Lukowitz et al., 2000).

2. Towards map-based cloning of SED1

2.1 Constructing silenced edsi plants in a Col-O background

As an initial step in the mapping process, the mutant is required to out-cross with the
diverged accession to create a mapping population. Since the sedi mutation was
discovered in an edsl (Ler) background and sedledsi mutants exhibit disease
resistance against Bgtl similar to wild-type Ler plants, sedi edsi mutants should be
theoretically crossed with edsi (Col-0) plants that are susceptible to Bgtl in order to
generate the mapping population. There are two Enhanced Disease Susceptibility 1
encoding genes, EDSJ-like (At3g48080) and EDSJ (At3g48090), which are around
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400 bp apart in Chromosome III of Col-0 (Fig. 7.3). EDSJ-like and EDS] are
functionally redundant, because T-DNA knock-out plants in each single gene do not
show any disease susceptibility (Yun,, unpublished data). Therefore, we crossed two
T-DNA knock-out plants in order to isolate double mutants in the F 2 generation.
However, due to a low recombination frequency between EDSI -like and EDSJ genes
at such a close physical distance, we failed to identify double mutants among three
hundred F2 progenies.

T-DNA

T-DNA

ChrIlI
A13g48090

At3g48080

Fig. 7.3 Schematic map of EDS1-like and EDS1 genes on Chromosome HI and
T-DNA insertion sites of knock-out plants used.
As an alternative strategy, we decided to silence both EDSJ-like and EDS] genes in
Col-0 plants. RNA interference (RNAi)-mediated gene silencing is a conserved
mechanism that recognizs double-stranded RNA (dsRNA) as a signal to trigger
sequence-specific degradation of homologous endogenous mRNA (Thakur, 2003).
The phenomenon of RNAi was first discovered in transgenic plants, where it was
termed post transcriptional gene silencing (PTGS) (Que and Jorgensen, 1998). To
date, the use of RNAi as a method to alter gene expression has been applied in a
wide variety of organisms, using different methods and with varying degrees of
success (Hammond ci al., 2001).

Constitutive expression of intron-spliced self-complementary 'hairpin' RNA
(ihpRNA) constructs has recently been shown to induce PTGS with almost 100%
efficiency (Smith et al., 2000). We therefore adopted ihpRNA methods to perform
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silencing of EDSJ-like and EDS] in Col-O plants (Fig. 7.4). A 326 bp coding
sequence from EDS] that shared high (86.7%) sequence identity with EDSJ-like (Fig.
7.4A) was amplified and inserted into a pBluescriptll SK vector in an inverted-repeat
orientation, which was followed by the insertion of an intron of the Arabidopsis actin
gene 11 (At3g12110). The resulting vector was designated as pBSK-EDSJi (Fig.
7.4B). The ihpRNA construct of the pBSK-EDSJi vector was digested with
XhoJ/XbalI and subcloned into the pART7 vector, which contained a CaMV 355
promoter and an octopine synthase gene (OCS) terminator (Gleave, 1992). Finally,
the resulting pART7-EDSJ i vector which contained the whole silencing cassette was
integrated into the NotI site of the binary vector pGreenII0229 (consequently named
pGreenII0229-EDSJ i) for Agrobacterium -mediated plant transformation (dough and
Bent, 1998) and the transformants were selected for resistance to Basta.
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Fig. 7.4 Constructing EDSII vectors to silence EDSI-like and EDSJ genes in
Col-O. (A) Alignment of the amplified EDSJ gene with its homolog EDSJ-tike. (B)
Schematic diagram of silencing vector construction. int, iniron; MCS, multiple
cloning site; BAR, Basta selection marker, LacZ, 3-ga1actosidase gene; XhoI, Xbal,
Nod were the restriction enzymes used for vector cloning.
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2.2 Identification of Col-eds I RNA i plants

Considering that screening T 1 transgenic plants with Bgtl

is tedious and

time-consuming, the bacterial pathogen Pst DC3000 was therefore adopted for initial
silencing screening. In total, 26 transgenic plants were infiltrated with a low dose
(4x105 cflulml) of bacterial suspension, under which concentration wild-type Col-O
plants are resistant to Psi DC3000 but edsi mutants are not (data not shown).
Symptoms were recorded at 4dpi and all of these plants showed severe disease
symptoms on all three infected leaves. T 2 plants were first screened for a likely single
copy of the exogenous transgene by statistically showing a 3: 1 (resistant: susceptible)
segregation ratio for Basta. Furthermore, they were subsequently characterized with
respect to their disease resistance to the fungal pathogen Bgtl and the transcription
levels of EDS].

Around 4 pots of T 2 plants from each selected T 1 line that exhibited susceptibility to
Psi DC3 000 were dust-inoculated with Bgtl evenly onto the leaf surfaces and leaves
were stained for fungal growth at 7 dpi (Fig. 7.5). Almost all the transgenic plants
showed enhanced susceptibility to Bgtl compared with Col-0 plants.
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Col-U

edsi

sedledsl

-.

51-1

71-8

73-20

76-10

Fig. 7.5 Col-edsl RNA1 plants show increased disease susceptibility to Bgtl.
Leaves were stained with trypan blue solution at 7dpi and microscopic images were
taken under 40 times magnification. 51-1, 71-8, 73-20 and 76-10 represented
silenced plants from the 12 generation that exhibited extensive Bgzl growth. Scale
bars, 30 .un.

In order to detect the level of EDSJ transcripts, Col-ethl RNAi plants were infected
with BgtI and examined by RT-PCR using EDSI-specific primers. As shown in Fig.
7.6, there was a basal level expression of EDSI in wild-type Col-0 plants and this
level was significantly increased in response to Bgtl. In contrast, no transcripts could
be detected in edsi mutants pre or post-infection of Bgil due to the null mutation
(Parker et al., 1996). However, in comparison to edsi plants, ihpRNA in Col-ed1
RNAi plants did not completely knock-out the EDSI gene. The expression of EDSI
was maintained at a low level and was not induced by BgtI. Although there was a
detectable level of EDSI in these Col-ethi RNAi lines, it seemed that the decreased
induction of EDSJ was enough to compromise NHR against BgzI. We therefore
crossed this Col-ethl RNAi line with sedledsi mutants to generate a mapping
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population.
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EDSJ
Actin
Fig. 7.6 Transcription level of EDSJ in silenced plants following Bgtl infection.
Plants were dust-infected with Bgtl and leaf samples were harvested at time points.
The expression of actin was used to indicate equal loading.

3. Towards map-based cloning of SED2

Because the mutation in sed2 was a result of a genomic deletion caused by the loss of
a T-DNA insertion, MBC would be the preferred way to locate the position of SED2.
The morphological phenotypes of sed2 mutants were shown to co-segregate with
increased disease resistance to H. parasitica Noco2 (Tani, 2003). In the F 2 mapping
populations, those plants that had the sed2 phenotypes therefore should be selected
for mapping. Previous results suggested that the sed2 mutation was located on
chromosome I between the marker nga280 and F8A5 (Tani, 2003). In order to carry
on with this project and to further narrow down the interval, we tested a total of 379
F2 plants using these two markers and a third marker T8L23 (provided by a previous
student) which is roughly located in the middle of these two markers. The
preliminary mapping data are shown in Table 7.1. We realized that there were 54
samples which were heterozygous for all the markers used, which implied that there
were actually no recombination events within this region and that these samples
should therefore not be used to calculate the recombination frequency. Hence, those
samples were discarded. The actual recombination percentage and the numbers of
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recombinants are summarized in Table7.2.

Table 7.1 Mapping results using marker nga280,F8A5 and T81,23.
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C

I8cICCI8IcIClcI
* indicated the samples that were heterozygous for all three markers and were
discarded later.
• The genetic distance between markers and mutation were measured in centimorgan
(cM) and the physical distance in kb (kilobase)
The recombinants were shaded.

The recombination frequency was calculated as the number of chromosomes
containing the Col-O allele divided by the total chromosome scored. A recombination
frequency of 0.92%, 1.38% and 2.15% were found for the markers nga280, T8L23
and F8A5, respectively. Based on this three-point mapping strategy, the sed2
mutation should be located between markers nga280 and T8L23. Subsequently, we
designed a new marker F13N6 (84.4cM) flanked by the markers nga280 and T8L23
to perform PCR with the recombinants (Table 7.2). Surprisingly, the recombination
frequency obtained for marker F 1 3N6 was slightly higher than for each of the
flanking markers, which was totally contradictory to the expected results. If the
mutation is within the region between markers nga280 and T81,23, lower
recombination events are predicted using the marker F13N6 which should be
physically closer to the mutation. Thus, fine mapping of sed2 was halted at this step.
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Table7.2 Summarized recombination frequency and recombinants
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4. Towards map-based cloning of LMDJ

To initiate mapping projects, the Ws-1 Arabidopsis accession which enabled the
spreading of MCD upon Bgtl infection (data not shown), was selected to generate
mapping populations. The preliminary results showed that both lmdl edsi and lmdl
mutants could dramatically confine MCD to a limited area. Hence, it was not
necessary to remove edsi from the genetic background before out-crossing. As the
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pollen donor, lmdl edsi mutants were crossed with Ws-l. All the F 1 Ws-1 xlmdl
edsi plants had phenotypes of massive MCD after infection with Bgtl and genomic
DNA was isolated as a heterozygous control. F 2 seeds were collected from
self-pollination of the F 1 plants and individual DNA samples were extracted from
those plants that did not trigger extensive MCD by Bgtl. 55 F2 DNA samples were
pooled and examined using BSA with a collection of SSLP markers that evenly
spanned the entire genome (Fig. 7.7). The markers CIW1 1 and CIW4 showed a clear
bias toward the Ler-specific band in the mutant pool as compared to the
heterozygous control, which suggested that the mutation is located on chromosome
III (Fig. 7.8).
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Fig. 7.7 SSLP marker positions used for BSA of lmdl mutants.
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Fig. 7.8 Bulked segregant analysis of the lnzdl mutation. In each panel the
heterozygous control sample is presented on the left and the pooled F 2 mutant
samples on the right. The Ler specific bands for each marker were labeled with an
asterisk. The mutation is clearly linked with the CIW11 and CIW4 markers and
weakly linked with the ngaô marker, these are located at 43cM, 70cM and 86cM of
chromosome III respectively. The CIW3 and 0W5 markers did not work as only one
band was amplified from both DNA samples.

To further analyse the linkage between molecular markers and the lmdl mutation,
DNA samples from those 55 lines used for BSA were tested individually with the
CIWI1 and CIW4 markers. The recombination frequency was calculated as the
number of chromosomes containing the Ler allele divided by the total number of
chromosomes tested. The genetic distance between the markers and the mutation was
measured in centimorgan (cM). For all the chromosomes of Arabidopsis, 1cM
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distance is equal to 1% recombination frequency (Lukowitz et al., 2000).
Recombination frequencies of 33.64% and 14.55% were found between the mutation
and the markers CIW1 1 and CIW4, respectively (Table 7.3). Therefore, lmdl was
roughly mapped to Chromosome III and about 14.5cM away from the CIW4 marker.
Due to time limitations, we could not pursue the fine mapping.

Table7.3 Recombinants obtained from 55 F2 plants used for BSA test.
C1W11

CIW4

39

H

H

H

40

L

H

H

L

41

L

23

H

L

42

W

H

L

24

W

L

43

L

L

L

H

25

H

L

44

L

L

7.

L

L

26

L

L

45

L

H

8

L

L

27

W

H

46

H

L

9

W

L

28

H

L

47

H

L

10

L

H

29

L

H

48

W

H

11

L

L

30

H

H

49

L

L

12

H

L

31

L

L

50

W

L

13

L

L

32

H

H

51

L

L

14

H

L

33

H

L

52

L

L

15

L

L

34

W

•L

53

H

L

16

H

L

35

L

L

54

L

L

17

H

L

36

L

L

55

L

L

18.11

L

37

W

19

H

38

H

CIW11

CIW4

20

L

L

H

21

L

W

L

22

4

L

L

5

H

6

C1W11

CIW4

1

L

H

2

H

3

L

.

L
H

55 0
Ree% 33.64% =
,'

W, homozygous Ws-1; H, heterozygous; L, homezygous Ler; Rec%, recombination
percentage.
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5. Discussion

Three major advances in the past few years, the fully sequenced Arabidopsis genome,
the availability of molecular markers and improved methods for detecting DNA
polymorphisms, are giving MBC in Arabidopsis a decisive boost (Jander et al., 2002).
As a result, the amount of effort required for MBC of genes in Arabidopsis has
dropped dramatically and it has become possible to complete this project in a shorter
time. However, there are some complicated situations, including epigenetic
mutations, extreme low recombination in the vicinity of the centromere and DNA
rearrangements, which can make a given mutation difficult or impossible to map
(Lukowitz et al., 2000).

During genetic mapping of SED2 gene, we met certain difficulties in further
narrowing the interval. One possible reason may be that there were some samples
that were mistaken during selection of mutants. In this case, all the suspicious
samples should be tracked back and examined to find out if their phenotypes really
represented sed2 mutants or not. However, all the F2 progeny were grown in long
day conditions to get better resolution of phenotypes among the mapping populations.
In order to get enough biomass for DNA isolation, whole plants were collected for
the mapping procedure. Unfortunately, we could not reconfirm the DNA samples
used.

The occurrence of large chromosomal translocations in T-DNA transgenic lines,
which could result in DNA rearrangements and multiple loci not physically linked to
one another, may strongly hamper the molecular characterization of putatively
tagged mutations (Lukowitz et al., 2000). Previous results from long PCR and
Southern blot suggested that the mutation in sed2 could be a result of chromosomal
translocation caused by the T-DNA insertion during the generation of activation

130

tagged mutant pools. It is possible that such DNA rearrangements occurring in this
sed2 mutant line may generate breakpoints which allowed the reversal of sections of
DNA containing the maker F13N6. Instead of being located in the middle of the
markers nga280 and T81,23 as it was, the marker F13N6 was translocated to the
region that was further away from the mutation than the marker T8L23. Therefore, a
higher recombination frequency was found for F 1 3N6 compared to T8L23.

Since sed2 is a recessive mutation and has been mapped to a relatively small interval,
in this case molecular complementation may be an alternative strategy to narrow
down the distance. A series of overlapping fragments of wild-type DNA could be
transformed into sed2 mutants in order to determine which sequences are able to
restore sed2 mutants to a Col-0 phenotype. Although efforts have been devoted to
producing a genomic DNA library which is propagated in either bacteria or yeast
artificial chromosomes (BAC or YAC) (Shizuya et al., 1992) and could cover the
whole genome of Arabidopsis, most existing BAC libraries are not made in a binary
backbone and therefore are not suitable for plant transformation. Based on the BAC
library vector, a binary-BAC (BIBAC) vector was designed to be. used directly for
Agrobacterium-mediated plant transformation (Hamilton, 1997). Unfortunately, there
are no available BIBAC clones covering the region we are interested in. One
possibility to overcome this problem would be to adopt the method that enables a
one-step conversion of BACs into BIBACs (Takken et al., 2004). The converted
BIBAC has been proved to be transformed stably and efficiently into different fungal
species and this method is currently being applied for complementation analysis in
Arabidopsis.

sed2 was mapped to a 400 kb interval between markers nga280 and T81,23 on
chromosome I. There are some interesting genes with well acknowledged functions
in disease resistance located in this region, which could therefore be potential
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candidates for SED2. F-box proteins in Arabidopsis have been found to regulate a
diverse range of cellular functions, which include auxin responses (Ruegger et al.,
1998), floral development (Samach et al., 1999), leaf senescence (Woo et al., 2001),
and circadian rhythms (Nelson et al., 2000; Somers et al., 2000). The role of F-box
proteins in plant defence responses is also well documented (Xie et al., 1998; Kim
and Delaney, 2002a). The previously identified COIl gene was found to encode an
F-box protein and coil mutants exhibited increased susceptibility towards
necrotrophic pathogens (Thomma et al., 1998; Me et al., 1998). In yeast, F-box
proteins have been shown to play a role as specificity factors in the SCF (Skpl,
Cdc53/Cullin, F-box receptor) E3 ubiquitin-ligase complex that regulates the
accumulation of specific cellular proteins through their poly-ubiquitination and
proteolysis (Craig and Tyers, 1999). Yeast two-hybrid studies have demonstrated that
COIl is able to interact with AtASK1, the Arabidopsis homolog of the yeast SKP1
component of the SCF complex, supporting the involvement of
ubiquitination-dependent proteolysis as an essential regulatory mechanism in the
plant defence pathway (Devóto et al., 2002). There are two genes (At] g56400 and
Atlg5 7580) encoding putative F-box proteins that are located within the mapping
interval for sed2. Therefore, SED2 could be an F-box protein. The sed2 and sed2edsl
mutants exhibited constitutive expression of PR], indicating that SED2 acts as a
negative regulator of an SA-mediated defence pathway. Hence, a possible
mechanism for sed2-associated activation of defence response is that SED2 may
target for degradation a positive regulator in this signalling pathway.

Recently, several lines of genetic evidence have shed light on some aspects of
cellulose synthase function in disease resistance. The cevl (constitutive expression of
JVSPJ) mutant of Arabidopsis was isolated during a screen for constitutive activation
of the JA signalling pathway, and was subsequently found to exhibit enhanced
disease resistance to powdery mildews (Ellis and Turner, 2001). cevi lies within
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CESA3, one of the cellulose synthase genes in Arabidopsis that have been implicated
in primary wall synthesis (Scheible et al., 2001; Ellis et al., 2002). Because complete
loss of CESA3 activity is lethal, cevi is a weak allele and only slightly reduces
steady-state levels of CESA3 (Ellis et al., 2002). Presumably, partial loss of CESA3
activity leads to a decrease in the amount of cellulose in the cell walls and the
corresponding changes in cell wall structure are enough to trigger constitutive
expression of defence-related genes, conferring increased resistance against three
powdery mildew pathogens. Thus, another candidate gene for SED2 is At1g55850,
encoding a protein similar to cellulose synthase.

The first step in the mapping process is to generate a mapping population by
out-crossing mutants with different accessions. The sedi edsi mutants were isolated
from edsi modifier screening, which reduced the disease susceptibility of edsi to the
nonhost pathogen Bgtl. As the genome of the Col-0 accession has been fully
sequenced, it has become the most commonly used accession for mutant screening
and creating mapping populations. Typically sed2 edsi plants should be crossed with
edsi mutants in a Col-0 background, which also show susceptibility to Bgtl. In fact,
there are two homologues of EDS] located adjacent to each other in Col-0 and it was
extremely difficult to obtain double mutants by crossing two closely linked
individual T-DNA insertion mutant lines. Therefore, silencing these two functionally
redundant genes was undertaken.

We made a silencing construct containing a single self-complementary hairpin RNA,
in which the duplexed region of the EDSJ sequence shared high homology with the
EDSJ-like sequence. The presence of a spliceable intron in the hpRNA seems to
dramatically enhance the silencing efficiency, although the exact role of introns in
gene silencing remains to be elucidated (Smith et al., 2000; Wesley et al., 2001).
21-nucleotide (nt) dsRNA oligomers derived from the inducing dsRNA have been
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found to mediate RNAi in Drosophila (Zamore et al., 2000; Elbashir et al., 2001a). It
has also been- shown that 21-25 nt RNAs are associated with PTGS in plants
(Hamilton and Baulcombe, 1999; Waterhouse et al., 2001). Although silencing
appears to be most efficient when sequences of more than 300 bp are used to
generate ihpRNA constructs (Wang and Waterhouse, 2001), synthetic 21 nt dsRNA
duplexes have been successfully used to specifically suppress expression of target
genes in mammalian cell lines (Elbashir et al., 2001b). Moreover, nucleic acid
homology of 23 ntis reported to be sufficient to direct PTGS in plants (Thomas et al.,
2001). It could be speculated that the minimum region of homology between a
mRNA and the arms of an effective ihpRNA could also be 21-23 nt. Within the
region of EDSJ used to construct ihpRNA, there were four conserved regions that
had over 23 nt complete homology with the EDS] -like gene. Therefore, we presumed
that it might be effective enough to target silencing of EDS] -like and EDS]
simultaneously. Indeed, the Col-edsi RNAi plants showed enhanced susceptibility to
Bgtl and the induction of EDS] was much lower in Col-edsl RNAi plants than
Col-0.

It has been reported that there is a variation in the degree of silencing in ihpRNA
plants and most ihpRNA plants show dramatically reduced but still detectable levels
of target gene activity (Wesley et al., 2001). This is supported by our results; a
decreased level of EDSJ transcripts rather than complete silencing was detected in
Col-edsl RNAi lines. Nevertheless, the Col-edsl RNAi lines exhibited susceptibility
to Bgtl to a similar level as edsi mutants. To isolate a better transgenically silenced
line for future experiments, it may be necessary to screen a number of populations to
find the optimum degree of silencing in Col-edsl RNAi lines.

During the genetic screening for edsi suppressors against Bgtl, we discovered a
novel phenomenon termed MMCD. Typically MMCD was observed on edsi mutants
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as well as on the wild-type Ler plants following attempted Bgtl infection. MMCD is
a natural variation found on Ler and Ws-1 but not on Col-0. Since lmdl likely
resulted from a single weak recessive allelic mutation, genetic mapping was applied
in order to identify this gene. Although lmdl mutants were derived in an edsi
background, lmdl-restricted MCD was independent of EDS]. Thus, it was not
necessary to remove edsi before out-crossing with Ws-1 to generate mapping
populations. After locating the mutation on chromosome III by BSA, the next step
will be to determine the order of closely linked loci by analyzing three-point
mapping data (Lukowitz et al., 2000). Individual F2 plants should be examined with
markers that are flanked by CIW4 and CIW 11, respectively. However, the sequence
of Ws-1 is not available, which would make the MBC of LMDJ more arduous and
time-consuming. Thus, due to time constraints, we could not carry on with the fine
mapping of LMDJ. Despite the difficulties that can be expected when fine mapping
the LMD1 gene, it would be valuable to do this because of the prominent phenotype
and potential contributions to elucidating the underlying mechanisms of cell-cell
communication, of which there is little currently known in plants.
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Chapter Eight
General discussion

1. Arabidopsis Bgtl pathosystem is employed for genetic dissection of NHR

Nonhost disease resistance is a remaining challenge in the field of plant-microbe
interactions. It has been proved that NHR is a multigenic trait (Collins et al., 2003;
Yun et al., 2003; Lipka et al., 2005; Stein et at., 2006) and is therefore difficult for
genetic manipulation. A recent series of studies using the Arabidopsis-Bgh
pathosystem have made significant advances in our understanding of nonhost disease
resistance to this pathogen (Collins et al., 2003; Lipka et al., 2005; Stein et at., 2006).
In order to the decipher molecular and genetic mechanisms of nonhost disease
resistance, we set up a phytopathosystem of nonhost interaction using Arabidopsis
and the wheat powdery mildew Blumeria gram mis f. sp. tritici, a causal agent of
powdery mildew disease of wheat, which is a serious threat to worldwide wheat
production. As a nonhost scenario, Bgtl is unable to cause disease on wild-type
Arabidopsis plants. Surprisingly, the absence of EDS], which is involved in both
TIR-NBS-LRR signalling and basal disease resistance (Parker et al., 1996; Aarts et al.,
1998), conferred partial Bgtl susceptibility (Yun et al., 2003). To better understand
the molecular mechanism via which EDS1 regulates nonhost disease resistance
against Bgtl, a second-site modifier screen was carried out.

Our mutant screening strategy was similar to that utilized to uncover the dmr (downy
mildew resistant)

mutants (Van Damme

et al.,

2005). In this screen,

EMS-mutagenized plants were also generated in an edsi background and screened
for reduced susceptibility to the downy mildew pathogen H. parasitica isolate Cala2,
a host pathogen for Arabidopsis. Eight dmr mutants corresponding to six different
loci were isolated and characterized. However, none of these dmr mutants could be
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sed mutants. Although the sedi edsi mutants were not as susceptible towards H.
parasitica Cala2 as edsi mutants, they still supported higher levels of H. parasitica
Cala2 growth in comparison with wild-type Ler plants. In contrast, the dmr mutants
were identified for lack of H. parasitica Cala2 sporulation on the cotyledons and
primary leaves. Hence, sedi and dmr mutants are different classes of mutant.
Although sed2 edsi plants showed enhanced resistance against H. parasitica Cala2
toa similar level as dmr mutants, sed2 was mapped to chromosome I, but none of the
dmr loci are located on this chromosome, indicating that sed2 was not a dmr allele.

Here, we report the isolation and characterization of two novel classes of
edsl-suppressor mutant. The sed] edsi mutant showed Bgtl resistance in the
absence of activation of any well-known defence responses. This may reflect lack of
a compatibility factor utilized by pathogens during the early infection process. ,In
contrast, the resistance in sed2 edsi mutants may be mediated by activating an
edsl -independent defence pathway, because some hallmarks of defence responses,
such as micro-lesions, a high level of SA content, and the expression of defence
genes, are constitutively present.

2. SED1 may encode a compatibility factor required by powdery mildews and
partially required by downy mildew

The sedi edsi mutants exhibited enhanced disease resistance toward BgtJ as well as
that of two other nonhost pathogens, Bgt2 and Bgh, and partially enhanced resistance
toward downy mildew H. parasitica. However, sedi edsi mutants still maintained
disease susceptibility against other pathogens, including host and nonhost
Pseudomonas species, and even increased susceptibility against necrotrophic
pathogens. However, we have not tested sedi edsi mutants with an Arabidopsis
powdery mildew such as Erysiphe chichoracearum to test if this is strongly specific
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to nonhost powdery mildew pathogens. It would be a worthy experiment to
determine whether sedi also restores resistance toward E. chichoracearum in edsi
mutants. If this is the case, which step of infection could be compromised by sedi?
Are known defence respohses still inactivated? These data may provide evidence to
elucidate the mechanism of edsi suppression. Further characterization of the sedi
mutant will bring us more insights into the potential role of SED] in disease
resistance.

Protection in sedi edsi mutants is not correlated with activation of defence responses,
as measured by the expression of defence marker genes, callose deposition or the
accumulation of SA. This sets the sed] edsi mutant line apart from some known
suppressor mutants, in which the resistance is correlated with constitutive activation
of SA and/or JA/ET defence pathways (Shirano et al., 2002; Zhang et al., 2003). It is
possible to speculate that sedi affects a gene required to establish a compatible
interaction between edsi mutants and four pathogens. It has long been hypothesized
that successful pathogens depend, at least in part, on their ability to avoid or actively
suppress plant defence responses (Bushnell and Rowell, 1981; Heath, 1981). That is,
successful disease formation may rely on compatibility factors that facilitate
pathogens to induce susceptibility in an otherwise resistant or tolerant plant. Several
such compatibility factors have been identified because resistances in those mutants
are not associated with the constitutive expression of known defence genes
(Panstruga, 2003).

The successful cloning of PMR genes provides an indication to the possible roles of
those affected genes in facilitating E. chichoracearum growth during the infection
process. The efficiency of primary fungal penetration was unaffected but mycelial
growth was greatly reduced and sporulation abolished in all of the pmr mutants
(Vogel and Somerville, 2000). The pmr5 and pmr6 mutants employ similar
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mechanisms to limit fungal growth and these mechanisms are unrelated to defence
signalling pathways (Vogel et al., 2002; Vogel et al., 2004). Mutation in PMR6, a
pectate lyase-like gene, results in pectin accumulation in the extrahaustorial
membrane and formation of different hydrogen bond networks in cellulose (Vogel et
al., 2002). PMR5 belongs to a large family of plant-specific genes of unknown
function and the powdery mildew resistance in the pmr5 mutant is also correlated to
a similar alteration of cell wall composition (Vogel et al., 2004). However, currently
it is not known how the change in cell wall architecture in pmr5 and pmr6 mutants
translates into the post-haustorial growth cessation of E. chichoracearum. These
studies do provide new insights into the importance of cell wall composition in
plant-pathogen interactions. Although the sedi edsi mutants differ from pmr5 or
pmr6 mutants in that sedi edsi mutants specifically affect the process of cell wall
penetration at an earlier infection step and do not support significant hyphal growth
on the leaf surface, it will still be interesting to determine whether mutations in SED]
alter cell wall composition. Resistance in sedi edsi mutants may be the result of
alteration of cell wall composition, which may subsequently hamper nutrition uptake
or perturb the effective delivery of molecules by the pathogens that are required for
compatibility.

In barley, the presence of the MLO wild-type gene is essential for compatibility to all
known Bgh isolates. Loss of wild-type MLO protein in mlo mutant plants leads to
termination of fungal pathogenesis at an early stage of infection (Buschges et al.,
1997). Importantly, lack of Mlo does not result in constitutive expression of PR genes
in mlo plants (Jorgensen, 1992). MLO could be another candidate for a compatibility
factor. Barley Mlo encodes the prototype of a novel plant-specific family of plasma
membrane proteins that have seven transmembrane helices (Devoto et al., 1999).
Although mlo mediates strong resistance to all the Bgh isolates, mlo alleles have no
effect against a variety of other pathogens. Surprisingly, mlo mutants are more
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susceptible to the hemibiotrophic rice blast fungus and the necrotrophic fungus
Bipolaris sorokiniana (Jorgensen, 1977; Jarosch et al., 1999; Kumar et al., 2001).
These different responses observed on mlo mutants upon different pathogen
infections are reminiscent to that observed on sedi edsi mutants. This implies that
such compatibility factors may have dual functions in diverse plant-pathogen
interactions. That is, in responses to nonhost powdery mildews Bgtl, Bgt2 and Bgh,
and host downy mildew H. parasitica, SED] is required for the establishment of
compatibility. Conversely, in response to the necrotrophic pathogens, B. cinerea and
A. brassicicola, SED] is required to restrict pathogen infection.

It still remains a formal possibility, however, that the loss of SED1 function in edsi
mutants might trigger a novel and as yet unidentified defence pathway(s). It will be a
future challenge to design experiments that can discriminate between the potential
role of SED] in suppressing novel defence pathways or in serving as a compatibility
factor in pathway(s) required for biotrophy.

3. SED2 probably negatively regulates an EDS1-independent defence pathway

The sed2 mutant was initially isolated from a screen for mutants that exhibited
enhanced resistance to H. parasitica Noco2 (Tani, 2003). The sed2 mutant also
suppressed edsl-mediated susceptibility towards Bgtl. The sed2 edsi double mutants
were resistant to a series of host bacterial and oomycete pathogens. Thus, sed2 acts
as a suppressor of edsi, establishing resistance against host and nonhost pathogens.
Resistance in sed2 edsi mutants is associated with constitutive activation of
defence-related genes, increased accumulation of SA and spontaneous lesion
formation. This broad-spectrum disease resistance that occurred in sed2 edsi mutants
is likely due to the activation of an EDS] -independent defence pathway.
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No remains of the activation tagging vector were detected in sed2 mutants, implying
that the mutation could be a result of a deletion caused by the T-DNA. In this case, a
map-based cloning strategy was employed in order to locate the position of sed2.
This mutation was mapped to a 400 kb interval between markers nga280 and T8L23
on chromosome I. Further mapping of sed2 was difficult due to the potential
existence of chromosomal rearrangement within the mapping interval. Since sed2 is
recessive and has been mapped to a relatively small interval, molecular
complementation may be an alternative strategy to identify sed2.

There are some interesting genes with well acknowledged functions in disease
resistance located in this region, which could therefore be potential candidates for
SED2. F-box proteins in Arabidopsis have been found to regulate a diverse range of
cellular functions, which include auxin responses (Ruegger et al., 1998), floral
development (Samach et al., 1999), leaf senescence (Woo et al., 2001), and circadian
rhythms (Nelson et al., 2000; Somers et al., 2000). The role of F-box proteins in
plant defence responses is also well documented (Xie et al., 1998; Kim and Delaney,
2002a). The previously identified COIl gene was found to encode an F-box proteins
and coil mutants exhibited increased susceptibility towards necrotrophic pathogens
(Thomma et al., 1998; Me et al., 1998). There are two genes (Atlg56400 and
Atlg5 7580) encoding putative F-box proteins that are located within the mapping
interval for sed2. Therefore, SED2 could be an F-box protein. The sed2 and sed2
edsl mutants exhibited constitutive expression of PR], indicating that SED2 acts as a
negative regulator of an SA-mediated defence pathway. Hence, a possible
mechanism for sed2-associated activation of defence responses is that SED2 may
target for degradation a positive regulator in this signalling pathway.

Recently, several lines of genetic evidence have shed light on some aspects of
cellulose synthase function in disease resistance. The cevl (constitutive expression of
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ESP]) mutant of Arabidopsis was isolated during a screen for constitutive activation
of the JA signalling pathway, and was subsequently found to exhibit enhanced
disease resistance to powdery mildews (Ellis and Turner, 2001). cevi lies within
CESA3, one of the cellulose synthase genes in Arabidopsis that have been implicated
in primary wall synthesis (Scheible et al., 2001; Ellis et al., 2002). Because complete
loss of CESA3 activity is lethal, cevi is a weak allele and only slightly reduces
steady-state levels of CESA3 (Ellis et al., 2002). Presumably, partial loss of CESA3
activity leads to a decrease in the amount of cellulose in the cell walls and the
corresponding changes in cell wall structure are enough to trigger constitutive
expression of defence-related genes, conferring increased resistance against three
powdery mildew pathogens. Thus, another candidate gene for SED2 is At1g55850,
encoding a protein similar to cellulose synthase.

Parallel quantification of large numbers of messenger RNA transcripts using
microarray technology provides detailed insight into cellular processes involved in
the regulation of gene expression. This technique has been successfully employed to
study plant responses to various pathogens and to characterize disease resistant
mutants (Brodersen et al., 2002; Wan et al., 2002; Chini et al., 2004). Because SED2
exhibits enhanced resistance to H. parasitica, it is possible to speculate that SED2
would be strongly induced upon infection with this pathogen. Furthermore, sed2 has
been narrowed down to a 400 kb region on chromosome I. This region will provide
some interesting candidate genes for SED2, if we could screen certain databases
within this region and look for genes that exhibit significantly increased expression
in response to H. parasitica. Although there are several microarray databases for
analyzing Arabidopsis gene expression underlying some pathogen infections, it is
difficult to find any data for plants treated with H. parasitica.

4. LMD1 is required for MMCD on Ler specifically against powdery mildew
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invasion and LMD1-mediated MMCD is independent of NHR

During the genetic screening for edsi suppressors against Bgtl, we discovered a
novel phenomenon termed massive mesophyll cell death (MMCD), a natural
variation between two Arabidopsis accessions Col-O and Ler. The extensive spread
of MMCD was only observed on Ler accessions challenged with Bgtl but not on
Col-O accessions. In addition to Bgtl, MMCD could also be triggered by another two
nonhost powdery mildews, Bgt2 and Bgh, but not by avirulent Pst DC3000 carrying
either avrB or avrRps4, virulent Pst DC3000 or the necrotrophic pathogen B. cinerea.
Thus, MMCD on Ler accessions seems to be a specific phenomenon in response to
powdery mildew invasion.

Ler

(Landsberg

erecta)

originates

from

Landsberg,

Germany

(http ://seeds.norttingham.ac.uk ). The Landsberg erecta line was selected from the
population of Landsberg seed that had been irradiated. It carries a mutation in the
ERECTA

gene, which is a putative leucine-rich repeat receptor-like kinase

(LRR-RLK), conferring compact inflorescence, blunt fruit, and short petioles (Tori
et al., 1996; Lease et al., 2001). While working with these Landsberg seeds, George
Redei found out that the original Landsberg sample was not homogeneous but a
mixture of slightly different types. Col-0 was therefore selected by George Redei
from the nonirradiated Landsberg population as it was a particularly fertile and
vigorous plant that responded well to changes in photoperiod. Although both Ler and
Col-0 are from Landsberg seed pool and originate in the same geographical region, it
is conceivable that Ler and Col-0 are different accessions and the local environment
between Ler and Col-0 maybe extremely different. Indeed, numerous natural
variations between these two accessions have been well documented (Koomneef et
al., 2004). Hence, the differential phenotype of MMCD between Ler and Col-0 in
response to attempted powdery mildew infection may result from the different
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microenvironments, which may differ with respect to biotic or abiotic stress. Another
possibility accounting for the difference in regard to MMCD may be the influence of
erecta present in Ler accession but not Col-O accession. Due to the absence of
detailed characterization of MMCD, the reason why the MMCD triggered by
powdery mildew invasion is different between Ler and Col-O is still unclear.

The edsi mutant was derived from the Ler accession (Parker et al., 1996) and also
showed a MMCD phenotype following attempted powdery mildew infections. The
lmdl edsi mutant was isolated during an edsi suppressor screen and showed
significantly decreased MMCD reminiscent of that observed on Col-0 plants. Genetic
studies indicated that lmdl was either a single or two closely linked recessive
mutations, and mapped to chromosome III close to the molecular marker CIW4.
Because the absence of LMDJ severely compromises MMCD on Ler plants, LMD 1
could therefore act as a positive regulator of MMCD. It would be interesting to
investigate whether MMCD could be conferred to transgenic Col-0 plants
constitutively expressing LMDJ. Furthermore, over-expression of LMDJ in Ler
plants would indicate whether increased transcription of LMDJ could intensify
MMCD or even trigger MMCD independent of pathogen attack.

To date, there are several positive regulators of cell death, such as MAP kinase
kinase kinase (MAPKKKa), vacuolar processing enzyme (VPE) and a U-box protein,
that have been identified using different • model systems of plant-pathogen
interactions (del Pozo et al.,. 2004; Hatsugai et al., 2004; Yang et al., 2006). Although
all of them are required for activation of cell death during the HR, these regulators
are functionally diverse and may therefore mediate cell death via different signalling
pathways. LMD1-mediated MMCD seems to result from a complex process which
might involve multi-directional signal transduction. This is because induction of cell
death in the mesophyll cell layer must be triggered firstly by a signal that is
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transmitted from the infected epidermal cells and subsequently transferred to
neighbor cells in order to trigger extensive mesophyll cell death. In the absence of
detailed characterization of MMCD, it is a challenge to speculate about the exact role
of LMDJ in this process. Successful map-based cloning of LMD] may provide a
much better elucidation of: how LMDJ regulates MMCD specifically against
powdery mildew infections; what are the upstream or downstream components of
LMD] signalling; what are the potential signal molecules; and, how the signal is
transmitted through mesophyll cells.

Extensive studies on plant signalling molecules over the past decade indicate that, in
addition to classical small molecule plant hormones, plant cell-to-cell
communication makes use of small peptide signals and specific receptors. To date,
some peptide-ligand-receptor pairs have been identified, in plants involving in a'
variety of physiological processes (Ryan, 2000; Ryan et al., 2002). The Arabidopsis
CLAVATA (CLV)

loci promote the transition towards- differentiation of cells in the

shoot and floral meristems or restrict the proliferation of cells at the center of these
meristems (Clark et al., 1993, 1995). CLV] encodes a leucine-rich repeat receptor
protein kinase, a member of a large class of proteins found in plants, many of which
are involved in cell signalling (Clark et al., 1997). CLV3 encodes a 96-amino acid
predicted extracellular protein that is expressed in the stem cells of the shoot and
floral meristems (Fletcher et al., 1999). The CLV1 and CLV3 proteins form a
potential receptor and ligand pair that regulates the balance between cell proliferation
and differentiation at the shoot meristems of Arabidopsis (Trotochaud et al., 2000).
Therefore, certain ligand-receptor combinations might play a major role in
LMDJ-associated MMCD in the Ler accession. Because, in response to attempted
powdery mildew infection, cell death on lmd] mutants is confined to the mesophyll
cells right beneath the challenged epidermal cell in comparison to the extensive
spreading of MMCD on wild-type Ler plants, we may infer that a signal transduction
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event(s) required for inducing MMCD is compromised by lmdl. Hence, LMDJ could
encode a protein that is involved in such a ligand-receptor interaction and function in
cell-to-cell signalling.

Although LMDJ is essential to mediate extensive MMCD upon attempted pathogen
infection, the level of NHR was not affected by . lmd]. Similar to what is found on

edsi mutants, fully developed bilateral haustoria and secondary hyphae on the leaf
surfaces were frequently observed on lmdl edsi plants. Our results demonstrate that
LMDJ-regulated MMCD may not be associated with disease resistance, at least in
the context of N}IR against powdery mildew pathogens. This is consistent with the
concept that PCD and other defence responses may not always share a common
signalling pathway (Dietrich et al., 1994; Yu et al., 1998). Even though defective in
HR, the dndl mutant still maintains gene-for-gene disease resistance and basal
resistance against a broad range of pathogens (Yu et al., 1998). In contrast, numerous
mutants have been identified that can simulate HR in the absence of pathogen attacks
(Dietrich et al., 1994; Dangi et al., 1996). Hence, it would be interesting to
investigate what the biological function of MMCD triggered by powdery mildews is,
if indeed there is one, if it is not required for disease resistance.

Although LMDJ-mediated MMCD is not associated with plant immunity in response
to three nonhost fungal pathogens, we do not know whether LMDJ is involved in
disease resistance against other pathogens. It is well established that the presence of
certain sugars in the inoculum is essential for a successful B. cinerea infection
(Harper et al., 1981). Further observations indicated that B. cinerea produced sugar
oxidases, which could oxidize, for example, glucose into gluconic acid and release
H202 (Edlich et al., 1989). H202 can be converted to other ROS, such as 0 2 -- and Off,
which are highly toxic and capable of killing host cells prior to pathogen penetration.
Because lmdl edsi mutants exhibited enhanced sensitivity to sucrose stress, it is
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conceivable that a key step of sugar metabolism is affected by lmdl. The altered
level of sugar accumulation in lmdl eds] plants may lead to decreased resistance
against B. cinerea infection. It would therefore be interesting to challenge lmdl
plants with B. cinerea.

5. Conclusion

Here, we have applied a genetic strategy to dissect nonhost resistance in Arabidopsis
against Bgtl. By establishing a nonhost interaction model system using Arabidopsis
eds] mutants.and Bgt], we successfully isolated and characterized two classes of sed
mutants that enhanced NIHR in edsi plants via different pathways. Since N}{R has an
advantage of durable disease resistance, it is possible that identification and
charcterisation of these sed genes will provide unanticipated tools for engineered
long-lasting disease resistance in crops. If there are orthologs of SED] in crop
species, it is possible that SED1 function will be utilized by powdery mildews for the
establishment of compatible interaction. Removal of such a compatibility factor from
crop plants may therefore protect crops from infection by these powdery mildew
pathogens. Because SED2 is likely to be a negative regulator of EDSJ-independent
defence pathway, loss of SED2 in crop species will lead to the constitutive
expression of SA-dependent genes conveying broad-spectrum disease resistance.
However, constitutive activation of defence responses may cause a potential
reduction in yield. An in-depth study of the mechanisms of NHR in these two sed
mutants may bring us a much better view of the dynamics of plant defence responses
and of the potential to genetically engineer crop plants towards durable resistance.
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