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Abstract
Kaliff, M. 2007. Genes, Hormones and Signalling Pathways Implicated in Plant Defence to
Leptosphaeria maculans. Doctor’s dissertation.
ISSN: 1652-6880, ISBN: 978-91-85913-18-3
Leptosphaeria maculans (anamorph: Phoma lingam) is a hemibiotrophic
loculoascomycetous fungus which causes blackleg, a serious disease of Brassica oilseed
crops. In order to examine the genetics of resistance to this disease and important signalling
pathways, extensive studies on L. maculans interactions with Arabidopsis were carried out.
Two resistance loci, RLM1Col and RLM2Ler, have been identified due to transgressive
segregation in F2 progenies from the resistant accessions Col-0 and Ler-0. RLM1Col encodes
a TIR-NB-LRR resistance gene and confers specific resistance towards L. maculans, while
a third R-gene RLM3 confers resistance to L. maculans, Alternaria brassicae, A.
brassicicola and Botrytis cinerea. RLM1 is furthermore independent from signalling
components, such as SGT1, previously associated to all TIR-NB-LRR resistance genes. In
addition to these susceptible genotypes, EMS mutants (lms1 to lms11) susceptible to the
pathogen have been assessed in order to facilitate identification of the mechanisms required
for resistance. The lms5 mutant has been shown to be specifically susceptible to L.
maculans and have altered auxin signalling. During a mapping approach lms5 was found to
most likely code for an F-box protein indicating involvement in protein turnover via the
ubiquitine proteasome. This result together with mutants involved in protein degradation
complexes indicates the importance of protein stability. In contrast to the other pathogens,
the defence responses against L. maculans are independent of the phytohormones salicylic
acid (SA), jasmonic acid (JA) and ethylene (ET), while abscisic acid (ABA) and auxin, and
the phytoalexin camalexin play more crucial roles. Resistance to L. maculans can
furthermore be primed by ABA and β-aminobutyric acid (BABA) treatments. This priming
results in increased callose deposition in a resistance gene-dependent manner. The callose
deposition is furthermore regulated by PR2. Moreover comparative studies with B. napus
have been undertaken, confirming that the Arabidopsis-L. maculans pathosystem can be
used as a model for the B. napus - L. maculans interaction. Taken together, this work
contributes to increase our knowledge about the Arabidopsis – L. maculans pathosystem.
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Introduction
Plants are sessile organisms that need to adjust to their environment in order to
survive. An ordinary plant in the wild is constantly challenged with different
stresses. These stresses are either abiotic in the form of climate challenges
(drought, wind or temperature) or biotic in the form of insect-pests and microorganisms that may cause disease.
Each year more than 10% of global food production is lost due to diseases,
making plant pathogens important for the world economy (Strange and Scott,
2005). Of all the plant pathogens, fungi probably cause the most damage (Maor
and Shirasu, 2005). The increase of plant diseases is partly a result of the
globalisation of crop production. For example, the introduction of a new crop
species in a geographical area might introduce new diseases for that specific
location. These new diseases could attack the old crops already grown in the
primary area and thereby become a new threat to food production. In plant
breeding one of the most difficult aspects is to produce crops that are pathogen
resistant over a long time period. This task is a huge challenge since the pathogen
populations change over space and time, and thus are difficult to control (Kover
and Cacedo, 2001; McDonald and Linde, 2002; Strange and Scott, 2005). There
are different theories for how to produce durable resistant cultivars, for example
cultivars with more than one resistance gene (pyramiding), or multi-line varieties.
Introducing resistance genes is time consuming using traditional breeding
strategies, but the use of molecular methods, not least molecular markers linked to
a desirable trait, can considerably facilitate and speed up the selection phase.
Unfortunately the use of genetic modified crops (GMO) is prohibited or restricted
by law in many countries restricting the use of these strategies (Strange and Scott,
2005).
This thesis has a focus on defence response studies in Arabidopsis against
Leptosphaeria maculans, the causal agent of blackleg and stem canker on Brassica
crops. In the following sections a brief summary of the current understanding of
plant defence mechanisms with a slight focus towards components of importance
to L. maculans will be presented.

Arabidopsis thaliana
Arabidopsis thaliana (hereafter Arabidopsis) is a dicotyledonous weed colonizing
most parts of the world (Figure 1). It belongs to the crucifer family (Brassicaceae)
and is closely related to Brassica species (Cavell et al., 1998; Alonso-Blanco and
Koornneef, 2000). With a small size, high level of selfing and short lifecycle of six
weeks Arabidopsis is easy to work with under laboratory conditions (Meinke et
al., 1998; Alonso-Blanco and Koornneef, 2000). Another advantage with this
model plant is all the natural variation present among different ecotypes (AlonsoBlanco and Koornneef, 2000; Koornneef et al., 2004; Holub, 2007; Shindo et al.,
2007). An ecotype is an inbred germplasm collected at a certain location on a
certain time, giving a germplasm adapted to a specific environment (Alonso11

Blanco and Koornneef, 2000). Today the term ecotype has been replaced by the
term accession. Friedrich Laibach and co-workers started the collection work
(Laibach, 1943) and the number of accessions has been increasing ever since. The
most commonly used accessions in molecular genetic studies are Columbia (Col0), Landsberg erecta (Ler-0) and Wassilewskija (Ws-0).

Figure 1. The natural distribution (grey areas) of Arabidopsis (modified after AlonsoBlanco and Koornneef, 2000).

The first work where Arabidopsis was used was conducted within Friedrich
Laibach’s PhD project, published in 1907, where he determined the number of
chromosome pairs to 5 (reviewed by Somerville and Koornneef, 2002). However,
it was not until the 1950s that other researchers started to work more frequently
with Arabidopsis, and it was as late as during the 1980s that Arabidopsis became
accepted as a model organism by the entire plant research community. From the
first work in 1907, knowledge about Arabidopsis has increased dramatically. One
important hallmark was the presentation of the genome sequence (AGI, 2000;
Wortman et al., 2003; Rensink and Buell, 2004). This made Arabidopsis the first
plant with a completely sequenced genome, followed by rice in 2002 (Goff et al.,
2002; Yu et al., 2002). The sequencing of Arabidopsis (Col) revealed a genome
size of 119 Mb comprising approximately 27,000 genes (Table 1). 70% of the
genome is estimated to be duplicated by two major duplication events (AGI, 2000;
Blanc et al., 2000, 2003; Vision et al., 2000; Ziolkowski et al., 2003). The next
major goal is to understand the functions of all proteins by 2010 (Somerville and
Koornneef, 2002).
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Table 1. Arabidopsis genome statistics.
No. of protein-coding genes
Gene density (kb gene-1)
Average gene length (bp)
No. genes involved in plant defence

27, 384
4.4
2, 195
2, 055

In addition to, all the above mentioned advantages Arabidopsis is easily
transformed (Bechtold et al., 1993; Desfeux et al., 2000), there is vast marker
information, defined mutants can be ordered from stock centres, T-DNA insertion
mutants are available in nearly all genes (Jander et al., 2002) and extensive gene
expression data is assessable via softwares like Genevestigator (Zimmermann et
al., 2004). The powerful Arabidopsis genetic system has been widely exploited to
both identify resistance genes and genes taking part in defence signal transduction
pathways and their regulation. All these topics have been extensively reviewed
(Kunkel, 1996; Glazebrook, 2001; Holub, 2001; Hammond-Kosack and Parker,
2003). New advancements in the understanding of plant defence mechanisms do
also include epigenetics (Stokes et al., 2002) and the impact of small non-coding
RNAs (Katiyar-Agarwal et al., 2006).

Brassica species
Comparative genomic studies have shown that the tribe Brassiceae is the
descendant of a common hexaploid ancestor with a genome similar to Arabidopsis
(Figure 2). The three basic genomes of this ancestor diverged from each other
shortly after divergence of the Arabidopsis and Brassica lineages ~20 million
years ago (mya) (Yang et al., 1999). The rather recent split between the
Arabidopsis and Brassica lineages provides extraordinary potential for genetic
exploitations due to common genes and high (87%) sequence identity (Cavell et
al., 1998). Further, phylogenetic analysis groups the Brassica species into the
nigra and rapa/oleracea lineages, which diverged 8-10 mya (Warwich and Black,
1991; Lysak et al., 2005). Since then a range of rearrangements in the genomes
have occurred (Sillito et al., 2000; Rana et al., 2004; Town et al., 2006; Schranz et
al., 2007), leading to polyploidy, which has been important during evolution
(Bancroft, 2001; Parkin et al., 2005).
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Figure 2. The Brassica genome evolution (modified after Rana et al., 2004; Koch et al.,
2000).

There are today three diploid Brassica species with the genomes denoted AA
corresponding to B. rapa, BB = B. nigra and CC =B. oleracea. These species are
the sources to new amphidiploid species containing different genome
combinations (Figure 3). The relationship between these species was established
by cytological studies in the 1930’s (U, 1935). Genome sequence initiatives are
today ongoing on B. rapa and B. oleracea genomes (Yang et al., 2006;
http://brassica.bbsrc.ac.uk).
The genus Brassica comprises a large variety of important horticultural and
agricultural crops. For example, several of our important cole crops like white
cabbage, broccoli, and cauliflower all belonging to the B. oleracea species
complex (Snogerup et al., 1990), and B. napus and B. rapa are important oil
producing crops. B. napus includes two different subspecies, swede (B. napus
subspecies brassica) and oilseed rape (B. napus subspecies oleifera) which is the
most predominant form. Brassica crops have been cultivated at least since 1500
BC, according to notions in the Sanskrit literature, and B. napus was first
cultivated in southern Europe (Doweny and Röbbelen, 1989). Today crops from
the Brassica genus are cultivated all over the world. In Sweden, the main Brassica
crop is B. napus of canola quality (low erucic acid and glucosinolate content)
present as spring or winter types. In 2006, 48,300 ha were used for winter oilseed
rape compared to 35,400 ha of the spring type in Sweden (Svensk Raps AB,
2007). Both the spring and winter types of B. rapa (turnip rape) are also grown in
Sweden but to a lesser extent than oilseed rape. Oil from these two Brassica
species is used as cocking oil, lubricant, chemical products and biofuel while the
residues can be used as a protein rich oil seed cakes for animal feed (Bell, 1995;
Körbitz, 1995; Sonntag, 1995).
14

Figure 3. Genomic relationships among the Brassica species as suggested by U (1935).

In defence breeding, the diploid genomes valuable genetic resources are
particularly important, carrying different traits which can be transferred and
combined through various breeding strategies to a chosen recipient genotype. One
nice example is the recent transfer of L. maculans resistance from a French forage
B. rapa variety to resynthesized B. napus (Leflon et al., 2007). With increasing
acreages of Brassica crops, not least as a result of the growing demand for biofuel,
results in higher risks of disease problems. Today, different fungi constitute the
main pathogens on Brassica oil crops (Table 2). Most of these fungi can also infect
Arabidopsis.
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Plant pathogens
The definition of plant pathogens varies depending on source. Generally,
organisms that cause infectious plant diseases are defined as pathogens and that
includes fungi, ooomycetes, bacteria, viruses, protozoa, and nematodes.
Exceptions are insect pests, mites and vertebrates that cause damage to plants.
Pathogens can also be divided into three different categories, based on their
lifestyle (Agrios, 1997). There are biotrophs which require living host tissue in
order to survive and reproduce. It is therefore important for biotrophs to avoid
killing their host. The host on the other side can respond by a hypersensitive
response (HR) reaction to fend off the pathogen by nutrient deficiency. If the
pathogen is an obligate biotroph it cannot be cultured on synthetic media plates in
a laboratory environment. The opposite of the biotrophs are the necrotrophs which
16

live on dead material. These pathogens use toxins and other compounds to kill the
host tissue. In this case the plant cannot defend itself by HR, since such a response
only promotes fungal growth. Instead, the plant has to use other defence
mechanisms. The necrotrophic fungi can usually grow on media plates without
any problem. The last category is a mix of the two other since a hemibiotroph
organism can live both as a biotroph as well as a necrotroph. Usually
hemibiotrophs infect the plant as a biotroph and switch over to a necrotropic
lifestyle at a later stage during the infection. These pathogens are generally easy to
handle but might need to be boosted by some living plant material once in a while.

Plant defence and defence mechanisms
It is estimated that the fungal kingdom harbours 1.5 million species, of which only
a small fraction of 75,000-100,000 species have been identified (Hawksworth,
2001). Approximately 10,000 fungal species are considered to be plant pathogenic
(Agrios, 1997). Nevertheless, it is rather rare to observe diseased plants in nature.
The explanation is that plants, just like animals, have defence systems that help
them to recognise foreign invaders (Figure 4).

Figure 4. Steps in the defence of a plant that
need to be overcome by the pathogen in order
to cause disease. For more detailed information,
see Thordal-Christensen (2003).

Multiple defence systems are known to protect plants from pathogens. The best
studied are; resistance-gene mediated resistance, basal defence, non-host
resistance, systemic acquired resistance (SAR) and various induced resistance.
The literature on these topics is vast. In the following section, some hallmarks and
recent discoveries will be described.
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Pathogen effectors
The recognition in a plant that an invader is present is based on secretion of
pathogen effectors. The term effector now includes all earlier used terms or factors
such as avirulence, virulence, elicitor, toxin etc (Kamoun, 2007). A neutral term is
useful since several effectors can have dual and conflicting functions depending
on the circumstances (Espinosa and Alfano, 2004).
Some effectors are macro-molecules like carbohydrates, glycoproteins or lipids
and originate from the pathogen itself or from the plant cells as a result of the
attack (Blein et al., 2002; Chisholm et al., 2006; Garcia-Brugger et al., 2006).
Whereas other effectors consist of peptides or proteins secreted by the pathogens
(Chisholm et al., 2006; Eulgem and Somssich, 2007). One of the most well
studied effectors in plant immunity is flagellin, a peptide deriving from the
flagellum of Pseudomonas syringae (Felix et al., 1999). The discovery of
recognition of bacterial flagellin by a receptor-like kinase (RLK) transmembrane
receptor in plants generated a new view of plant innate immunity that in parts are
very similar to animal immune systems (Gómez-Gómes and Boller, 2002;
Ausubel, 2005).
Non-self molecules like flagellin are an example of a pathogen-associated
molecular pattern (PAMP), which are specific effectors. Since these molecular
patterns also exist in neutral and non-pathogenic microbes, the term microbeassociated molecular pattern (MAMP) is more accurate in a general context. A
range of terms is used to describe these recognition events, for comprehensive
terminology, see Mackey and McFall (2006) and Bittel and Robatzek (2007).
PAMPs are recognised by cell-surface receptors in the plant, the RLKs, generally
denoted pattern recognition receptors (PRRs), resulting in PAMP-triggered
immunity (PTI), recently reviewed by Chisholm et al. (2006) and Jones and Dangl
(2006).

Plant resistance genes
The specific plant defence system is governed by resistance (R) genes encoding
proteins that recognise avirulence (Avr) proteins secreted by the pathogen. Each
R-gene recognises only a few Avr-proteins (Jones and Jones, 1996; Dangl and
Jones, 2001; Nimchuk et al., 2003; McHale et al., 2006). The theory of the genefor-gene relationship was established by Flor 1942 and was based on interaction
studies between flax and Melampsora lini, reviewed by Flor (1971). This tight
interaction between pairs of genes mimics the antibody-antigen relationship in the
animal systems and is named the ligand-receptor concept (Gabriel and Rolfe,
1990). A direct R-Avr interaction has been demonstrated in very few cases (Jia et
al., 2000; Deslandes et al., 2003; Dodds et al., 2006; Ellis et al., 2007).
Concurrently with accumulating data on resistance and avirulence genes the guard
hypothesis was proposed (van der Biezen and Jones 1998). This theory suggested
an indirect recognition between the pathogen effectors and the R-protein. In other
words, the R-protein detects the virulence-promoting activity of altered hosttargets, rather than the Avr-protein itself (see reviews by Van der Hoorn et al.,
2002; Innes, 2004). The Arabidopsis R-genes RPM1 and RPS2 are nice examples
for this model. Both of these R-genes respond to P. syringae effectors that are
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exported to the interior of cells by the bacterial Type III secretion system (TTSS).
These effectors do not bind to RPM1 and RPS2, rather they target a novel,
membrane associated protein called RIN4 (gardee) that physically co-localizes
with RPM1 and RPS2 (Mackey et al., 2002; Mackey et al., 2003; Axtell and
Staskawicz, 2003; Kim et al., 2005). Other examples of the guard hypothesis are
the Arabidopsis RPS5 protein (Shao et al., 2003) and the tomato Cf-2 protein
(Krüger et al., 2002; Rooney et al., 2005).
During the 1990s, a significant breakthrough was made for our present
understanding of plant defence mechanisms. The identification of a range of plant
resistance genes (Hammond-Kosack and Jones, 1996, 1997; Ellis et al., 2000;
Belkhadir et al., 2004; Martin et al., 2005), in combination with our increasing
genome data, has led to our gaining insight into the distribution and evolutionary
aspects of these genes (Holub, 2001; Meyers et al., 2003, 2005a, 2005b;
McDowell, 2004; Tiffin and Moeller, 2006; Staal and Dixelius, 2007).
Collectively, the plant resistance genes can be divided into different classes based
on their encoding protein motifs (Figure 5). The largest class of R-proteins
includes those that contain a nucleotide binding site (NBS) and leucine-rich-repeat
(LRR) domains. In Arabidopsis, the NB-LRR class comprises 149 genes divided
into different groups. These groups consists of 92 genes which include a
Toll/interleukin-1 receptor domain, i.e. TIR-NB-LRR encoding proteins, 51 genes
that encode coiled-coil-NB-LRR (CC-NB-LRR) proteins, 6 where the N-terminal
is lost and 58 genes lacking the LRR domain (Dangl and Jones, 2001; Meyers et
al., 2002; Nimchuk et al., 2003; McHale et al., 2006). Interestingly, the large TIRNB-LRR class has not been found in any monocotyledonous plant species yet.
One important notion is that R-proteins can both reside completely intracellular,
but also have plasma membrane spanning regions and expose domains outside the
cell wall. Pathogen effectors can target these genes directly or indirectly
independent of cellular location.

Figure 5. Different classes of known disease resistance proteins. The R-proteins can be
membrane bound as well as cytosolic localised. For a more detailed explanation of the
different R-gene classes, see Hammond-Kosack and Parker (2003).
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Taken together, today we can visualise two distinct routes in the immune system.
Either the presence of the slowly evolving PAMPs, like flagellin that interact with
transmembrane pattern recognition receptors (PRRs), or interactions with NBLRR proteins that largely take place inside the cell. The outcome, for the PAMPtriggered immunity, effector-triggered susceptibility and effector-triggered
immunity, which together influence the levels of effective resistance over time,
has been coined the zigzag model (Figure 6).

Figure 6. The Zigzag model of the quantitative output of the plant immune system. For
more detailed information see Jones and Dangl, 2006. (Printed with permission from J.
Jones).

The downstream events particularly triggered by PAMPs comprise MAP kinase
signalling followed by activation of transcription factors particularly WRKYs
(Eulgem and Somssich, 2007). WRKYs are also important in specific systems. In
barley, WRKY proteins repress PAMP-triggered defence and in the presence of
MLA (powdery mildew resistance locus), this R-protein interferes with the
WRKY repressor function, suggesting a link between pattern recognition receptors
and R-protein triggered immunity (Shen et al., 2007). Further discussions on these
topics can be found in Bent and Mackey (2007).

Downstream events and induced resistance
Recognition of a pathogen results in a rapid activation of a range of cellular
defence responses. R-gene-mediated resistance is often accompanied by an
oxidative burst via rapid production of reactive oxygen species (ROS). ROS
together with nitric oxide (NO) contributes to the defence by exhibiting
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antimicrobal effects and by effecting cell walls by cross-linking and cellular
protector genes (reviewed in Lamb and Dixon, 1997; Wendehenne et al., 2004).
Another result of the NADPH-dependent oxidative burst is the special form of
programmed cell death (PCD) that leads to HR. A hypersensitive response is
common against avirulent pathogens in hosts with matching resistance genes and
results in cell death at the site of infection to control the pathogen growth. ROS
has also been shown to play a crucial role as a convergence regulator between
biotic and abiotic stress responses (reviewed in Fujita et al., 2006).
ROS production initiates salicylic acid (SA) dependent signalling, leading to
pathogenesis related (PR) proteins and systemic acquired resistance (SAR)
induction (Ryals et al., 1996; Lamb and Dixon, 1997; Feys and Parker, 2000;
Nimchuk et al., 2003; Grant and Lamb, 2006). SAR can also be activated without
previous ROS production. SAR induces alertness in the whole plant against
attacks. This preparedness (priming) remains in the plant for up to a week.
Induced systemic resistance (ISR) is another system that can be activated in a plant
(van Loon et al., 1998; Pieterse et al., 2002; Ton and Mauch-Mani, 2004; Grant
and Lamb, 2006). ISR functions similarly to SAR but is less broad spectrum and
independent of PR proteins and is induced by jasmonic acid (JA) and ethylene
(ET) dependent signalling. Both SAR and ISR are well studied and there are
excellent reviews that describe both systems (Ryals et al., 1996; van Loon et al.,
1998; Durrant and Dong, 2004; Conrath, 2006; Grant and Lamb, 2006). Several
recent studies report different compounds that can prime plants and thereby
prepare them to defend against pathogen attacks. The priming process corresponds
to ISR but it is not dependent on JA or ET (Ton and Mauch-Mani, 2004; Ton et
al., 2005; Conrath et al., 2006; Beckers and Conrath, 2007). All of these three
defence systems subsequently induce callose deposition, lignin content, proteases
and PR proteins.
Two compounds known to prime for resistance are β-amino butyric acid
(BABA) and abscisic acid (Ton and Mauch-Mani, 2004; Ton et al., 2005; Conrath
et al., 2006; II). This specific priming leads to induced resistance that is SA
dependent or independent depending on the pathogen system, but it has hitherto
been shown to be camalexin independent (Ton and Mauch-Mani, 2004). BABAinduced resistance (BABA-IR) is also effective against abiotic stresses, such as
drought and salinity (Cohen, 2002). A general role in primed plants is that defence
systems are not activated before the plant encounter stress, instead the plant is in
an alerted state which makes it possible to respond to the stress stimuli faster
(Sticher et al., 1997; Mauch-Mani and Métraux, 1998, Pieterse et al., 1998;
Zimmerli et al., 2000; Ton et al., 2002).
Taken together, the molecular mechanisms underlying activation of plant
defence responses are exceedingly complex. With steadily increasing data, not
least those originating from microarray analyses, showing extensive cross-talk
between earlier denoted abiotic and biotic pathways (Schenk et al., 2000;
Nemhauser et al., 2006). The most well-studied defence interactions derive from
hormones such as ethylene (ET), jasmonic acid (JA) and salicylic acid (SA). But
over recent years it has been established that abscisic acid (ABA), auxin and lately
gibberellic acid (GA), that earlier had been restricted to basal plant physiological
processes, also are important when plants are exposed to stress, makings the
signalling web even more complex.
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Hormones
A plant hormone is generally described as a signalling molecule produced at a
specific location. They occur in very low concentrations, and cause altered
processes in target cells at other locations. Phytophormones or plant growth
regulators are other names used in the literature.
During the past decade, much progress has been made towards understanding
the mechanisms underlying plant hormone reception, activity, biosynthesis and
signalling events. Plant hormones have been extensively studied since the mid 19th
century and will not be reviewed in detail in this thesis. The following sections
will instead highlight links between hormones and plant defence to pathogens.
The involvement in defence interactions by hormones is often divided into
responses against necrotrophic or biotrophic pathogens (Flors et al., 2005;
Glazebrook, 2005). To divide the defence response into these two categories is
oversimplified, since exceptions to these groups start to emerge. However, it
facilitates the picture of the different signal transduction events. The hormonemediated signalling is exceedingly complex and can work both in synergistic or
antagonistic manners (Dong, 1998; Fey and Parker, 2000; Kunkel and Brooks,
2002; Andersson et al., 2004). It is also known that many pathogens can produce
plant hormones themselves and thereby alter the host responses (Dörffling et al.,
1984; Crocoll et al., 1991; Murphy et al., 1997; Maor et al., 2004).

Salicylic acid
Salicylic acid is a ubiquitous hormone significant for plant growth and
development as well as plant defence against biotrophic pathogens (Gaffney et al.,
1993; Delaney et al., 1995; Hayat and Ahmad, 2007). Salicylic acid is
biosynthesized from the amino acid phenylalanine and is a phenolic compound
(reviewed in Hayat and Ahmad, 2007). SA has two functional analogues, 2,6dichloroisonicotinic acid (INA) and benzothiadiazole (BHT) that are commonly
used in various bioassays (Métraux et al., 1991; Görlach et al., 1996). Salicylic
acid can be inactivated in transgenic nahG plants by the bacterial enzyme salicylic
hydroxylase (nahG) that converts SA to catechol (Gaffney et al., 1993). However,
caution should be taken since side effects, such as inappropriate production of
H2O2 can occur in nahG plants and mutants in the SA biosynthetic pathway like
sid2 should if possible be used (van Wees and Glazebrook, 2003).
There is no known receptor identified for SA yet, but there are two important
genes, non-expressor of PR genes 1 (NPR1) and enhanced disease susceptibility 1
(EDS1) that define the downstream response (Cao et al., 1997; Ryals et al., 1997;
Century et al., 1998; Glazebrook, 2001). NPR1 and other SA-response genes are
regulated by transcription factors of the TGA (contain basic leucine zipper motif)
family (Zhang et al., 1999) and cytosolic NPR1 plays a crucial role in the SA-JA
interaction (Spoel et al., 2003). The most common marker for SA-mediated gene
expression is PR1 (Uknes et al., 1992), but it also activates PR2 (Lawton et al.,
1995). SA is an important part of SAR, as it is reported to be involved both in
local as well as long distance signalling (Durner et al., 1997). However, even if
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SA is important for the signalling it is not SA that is the signalling molecule
(Vernooij et al., 1994; Park et al., 2007) The resistance induced by SA is often
due to an increased SA sensitivity rather than elevated biosynthesis (Yu et al.,
1997).

Jasmonic acid
Jasmonic acid is mainly involved in wound and necrotrophic defence responses
(Thomma et al., 1998), but is also required for stamen and pollen development
(Feys et al., 1994). Jasmonic acid is synthesised from linolenic acid by the
octadecanoid pathway (Doares et al., 1995; Turner et al., 2002). JA can be
converted to different esters, including methyl jasmonate (MeJA), which often is
used to induce JA responses (Feys et al., 1994). Perception of JA is reported to be
dependent on coronatine-insensitive1 (COI1) or jasmonate resistant1 (JAR1) (Xie
et al., 1998). Recently COI1, which is an F-box protein, has been suggested to
function as the JA receptor (Chen et al., 2007; Farmer, 2007). JA responses are
inclined to be post-translational regulated via E3 ubiqutin ligase, since SCFCOI1
(Skp1/Cul1/F-box) is involved in targeting proteins for degradation via the
proteasome (Turner et al., 2002; Stone and Callis, 2007). JA-mediated signalling
results in different responses depending on if it is a wound reaction or a pathogen
response (Chini et al., 2007). A transcription factor (MYC2) regulates these JA
dependent events (Anderson et al., 2004; Chini et al., 2007; Thines et al., 2007)
resulting in production of the storage protein VSP2 (Benedetti et al., 1995) or
defensin PDF1.2 (Penninckx et al., 1998), respectively.

Ethylene
Ethylene is involved in a range of developmental processes such as root
production, flowering, senescence and fruit ripening as well as abiotic and biotic
stress responses (reviewed in Abeles et al., 1992; Johnson and Ecker, 1998).
Ethylene can affect degrees of susceptibility and the severity of disease symptoms
besides taking part in signalling events (Bent et al., 1992). In biotic stress it has
been shown that ET particularly is involved in defence against necrotrophic
pathogens (Glazebrook, 2005). Ethylene is considered to function in the same
defence signalling pathway as JA (reviewed in Wang et al., 2002; Broekaert et al.,
2006) and the defensin PDF1.2 is commonly used as the marker gene to detect
gene activation in this route (Penninckx et al., 1998). JA and ET also co-regulate
the pathogenesis-related (PR) genes PR3 and PR4 (Penninckx et al., 1998). 1Aminocyclopropane-1-carboxylic acid (ACC) takes part in the last step in the
biosynthetic pathway (reviewed in Yang and Hoffman, 1984) and is frequently
used instead of ET which is a gas (C2H4) and difficult to handle in assays as the
inducer of the ET pathway. The production of ET starts with methionine and two
important enzymes are ACS (ACC synthase) and ACO (ACC oxidase). ACS is the
enzyme that produces ACC, and ACO converts ACC to ET (reviewed in Wang et
al., 2002). There are five known ET receptors in Arabidopsis, ETR1, ETR2,
ERS1, ERS2 and EIN4 (Chang et al., 1993; Hua et al., 1995; Hua and
Meyerowitz, 1998; Sakai et al., 1998). These receptors can further be divided in
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two categories, those that have a receiver domain (ETR1, ETR2 and EIN4) and
those without (ERS1 and ERS2), reviewed in Wang et al. (2002). The downstream
signalling has four main steps controlled by CTR1, EIN2, EIN3 and ERF, from
where the signal is further transduced (Chang and Shockey, 1999; Stepanova and
Ecker, 2000). This regulation also involves protein degradation by the SCFCUL3
complex (Yoshida et al., 2006). In Arabidopsis natural variation in ethylene
sensitivity exists. For example, Ws-0 is more sensitive than most other accessions
(Roman et al., 1995).

Abscisic acid
ABA has many functions in plant development (seed and bud dormancy, stomata
closure) and has for a long time been known as a major hormone in abiotic stress
responses (reviewed in Leung and Girandat, 1998; Rock, 2000). During recent
years ABA has also been found to be involved in plant-pathogen interactions (Ton
and Mauch-Mani, 2004). The effect of ABA has been reported to both induce
susceptibility, as in the case of Pseudomonas syringae (Truman et al., 2006) as
well as to induce or prime for resistance, as in the case of L. maculans, Alternaria
brassicicola and Plectosphaerella cucumerina (II; Ton and Mauch-Mani, 2004).
ABA is an isoprenoid plant hormone produced from zeaxanthin via a well known
pathway involving ABA1, ABA2 and ABA3 (reviewed in Finkelstein and Rock,
2002; Schwartz et al., 2003; Nambara and Marion-Poll, 2005) and can be
produced as different isomers. The isomer (+) ABA is however the only active
form. The endogenous levels are regulated by the precise balance between
biosynthesis and catabolism, involving cytochrome P450. In 2007 the membrane
bound ABA receptor GCR2 was identified by Liu and co-workers. GCR2s roll as
a receptor has however been questioned (Gao et al., 2007; Johnston et al., 2007).
ABA signalling involves G proteins, protein phosphatases (PP2C, ABI1 and
ABI2) and protein kinases as well as Ca2+ which is an important second messenger
in ABA signalling (reviewed in Leung and Griandat, 1998; Finkelstein and Rock,
2002).

Auxin
Auxin is one of the major plant hormones regulating many development processes
and the signalling pathway is thoroughly investigated. There are excellent reviews
written about auxin function and signalling for those interested in more details
(Davies, 1995; Kepinski and Leyser, 2002; Kepinski and Leyser, 2005;
Woodward and Bartel, 2005; Leyser, 2006; Quint and Gray, 2006). There are
three commonly used auxins, the natural indole-3-acetic acid (IAA) and the two
synthetic 1-naphthaleneacetic acid (1-NAA) and 2,4-dichlorophenoxyacetic acid
(2,4-D) (reviewed in Teale et al., 2006). IAA is synthesised from tryptophan using
cytochrome P450 or via a tryptophan independent pathway (Ljung, 2002; Cohen
et al., 2003). Rather recently the F-box protein TIR1 was shown to be the auxin
receptor (Kepinski and Leyser, 2005; Dharmasiri et al., 2005a). At the same time
three additional members of the TIR1 family, AFB1-AFB3, were found to
function as auxin receptors (Dharmasiri et al., 2005b). AFB genes encode F-box
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proteins that assemble into the SCF complex and are partially redundant with
TIR1 in mediating auxin responses. This strengthens the already established
theory that auxin signalling influences protein turnover via the SCF complex
(Gray et al., 1999; Gray et al., 2001; Quint and Gray, 2006). This response is also
dependent on ASK1 and COP9 proteins, which can bind to the same SCF complex
(Schwechheimer et al., 2001; Thomann et al., 2005). Auxin signalling involves
three major gene families Aux/IAA, GH3 and SAUR (Hagen and Guilfoyle, 2002;
Liscum and Reed, 2002). These proteins are synthesised within minutes after
auxin treatment, without the need of any protein translation, defining them as
primary auxin response genes (Hagen and Guilfoyle, 2002). Among the major
gene families, the Aux/IAA family is the best characterised (Liscum and Reed,
2002). This signalling involves the auxin responsive factor (ARF) which can form
heterodimers with the Aux/IAA domains in auxin responsive genes and thereby
regulate the transcription of the genes (Kim et al., 1997; Guilfoyle and Hagen,
2007). The Aux/IAA proteins are short lived and the half-life is decreased even
more by the presence of auxin (Zenser et al., 2001). However, the degradation
rates vary among different Aux/IAA family members (Dreher et al., 2006). Auxin
has recently been found to be involved in plant defence signalling, and the effect
on the resistance depends on the pathosystem studied (IV, Navarro et al., 2006;
Robert-Seilaniantz et al., 2007).

Interactions between hormones
All hormones are interacting with each other in a complex manner to facilitate the
most effective response in the plant. Most of these opposing hormone activities are
regulated via modulation of SCF complexes and protein degradation (Rogg and
Bartel, 2001; Thomann et al., 2005; Dreher and Callis, 2007). A simplified
overview of how the hormones regulate each other can be seen in Figure 7. One of
the best studied antagonistic relationships is the one between JA and SA (Devoto
and Turner, 2003; Beckers and Spoel, 2006). It is also known that ABA downregulates all of the previously mentioned hormones and ET represses ABA while
SA up-regulates ABA production (Anderson et al., 2004; Robert-Seilaniantz et al.,
2007). Auxin on the other hand, up-regulates ET and probably JA, while SA is
down-regulated (Robert-Seilaniantz et al., 2007). If plant defence is simplified
down to the two pathways that lead to biotroph or necrotroph resistance, the
following hormone interactions can be depictured. In resistance against biotropic
pathogens increased SA levels increase the resistance. At the same time JA/ET and
auxin are down-regulated as these hormones increases the susceptibility towards
biotrophs. For a necrotropic pathogen it is the opposite situation. The resistance is
increased by JA/ET and auxin, which levels are increased, while SA increases
susceptibility.
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Figure 7. Schematic overview of
cross-talk between hormones in
plant defence.

Secondary metabolites of importance in plant
defence
Secondary metabolites are organic compounds that are not directly involved in
growth and development (Taiz and Zeiger, 1998). Unlike primary metabolites,
secondary metabolites have a restricted distribution in the plant kingdom and a
particular secondary metabolite is often only found in one taxonomically related
group. The function or importance of these compounds to the organism is usually
of an ecological nature as they are used in defence (toxins, callose, phytoalexins,
cutin, waxes, etc), for interspecies competition, and to facilitate the reproductive
processes (colouring agents, attractive smells, etc). There are several secondary
metabolites involved in plant defence. In the following sections callose and
camalexin will be discussed. These metabolites are involved in defence against
several necrotrophic pathogens including L. maculans (Bohman et al., 2004; II;
III).

Callose
The first line in plant defence is the physical barrier constituted by the waxy
cuticular layer and the cell wall (Thordal-Christensen, 2003; Chassot et al., 2007).
This barrier can be reinforced by lignin and other compounds like callose, at
pathogen penetration sites or invasion attempts. Callose is a β-1,3-linked glucan
that can be produced in the cell wall in response to wounding or pathogen attack
(Worrall et al., 1992). In addition to defence mechanisms, callose is also involved
in pollen development particularly important in the pollen tube cell wall where it
can induce male sterility (Worrall et al., 1992; Flors et al., 2005). Callose can also
be found in abscission zones, dormant phloem and plasmodesmata (Stone and
Clark, 1992). Callose depositions can be induced both by biotic and abiotic stress.
Generally when challenge by biotic cues the glucan polymer forms papillae
between the plasma membrane and the cell wall to prevent penetration of the
pathogen by local reinforcement of the cell wall at the site of penetration attempt
(Zimmerli et al., 2000; Donofrio and Delaney, 2001; Ton and Mauch-Mani,
2004). Callose deposition is dependent of the glucan synthase like 5 (GSL5) also
known as powdery mildew resistance 4 (PMR4) gene (Østergaard et al., 2002;
Jacobs et al., 2003; Nishimura et al., 2003), and is induced by ABA and BABAIR (Ton and Mauch-Mani, 2004; Ton et al., 2005; II).
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Camalexin
If the plant cell wall is penetrated by a pathogen there is an arsenal of antimicrobal
compounds called phytoalexins that can defend against the pathogen. Phytoalexins
are low-molecular-weight compounds with antimicrobial activity (Paxton, 1981).
Among these antimicrobal compounds there are both specific as well as broadspectrum compounds (Thomma et al., 1999). Different plant species produce
different phytoalexins, but plants within a given family often produce phytoalexins
of the same chemical class (Smith, 1996; Hammerschmidt, 1999). Phytoalexins in
species within Brassicaceae consist of an indole ring with a sulphur-containing
moiety (Pedras et al., 1997). B. napus produces brassinin, cyclobrassinin, 1methoxybrassinin and spirobrassinin (Figure 8) while the major phytoalexin in
Arabidopsis is camalexin (Pedras et al., 1998; Pedras et al., 2000).
Figure 8. Structures of phytoalexins
present in B. napus.
(A) Brassinin,
(B) Cyclobrassinin,
(C) 1-methoxybrassinin,
(D) Spirobrassinin

Camalexin is produced from tryptophan, via cytochrome P450 monooxygenases
(Figure 9), followed by a few unknown biosynthetic steps which subsequently
lead to the final step which is catalyzed by PAD3 also named CYP71B15
(Glawischnig et al., 2004; Glawischnig, 2007; Schuhegger et al., 2006, 2007).
Phytoalexins are only produced as a response to a stimuli or a signal (Smith,
1996). In Arabidopsis the level of camalexin content is genotype-dependent
(Kagan and Hammerschmidt, 2002; Denby et al., 2004; Schuhegger et al., 2006).
Thus, this variation must be considered when working with mutants that have
different genetic backgrounds, as it can affect the degree of susceptibility towards
a pathogen.
Figure 9. Schematic overview of camalexin
synthesis.
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The fungal pathogen L. maculans
The hemibiotrophic fungus Leptosphaeria maculans (Desm.) Ces. & de Not.
(anamorph Phoma lingam Tode ex Fr.) the casual agent of blackleg (Figure 10)
was first described in 1849 as Phoma lingam, the asexual stage of the pathogen. In
1863 the name changed to Leptosphaeria maculans (Desm.) Ces. & de Not. The
sexual stage was first identified 1957 in a field in New Zealand (Williams, 1992)
and since then the prevalence has increased. L. maculans is an ascomycete
belonging to the class Dothideomycetes (Loculoascomycetes), order Pleosporales.
Other important plant pathogens such as Alternaria, Botrytis and Mycosphaerella
can also be found within Pleosporales (Rouxel and Balesdent, 2005).
In Europe L. maculans often co-infects B. napus together with L. biglobosa
(West et al., 2002; Fitt et al., 2006a). Previously L. biglobosa and L. maculans
were divided into separate groups, B- and A-group, respectively (Koch et al.,
1991; William and Fitt, 1999). These two groups are now regarded as two
different species as they differ morphologically, molecularly and show no
evidence of sexual mating (Mendes-Pereira et al., 2003; Fitt et al., 2006b). There
has been many different grouping and classifications within the L. maculans
species during the last 15 years. The most common ones are based on
pathogenicity groups (PG), how virulent an isolate is on different host genotypes,
and phytotoxin production Tox+ and Tox0 (West et al., 2001, 2002). Today there
is a new classification which is based on avirulence genes (Avr gene) present in
individual isolate (Balesdent et al., 2005). This new classification showed that
there are more simple races in Canada and Europe (fewer virulence genes)
compared to Australia. In Europe there are only eight different races present of
which two are of major prevalence. In Australian isolates, on the other hand, the
races comprise many diverse and complex Avr combinations. This is most likely
as a result of the high recombination frequency.

Epidemiology and disease cycle
L. maculans strictly infects crucifers and mainly Brassica crops (West et al., 2001;
Fitt et al., 2006a, 2006b). Epidemics of blackleg are most severe in Australia,
where only L. maculans occurs so far. In Canada and Western Europe where both
L. maculans and L. biglobosa are present the damage varies between region and
year. Where the disease occur total destruction of the seedlings is rare even if yield
losses at harvest usually are 10% and can reach 30-50% due to lodging of the
plants.
The primary inoculum of L. maculans is ascospores, which can be viable for
about 6 weeks on infested stubble (Howlett et al., 2001; West et al., 2001; Rouxel
and Balesdent, 2005). The ascospores are released from pseudothecia located on
stubble and plant debris throughout the growing season, causing leaf and steam
lesions (Figure 10). In these lesions pycnidia with pycnidiospores are produced.
These spores, a second inoculum, spread in the field by rain splash. Secondary
infection is of less importance in Canada and Europe. Following leaf infection L.
maculans colonises the intercellular space between mesophyll cells and then grow
down into the xylem via the petiole. This intercellular systemic phase is biotrophic
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and visual symptoms less obvious. In the next stage (the necrotrophic) the fungus
invades and kills the cells of the stem cortex, resulting in a blackened canker
(Figure 10). The very last stage in the lifecycle is a saprophytic stage on the
stubble where sexual reproduction occurs (Figure 10). During the sexual stage L.
maculans has a high degree of sexual recombination and outcrossing, involving
two different mating type loci (Barrins et al., 2002; Cozijnsen and Howlett, 2003).

Figure 10. Life cycle of L. maculans.
L. maculans is spread either via wind (ascospores) or rain splash (ascospores and
pycnidiospores) and grows initially as a biotroph before switching to a necrotrophic phase
later in its infection cycle to generate pycnidia. The inserted pictures show leaf lesions (top
left), blackleg (top right), lodging (bottom left), pycnidia (bottom right). Printed with
permission from Gunilla Berg, the Swedish Board of Agriculture (SJV).

Genome information
The L. maculans haploid genome of the French isolate v23.1.1 is about to be
sequenced in collaboration between Genescope and INRA. The genome size is
estimated to about 34 Mb and predicted to encode 10,000 genes (Plummer and
Howlett, 1995; Cozijnsen et al., 2000; Howlett, 2004). These genes are distributed
over 15-16 chromosomes including a non-Mendelian-transmitted minichromosome. L. maculans shows a high degree of genome plasticity by having
changes in chromosome length (Plummer and Howlett, 1995). These changes
occur during meiosis by unequal pairing of chromosomes and might be relevant
for the fungus in its ability to respond to selection pressure.
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Resistance against L. maculans
There are two kinds of resistance against L. maculans. A qualitative resistance
based on gene-for-gene resistance which is effective throughout the plants entire
life (Ansan-Melayah et al., 1998; Delourme et al., 2004). This resistance has a
high potential for being overcome due to the fungus sexual recombination,
effective spore dispersal and large population size (Howlett et al., 2001;
McDonald and Linde, 2002). The Brassica B genome carries a resistance gene, a
homolog to an Arabidopsis gene, against L. maculans conferring resistance in all
stages of the plant. This gene confers a hypersensitive type of resistance (Rimmer
and Buchwaldt, 1995; Saal and Struss, 2005). The other type is a quantitative
resistance which is active in the adult plant. This resistance is dependent on many
different genetic factors such as phytoalexin, callose and defence-related proteins
and are therefore less easy to overcome by the fungus (Hammond et al., 1985;
Rasmussen et al., 1992 a, 1992b; Chen and Howlett, 1996; Chen and SeguinSwarts, 1997, 1999; Roussel et al., 1999; Brownfield and Howlett, 2001).
Beside the qualitative and quantitative resistance, there is a resistance called
field resistance. In field resistance all components are influenced by agronomic
practices and environmental factors, besides the genetic factors in the pathogen
and host (Pilet et al., 1998; West et al., 2001; Fitt et al., 2006a).
Fungal Avr genes comprise a range of heterogenous sequences, lacking
common signature domains as encoded by plant resistance genes (Laugé and de
Wit, 1998; Kamoun, 2007). The cloning of AvrLm1 and AvrLm6 makes L.
maculans the sixth fungal species in which an Avr gene has been characterised
(Gout et al., 2006; Fudal et al., 2007). Genetic mapping of the Avr genes in L.
maculans has shown that there are at least four unlinked regions of these genes in
the genome. The mapping has also identified two Avr gene clusters (AvrLm1AvrLm2-AvrLm6 and AvrLm3-AvrLm4-AvrLm7) making L. maculans the first
filamentous fungi with such genome organisation (Delourme et al., 2004).
However, how AvrLm genes interact with plant host genes is still unknown and no
structures supporting transport of effectors to intercellular spaces are known.

The Arabidopsis-L. maculans pathosystem
Transgressive segregation in crosses between the Arabidopsis accessions Ler-0
and Col-0 revealed two evolutionary connected resistance loci, RLM1Col and
RLM2Ler (I). The RLM1Col locus comprises a cluster of homologous TIR-NB-LRR
(Toll/interleukin-1 receptor – nucleotide binding – leucine rich repeat) encoding
genes, where At1g64070 plays a major role in L. maculans resistance. The TIRNB-LRR (TNL) family of plant disease resistance genes consists of protein
domains of pre-eukaryotic evolutionary origin, which are of central importance for
cell death regulation and innate immunity in both plants and animals, indicating
conserved mechanisms (Staal and Dixelius, 2007).
One feature of the Arabidopsis-L. maculans pathosystem is the large extent of
naturally occurring resistance (Bohman et al., 2004). In a large screening
comprising 168 accessions, only one An-1, was found to be susceptible. This
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information was utilised to identify the RLM3Col gene encoding a putative TIR-X
protein (Staal et al., 2007).
The wealth of characterized Arabidopsis mutants linked with genetic and
molecular analysis has furthermore showed that the resistance is independent of
the common defence pathways involving salicylic acid, jasmonic acid and
ethylene (Bohman et al., 2004). Our pathosystem has also shown independence of
the R-gene signalling components NDR1, EDS1, PAD4 and SGT1b, in contrast to
RAR1 and HSP90, which are essential (Bohman et al., 2004; II). The role of
camalexin, callose deposition and the impact of ABA and auxin signalling are
further elaborated on in this thesis.
Knowledge of plant defence has grown dramatically the last 15 years and has
become exceedingly complex. One very well studied pathosystem is the
Arabidopsis-Pseudomonas syringae interaction. When comparing L. maculans
with P. syringae “a rule of thumb” is that the two pathogens induce responses in
an opposite manner. One example is the effect of the two hormones auxin and
ABA. In the Arabidopsis-L. maculans pathosystem these two hormones confers
resistance, while in the Arabidopsis-P. syringae pathosystem they confer
susceptibility (II; IV; de Torres-Zabala et al., 2007; Robert-Seilaniantz et al.,
2007).

Aims of the study
The overall aim was to use the model organism Arabidopsis in order to identify
genes involved in resistance and defence signalling against L. maculans. By using
the Arabidopsis-L. maculans pathosystem components important for the defence
signalling have been characterised. In a long-term perspective, the information
gained in the Arabidopsis system will be evaluated in the Brassica system, and
hopefully become valuable tools in breeding strategies for the improvement of
resistance to this plant pathogen.
The specific aims of this study were;
•
•
•
•

Cloning of resistance genes in Arabidopsis responsible for resistance to
L. maculans.
Study the impact on plant hormones in defence responses and their crosstalk.
Study priming and its mechanisms within the Arabidopsis-L. maculans
pathosystem.
Characterisation of the lms5 mutant.
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Results
Identification of R-genes involved in defence against L. maculans
Crosses between Col-0 and Ler-0 showed transgressive segregation, indicating
two dominant R-genes (I). In order to identify the loci responsible for the
segregation Col-4 x Ler-0 recombinant inbreed lines (RIL) from Lister and Dean
(1993) were used. Another set of RILs (Ler-2 x Cvi-1) was further used to
confirm the genomic localisation on chromosome 1. Using T-DNA knockout lines
(salk_014088 and salk_014096) the gene At1g64070 was identified as RLM1.
This gene is present in Col-0 but absent in Ler-0. Ler-0 on the other hand harbours
RLM2 (At4g17800–At4g24140), a paralogue to RLM1, which is absent in Col-0.
From a cross between Col-0 and Ler-0, a plant lacking both RLM1 and RLM2 was
identified in F2. This genotype was selfed and this highly susceptible line was
hereafter denoted rlm1Lerrlm2Col. During the complementation of rlm1Lerrlm2Col
with the genomic Col-0 sequence of At1g64070, three T1 lines showed weak
lesions phenotype indicating that an additional gene is involved in the resistance.
In the RLM1Col locus three potential R-genes are present (At1g63750, At1g63880,
At1g63870). Studies revealed that At1g63880 has a minor contribution to the
resistance response governed by this locus. To further understand the role of this
particular gene family, a 26-mer RNA interference (RNAi) construct was designed
to specifically target TIR-NB-LRR genes within the RLM1Col locus. Twelve
susceptible plants were found when 79 T1 RNAi plants of the Ler-0 background
were evaluated. The appearance of the first necrotic lesion varied from 5 to 17
days post-inoculation. These results support our hypothesis that the resistance is
dose-dependent and dependent on genes structurally related to those found in
RLM1Col.
In order to identify additional resistance genes the susceptible accession An-1
was crossed with Col-0 followed by a case-control bulk segregate comparison
strategy. Resistant respectively susceptible F3 plants from Col-0 x An-1 crosses
were pooled separately. This identified only four genes (At4g13100, At4g16990,
At4g19530 and At4g23290) with over 2-fold differential expression (Staal et al.,
2007). Using genetic mapping and RT-PCR we could identify At4g16990, an
RPP5-like gene, as the R-gene responsible for the resistance. These results were
confirmed using T-DNA knockouts (gabi_235E02, gabi_491E04, salk_146865,
salk_048620 and salk_067449). The gene At4g16990 was named RLM3 and was
found to be absent in An-1 (rlm3An) due to a large indel (insertion/deletion)
polymorphism. RLM3 codes for a TIR-X putative protein and therefore it belongs
to the small group of R-genes that has lost additional common motifs. The entire
RLM3 work is presented outside the thesis but is commented here since it brings in
valuable information.

Pathogen specificity
The identified R-genes were evaluated for there specificity against different
pathogens. Leptosphaeria maculans-susceptible (rlm1Lerrlm2Col) plants and TDNA mutants in RLM1 candidate genes were tested against Botrytis cinerea and
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Alternaria brassicicola without displaying any susceptibility, suggesting that
RLM1 is a L. maculans-specific resistance gene (I).
An-1 shows enhanced susceptibility to a range of pathogens, such as B.
cinerea, A. brassicicola and A. brassicae. Therefore, to assess whether RLM3
affected resistance against these pathogens, the susceptible and resistant F3 lines,
from a Col-0 x An-1 cross, were evaluated to clarify their responses. All L.
maculans susceptible lines showed susceptibility to these three pathogens (Staal et
al., 2007). Further, T-DNA mutants in RLM3 were also found to be susceptible to
these pathogens. In order to be able to compare RLM3 with other known R-genes a
quantitative evaluation of different Avr genes in a P. syringae DC3000
background was performed. The effect of P. syringae was assessed on Col-0, An1 and the RLM3 T-DNA mutants. This investigation revealed that the introduced
Avr genes resulted in a reduced susceptibility in all genotypes analysed, further
highlighting the opposite responses between P. syringae and L. maculans.
Pathogen specificity was also assessed in the lms5 mutant. The fungal
pathogens used were A. brassicicola, B. cinerea, Hyaloperonospera parasitica
(Noco2) and Verticillium longisporum. These analyses showed that lms5 has the
same resistant phenotype as Ler-0 (IV), making lms5 different from lms1 since
lms1 shows susceptibility towards A. brassicicola, B. cinerea and V. longisporum
(Bohman et al., 2004; Staal, 2006). We also evaluated susceptibility towards the
bacterial pathogen P. syringae. The results showed significantly lower bacterial
content in lms5 compared to Ler-0 in the P. syringae strain DC3000. This
observation is in agreement with previous findings on RLM3 mutants and the
contrasting responses induced by P. syringae compared to L. maculans (IV;
Robert-Seilaniantz et al., 2007).

Priming and callose deposition
Synthesis of 1,3-ß-glucans (callose) are known to be involved in defence
responses and has been found to be induced by the Brassica napus–L. maculans
resistance genes LepR1 and LepR2 (Yu et al., 2005). This led us to examine the
importance of callose and its R-gene dependency in Arabidopsis. All our
comparisons of callose deposition are made 2 days post-inoculation on aniline
blue stained leaves. In the case of RLM1, a comparison between (RLM1Col)pad3-1
and rlm1Lerpad3-1 revealed that RLM1, like the B. napus LepR genes, are required
for efficient callose deposition in response to L. maculans infection (I).
Furthermore, both the callose synthase mutant pmr4-1 and the papilla mutant pen1
were found to be susceptible phenotypes to L. maculans. Callose content has also
been assessed in the lms1 and lms5 mutants. The results showed increased callose
content in lms5, while lms1 displayed the same level as the wild-type Ler-0 (IV).
rar1-13 was also included in this study. This mutant showed significantly lower
callose content compared to Ler-0 indicating that rar1-13 and lms5 are not
affecting the same signalling pathway. These results further indicate that rar1 is
located downstream of RLM1 and RLM2 (I).
Increased callose deposition has been found to be a result of ABA- and
BABA-IR (Ton and Munch-Mani, 2004). In order to investigate if this priming is
effective in our system susceptible and resistant Arabidopsis plants were pretreated with ABA or BABA 2 days pre-inoculation. Priming caused a significant
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induction of resistance in some susceptible Arabidopsis mutants (aba1-3, pad3-1,
pmr4-1, esa1 and pen1), while others (abi1-1 and lms1) were unaffected (II). The
genotypes rlm1Lerpad3 and rlm1Lerrlm2Col both displayed partial restoration of
resistance after ABA treatment, which demonstrates that ABA acts as a signal
downstream of RLM1Col.
We also analysed the callose content in the pre-treated plants in order to
evaluate the effect on callose deposition of priming. This analysis revealed a
correlation between induced resistances and altered, i.e. higher callose deposition
(II). The analysis of callose depositions in pad3 (in Col background, containing
RLM1Col) and rlm1Lerpad3 after pre-treatment revealed that callose deposition is
enhanced in pad3 plants, whereas callose deposition in rlm1Ler plants is not
affected by pre-treatments. The dependency of RLM1Col for callose deposition
shows that ABA and BABA enhances callose deposition downstream of RLM1.
The induction by ABA and BABA in the Arabidopsis - L. maculans
interaction is a result of a local deactivation of PR2, a β-1,3-glucanase, a protein
which normally degrades callose (III). This down-regulation of PR2 is most likely
located upstream but independent of ABI4, while ABI1 is required for the
signalling. BABA pre-treated material exhibits a local repression of PR2
expression at the inoculation site as seen after ABA pre-treatment. The reduction
of PR2 expression in ABA pre-treated plants inoculated with SA suggests that
ABA repress PR2 expression downstream of SA. These data support our
hypothesis that PR2 is locally repressed at sites of callose deposition, which
implies that callose depositions are at least in part regulated by turnover rather
than biosynthesis. The conclusion drawn from these results is that PR2 has callase
functions which affect callose deposition.

The importance of camalexin
As mentioned previously camalexin levels are accession dependent. L. maculans
induces approximately 30% of the camalexin levels in the Ler-0 accession
compared to Col-0, 48 h after inoculation (I). A similar difference in camalexin
induction levels between Ler-0 and Col-0 has previously been observed in
response to A. brassicicola (Kagan and Hammerschmidt, 2002). During the
identification of RLM1, a large variation in camalexin induction among the
susceptible Col-0 x Ler-0 plants was discovered (I). The variation in disease
symptoms of plants with non-functional RLM1 and RLM2 alleles can partially be
explained by camalexin induction, as the susceptible RILs displayed trends of a
negative correlation between camalexin induction and the level of susceptibility.
This difference in camalexin induction between Col-0 and Ler-0 could explain the
difficulties in identifying susceptible mutants displaying a clear disease phenotype
in the Col-0 background. In order to avoid these problems, mutants in Col-0
background with weakly susceptible phenotypes were crossed with pad3 in order
to eliminate the influence of camalexin. Although camalexin induction is
important for resistance preliminary results indicate that T-DNA knockout mutants
in CYP71A13, a gene upstream pad3 in the camalexin synthesis (Nafisi et al.,
2007), are resistant against L. maculans (M. Kaliff unpublished).
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Characterization of lms5
The characterization of the EMS mutant lms5 in Ler-0 background was performed
to get an insight in its function in resistance. During culturing on MS-1 media, an
increase in lateral root growth was observed in the lms5 mutant. Due to the
extensive root growth, a root assay on auxin was performed. In this assay the lms5
mutant showed significantly less sensitivity compared to Ler-0 and lms1 (IV).
This observation was followed up by measurement of the endogenous hormone
levels of IAA and ABA. In the lms5 mutant the endogenous IAA level is
significantly lower compared to wild-type (Ler-0). The IAA content is increased
by wounding, with a peak 6 hpi (hours post inoculation). The IAA levels decrease
faster in inoculated material compared to the wounding control. In the lms5 mutant
the IAA level is significantly higher in the inoculated material 6 hpi compared to
wild-type. The ABA content on the other hand decreases following wounding and
shows a cyclic pattern with a decrease at 6 and 48 hpi. This cyclic pattern is more
pronounced in the susceptible lms1 and lms5 mutants compared to Ler-0, and in
the lms5 mutant the endogenous ABA level is significantly lower compared to
Ler-0. These data might be correlated with the stronger induction of callose found
in these mutants. The IAA results indicate that the lms5 mutants IAA/AUX
signalling is interrupted. In normal AUX/IAA signalling, the AUX/IAA proteins
are rapidly degraded resulting in downstream gene expression leading to a
negative feedback loop that decreases the endogenous IAA level. Due to the
interrupted signalling this rapid negative feedback loop is absent in lms5, resulting
in increased auxin levels after L. maculans challenge.
The lms5 mutant has been mapped using SNP and CAPS markers developed
from
the
Monsanto
Col-0
and
Ler
polymorphism
data
(http://www.arabidopsis.org/Cereon/index.jsp). These markers were used on a
Col-0 x lms5 mapping population that had been evaluated with SNP markers for
the RLM1 locus to avoid interference with RLM1 in the subsequent analysis. By
using SNPs and CAPs markers, a 100 kbp area on chromosome 1 was identified.
The most interesting candidate genes in this area are an F-box (At1g53550),
HSP17.6 (At1g53540) and a 26s proteasome subunit (At1g53750). T-DNA
knockouts in each gene have been tested on root-assay as well as susceptibility
towards L. maculans. Preliminary sequence data reveal two mutations in the
promoter of At1g53550 and one amino acid substitution in At1g53540. These two
genes are now used for complementation of lms5.

Involvement of ubiquitin-proteasome complex components
Several results indicate that the ubiquitin-proteasome complex is involved in
resistance signalling against L. maculans. The first indication was revealed during
the analysis of RLM1 and RLM2 loci since we found a requirement for RAR1 in
the resistance response (I). On the other hand, neither the RAR1-associated SGT1b
mutation nor the SGT1b-like gene SGT1a exhibited any visible influence on L.
maculans resistance. Screening of the T-DNA mutants in an HSP90 chaperone
(athsp90.1-1 and athsp90.1-2), involved in RAR1/R-gene activity, showed on the
other hand, that HSP90.1 possesses a moderate influence on L. maculans
resistance. Results from the different studies point to the involvement of the
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ubiqutin-proteasome complex in the resistance signalling. This knowledge
prompted us to analyse which of the complexes most affects the susceptibility. In
order to do so defined mutants in different complexes components (CUL3a-1,
CUL3b-1, ASK1-1, AXR6-1 (also known as CUL1), AXR6-2 and SUR2-1) were
assessed (IV). Only ask1-1, axr6-1 and axr6-2 were susceptible, while cul3a-1,
cul3b-1, and sur2-1 were resistant. To further investigate the role of ubiquitinproteasome complexes a collection of T-DNA knockout mutants are under
evaluation. Preliminary results show that mutants in COP9, CUL4 and RBX1 are
resistant towards L. maculans further supporting the hypothesis that the auxin
associated SCF complex is specifically involved in resistance signalling and that
particularly the protein recognition parts in the complex are of crucial importance,
as the CUL1 is the cullin associated to the auxin complex and together with ASK1
and an F-box are responsible for protein recognition.

Comparative studies in B. napus
In order to analyse if ABA- and BABA-IR are effective in B. napus, comparative
studies were made. In agreement with our observations in Arabidopsis we could
observe an increased resistance in ABA and BABA pre treated B. napus cv. Hanna
as well as B. napus cv Hanna nahG genotype (II). As a control the resistant B.
napus cv. Surpass 400 was used (Li and Cowling, 2003). Besides susceptibility
studies, the callose content was assessed. In agreement with our observations on
Arabidopsis, resistant B. napus cv. Surpass 400 exhibited enhanced levels of
callose deposition after pathogen challenge, when compared to the susceptible cv.
Hanna upon fungal inoculation (II). Staining of leaves inoculated with water
showed no callose deposition, demonstrating that the callose observed was
exclusively pathogen-induced. However, when ABA and BABA pre-treated cv.
Hanna or cv. Hanna nahG genotype were analyzed, the callose levels increased to
levels comparable to Surpass 400.

Defence studies in B. napus
Previous studies on progeny from asymmetric somatic hybrids between
Arabidopsis and B. napus suggested that two regions on the Arabidopsis
chromosome 3 are linked to L. maculans resistance (Bohman et al., 2002). In
order to develop this further we have used a specially designed addition line, B.
napus cv. Hanna+At3 (Carlsson, 2007). This genotype originates from a
chromosome doubled haploid line, resulting in a stable line of B. napus cv. Hanna
containing the whole Arabidopsis chromosome 3.
The Hanna+At3 plants were assessed against different fungal pathogens,
known to infect B. napus. When the plants were challenged with L. maculans we
could see a clear reduction in susceptibility compared to the susceptible wild-type
cv. Hanna (Figure 11). This reduced susceptibility could also be seen if the plants
were challenged with A. brassciicola, A. brassicae and B. cinerea (M. Kaliff
unpublished results).
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Figure 11. L. maculans infected
B. napus. B. napus cv. Hanna
(A) is susceptible to L. maculans,
but introducing Arabidopsis
chromosome 3 (cv. Hanna+At3)
confers reduced susceptibility
(B).

A microarray study comprising B. napus cv. Hanna and cv. Hanna+At3 has been
performed on CATMA arrays in order to identify genes involved in the resistance
response (Karlsson, 2006). These results are now being confirmed and candidate
genes are under evaluation.

Conclusions and discussion
Several of the projects include physical mapping of resistance genes. This
approach is complicated by the influence of camalexin (I). Most of the mapping
populations consist of crossings between Col and Ler, accessions where different
levels of camalexin are induced. The higher level of camalexin in the Col-0
background can suppress weakly susceptible phenotypes. Due to this suppression
T-DNA knockout mutants in candidate genes can be screened as resistant, which
complicates the mapping procedure. Except for camalexin content, the impact of
R-gene redundancy can in some cases obstruct the analysis. This redundancy can
consist of either a loci containing several R-genes as in the case of RLM1 (I) or
redundancy of genes located in different positions in the genome due to gene
duplication.
The identification of RLM3 was based on a combination of genetics and
microarray analysis (Staal et al., 2007), which is not the most common method for
gene identification. In order to succeed with this method the material was grown
randomly in order to even out all genetic differences except the one responsible
for the resistance. A microarray based method can be a quick method to identify
the region were the gene of interest is located. However, in order to be successful
the mapping population needs to have few genetic differences besides the one
responsible for the trait that is to be mapped. If there are too many differences
there will be difficulties in identifying which differently expressed gene that is
responsible for the trait of interest.
As mentioned earlier, there are several different classes of R-genes encoding
different protein motifs. Perhaps the most striking in our work is the identification
of a small group to which RLM3 belongs. Beside the structural differences
between RLM1 and RLM3 there is a difference in pathogen specificity (I; Staal et
al., 2007). In the case of RLM3 we have identified a broad spectrum R-gene
effective against several fungal pathogens (Staal et al., 2007). By using specific R-
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genes in our studies we can investigate how the different signalling components
are linked together in different signalling pathways.
In our studies with ABA and BABA (II) we concluded that the β-glucan
callose is a factor that contributes to resistance against L. maculans. However,
other factors are of significance as the susceptible mutant lms5 displays elevated
levels of callose compared to resistant Ler-0 (IV). During our studies on callose
(II) we confirmed the R-gene dependency in callose deposition in Arabidopsis
previous identified by Yu and co-workers (2005) in B. napus. The role of PR2 as a
regulator in callose deposition has also been investigated (III). PR2 is regulating
callose deposition by degradation of callose. This degradation is a local response
at the infection site and is further activated by SA, which activates PR2
expression. On the other hand, when callose has been deposited at the infection
site, it is stable for at least 5 days (II). Indicating that PR2 only affects callose
before it has been deposited.
The lms5 mutant displaying altered auxin responses and specific altered
susceptibility towards L. maculans is intriguing, calling for an in depth analysis of
the mutated gene (IV). The characterisation of lms5 has been a challenge as the
weakly spotted phenotype is readily masked by the high camalexin content in all
mutants in Col-0 background. A further complication has been the mutations
localisation close to RLM1, which has hampered the mapping work. In order to
avoid RLM1 to influence the lms5 identification we had to wait with the fine
mapping until RLM1 was identified and could be excluded from the lms5 mapping
population. The candidate genes from the fine mapping indicate that the lms5
mutant has altered protein stability or protein degradation. This subject is complex
with many different factors influencing the signalling. In order to conclude which
degradation complex that is affected in lms5 mutants involved in different
complexes has been assessed. The knowledge that protein turnover is involved in
many developmental processes as well as the auxin resistant phenotype of lms5 led
us to assess a wide range of defined mutants (Table 3). Due to the auxin resistant
phenotype of lms5 we analysed the auxin receptors (TIR, AFB1 and AFB3) by
qPCR, but no differences compared to Ler-0 could be detected. The fact that there
are no differences in the auxin receptors, compared to wild-type, indicates that the
altered auxin phenotype seen in lms5 is due to alterations elsewhere in the auxin
signalling. These results, together with the screening results, lead us to believe that
lms5 has a changed auxin phenotype as a result of an alteration in protein
degradation. This alteration is most likely linked to the SCF complex and more
specifically to the recognition of proteins targeted for degradation. At this point
the candidate genes from the identified chromosomal region are evaluated. The
most promising candidate is an F-box protein. There are approximately 700 F-box
proteins in Arabidopsis (Gange et al., 2002) which have among other things
ubiquitin-protein ligase activity. Further supporting the hypothesis that lms5 has
an alteration linked to the SCF complex. The work on lms5 will continue and
include complementation, protein interaction and localisation studies besides
influences on defence signalling.
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In the comparative studies of B. napus we could confirm that the Arabidopsis-L.
maculans pathosystem can be used as a model for the B. napus - L. maculans
interaction (II). The use of the knowledge received from the more investigated
Arabidopsis can be used in resistance breeding programs to accelerate the
progress.
PAD3 the last enzyme in the camalexin synthesise pathway is located on
chromosome 3 in the Arabidopsis genome, but the introduction of PAD3 into B.
napus is not enough to introduce camalexin production. We have however not
studied if the introduction of Arabidopsis chromosome 3 alters the composition of
other phytoalexins already present in B. napus (Pedras et al., 2007). Since the B.
napus type phytoalexins are closely related to camalexin it is possible that the
introduction of PAD3 alters the entire phytoalexin composition. Either the
relationship of the already present phytoalexins is altered, or the introduction of
PAD3 enables new types of phytoalexins to be produced. This possible alteration
might be one of the reasons that the cv. Hanna+At3 has a reduced susceptibility
towards L. maculans.
Defence signalling is a complex network of different components, with new
components added all the time. If we compile the information obtained during the
years we visualise different parallel signalling pathways (Figure 12), all important
for the defence against L. maculans. The work done within this thesis has
particularly resulted in an increased knowledge of how the phytohormones ABA
and auxin are implicated in the defence, as well as the identification of L.
maculans specific resistance genes. Despite all the facts we have generated on this
pathosystem, there are still plenty of unsolved questions, not least on the gene
regulation and gene function levels.

40

Figure 12. Overview of the defence signalling pathways against L. maculans. Resistance
relies on several independent responses – an R-gene dependent resistance and the secondary
metabolites camalexin and callose. ABA is required for efficient R-gene induced callose
but also induces a callose independent response via an unknown factor. The common
pathogen response hormones SA, JA and ET influence disease development but do not
determene resistance. Auxin on the other hand has been shown to influence resistance, most
likely via protein turnover.

Svensk sammanfattning
Denna avhandling beskriver interaktionerna mellan en svamppatogen, torröta
(Leptosphaeria maculans), och dess värdväxter. Den viktigaste värdväxten, raps
(Brassica napus), är en gröda vars produkter används till matlagning, foder,
biobränsle och smörjmedel inom industrin. Under 2006 såddes 83700 ha raps
(Svensk raps AB, 2007). Ett stort problem är att många sjukdomar, framför allt
svampar, angriper raps vilket har en negativ inverkan på avkastningen. För att
förhindra detta försöker man framställa resistenta sorter genom förädling och för
att göra detta krävs att man har kunskap om hur växten försvarar sig mot
sjukdomar.
För att studera torröta har vi använt oss av en släkting till raps. Denna
släkting, Arabidopsis thaliana eller backtrav som den heter på svenska, är ett litet
ogräs som ofta används inom växtforskningen. Backtrav är vad som brukar kallas
en modellorganism, vilket betyder att växten används i studier för att forskare ska
förstå hur andra växter eller organismer fungerar. Anledningarna till att man
använder Arabidopsis som modellorganism är, dels att växten är liten och har en
kort generationstid (tid från frö till frö). Under tidens lopp har mycket kunskap
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samlats om denna växt i form av t.ex. sekvenserat genom (dvs. man har kunskap
om hur alla gener ser ut) och det finns tillgång till olika mutanter.
Torröta orsakas av en svamp och anses i Sverige vara en mindre allvarlig
rapssjukdom men det förutspås att den kommer att bli vanligare i och med att
klimatet blir varmare. I övriga världen orsakar torröta årligen skördeförluster på
10-30 % och i Australien är skördeförlusten upp till 50% vissa år. Sjukdomen
yttrar sig först i form av fläckar på bladen och därefter sprids den till stjälken som
försvagas vilket leder till stjälkbrott (Figur 10). Svampen lever både på levande
och död vävnad och i dess livscykel (Figur 10) finns både asexuell och sexuell
förökning vilket gör att svampen förändras genetiskt med tiden och kan på så sätt
bryta resistensen hos de olika värdväxterna.
Växters försvar mot sjukdomar påminner till stor del om människors ärvda
immunförsvar. Det första steget i försvaret är igenkänning av pathogenen
(sjukdomsaltraren), detta sker oftast genom att så kallade R-proteiner
(försvarsproteiner) hos växten binder till ett specifikt Avr-protein (Avirulens
protein) hos patogenen. Dessa Avr-proteiner är oftast nödvändiga för att
patogenen ska kunna infektera växten. När sedan växten har känt igen patogenen
startar flera olika försvarsreaktioner som i slutändan begränsar spridningen av
sjukdomen. Detta försvar ser olika ut beroende på vad det är för kategori av
patogen. Patogener kan förenklat delas in i tre olika grupper; biotrofer (lever av
levande växtmaterial), nekrotrofer (lever av dött växtmaterial) och hemibiotrofer
(kan leva både som biotrof och som nekrotrof). Generellt kan man säga att en växt
som angrips av en patogen med en biotrof livsstil försvarar sig genom att döda
vävnaden runt angreppsområdet och på så sätt svälta ut patogenen. Denna typ av
försvar kallas för HR (Hypersensitivity Respons eller översatt överkänslighets
respons) och den kan även förekomma mot andra typer av patogener. Mot
nekrotrofer fungerar det inte att döda vävnaden eftersom det istället gynnar
patogenen. I dessa lägen använder sig växten istället bland annat av giftiga ämnen
som exempelvis camalexin (ett antimikrobiellt ämne) eller barriärer som kallos (en
poly-glukan) vilket svampar inte kan passera samt olika försvarsproteiner och
syreradikaler som dödar patogenen. Utöver detta aktiveras olika hormoner i växten
som i sin tur påverkar olika signalvägar som leder till att växten kan försvara sig
mot angreppet. Det hela försvåras dock av att patogenerna har olika metoder för
att undvika upptäckt eller påverka växten att starta fel typ av försvarsreaktioner.
Jag har undersökt olika komponenter som är viktiga i växters
försvarssignalering mot torröta. Som en del har vi identifierat försvarsgener vilka
är nödvändiga för att växten ska kunna identifiera svampen och starta lämpliga
försvarsmekanismer. Den andra delen av arbetet har bestått av att undersöka
växthormonernas inverkan på försvaret mot torröta.
De identifierade försvarsgenerna finns i olika accessioner hos Arabidopsis (en
accession är en genotyp av Arabidopsis som är isolerad från en specifik plats).
Den ena genen vi identifierat saknas hos An-1 och är orsaken till att denna
accession är mottaglig mot torröta, till skillnad från normalfallet där Arabidopsis
är resistent. Detta är den enda av 168 undersökta accessionen som är mottaglig
mot torröta. Denna gen identifierades med hjälp av en mikroarray studie
(mikroarray är en metod där man kan jämföra genuttrycket i två olika prov genom
att låta dessa binda till en genspecifik sekvens på ett glas) där genuttrycksnivåerna
mellan mottagliga individer jämfördes med dem som finns i resistenta individer. I
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detta mikroarray försök detekterades 4 gener med olika uttrycksnivåer i de
resistenta och mottagliga växterna. Dessa genkandidater undersöktes närmare och
vi kunde konstatera att det var en gen på Arabidopsis kromosom 4 (At4g16990)
som orsakar mottagligheten i An-1 acessionen. Denna gen är uppbyggd som en
klassisk resistens gen som döptes till RLM3 (Resistence to L. maculans 3). Den
andra resistensgenen vi har identifierat finns i accessionen Col-0 men saknas i
Ler-0 och ger upphov till mottagliga plantor om dessa accessioner korsas med
varandra. Även denna gen, som är belägen på kromosom 1 (At1g64070), är en
klassisk resistensgen som vi har döpt till RLM1 (Resistence to L. maculans 1).
I studierna om vilka växthormoner som har betydelse för försvaret har
framförallt två hormoner, ABA och auxin, visat sig vara viktiga. Hormonet ABA
är sedan tidigare känt som ett viktigt hormon vid tork- och saltstress, men har på
senare år visat sig vara involverat i försvarssignalering mot patogener. Det finns
flera studier som visar att man kan förbehandla (genom vattning) växten med
ABA för att på så sätt förbereda (priming) växten inför ett kommande patogen
angrepp. Denna beredskap hos växten gör att den snabbare kan försvara sig mot
angreppen. Våra studier visar att denna beredskap kräver närvaro av specifika
försvarsgener så som RLM1 och att beredskapen leder till ökad deposition av
kallos. Vi har även visat att denna beredskap också fungerar i raps och resulterar i
betydligt lägre sjukdom i de förbehandlade individerna. Utöver ABA fungerar
även BABA (som inte produceras av växten själv) för induktion av denna
beredskap. Det andra hormonet, auxin, är ett av de mest studerade
växthormonerna och har stor betydelse för växtens utveckling. Först på senare tid
har det visat sig involverat i försvarssignalering. Troligen är det inte auxinet som
sådant som är viktigt utan snarare auxinets effekt på proteinstabilitet och
nedbrytning av proteiner som är viktigt. I våra studier ser vi att mutanter som har
olika steg i protein-stabiliserings/-degraderings kedjan utslagen blir mottagliga
mot torröta.
Utöver hormonstudierna och identifieringen av resistensgener har även en
mutant, lms5, (L. maculans suceptible 5) karaktäriserats. Det visade sig att lms5 är
specifikt mottaglig mot torröta, vilket gör att mutanten kan avslöja viktig
information om försvarssignaleringen mot patogenen. Studierna har även visat att
lms5 är okänslig mot auxin (mutanten kan inte känna av närvaro av auxin på
samma sätt som vildtypen gör). Genom användandet av markörer (med känd
lokalisering i Arabidopsis genomet) har mutationen identifierats till ett område på
kromosom 1 som innehåller 30 gener. Utav dessa har vi tre kandidatgener som för
närvarande undersöks närmare. Detta arbete kommer att pågå tills genen har blivit
identifierad och därefter kommer olika studier av genen i fråga att genomföras.
Sammanfattningsvis kan vi konstatera att denna studie har bidragit med att
identifiera nya komponenter som är viktiga i växtens försvarssignalering mot
torröta.

43

Acknowledgements
This work has been carried out at the department of Plant Biology and Forest
Genetics and would never have been possible without help and support from great
colleagues and friends.
First of all I would like to thank Christina Dixelius, my supervisor, for all her help
and encouragement. Your support both in the academic world as well as the one
outside has meant a lot to me. You have showed me that everything is possible as
long as you don’t give up, and that a good picture is all it takes.
No one is better than the group they work in. Therefore I would like to thank all
past and present members in the “Dixan group” for making the days at work
easier. Mattias Persson (for being a good office neighbour during these last years),
Tom Martin and Vera Montiel (thanks for always cheering me up with your good
mood), Shinichi Oide (without your help I would never managed the PR2 project),
Ramesh Vetukuri (for giving the group international influences) and Jonas Roos
(its good to know that the group will carry on).
A big thank to all the past and temporary group members especially Jens Staal (for
being a good friend who always has the time to answer a computer related
question and for all the fun we shared during our trips), Jan Fahleson (for always
having time to talk about science and spare time activities), Gunilla Swärd (for
taking care of the fungi and my transgenic plants), Patrick Okori (for sharing
office with me the first two years), Anna Johansson (for nice fika breaks), Johanna
Holmgren (for keeping the fungal lab in order), Malin Karlsson (my
undergraduate exam-student), Maria Ekman (my summer student for two years),
Mattias Myrenås (for help with microarray analysis) and Karin Andersen (without
your help I would never find the seeds).
I also would like to thank Johan Dixelius for help with the microscope. Without
your help some of the pictures would not have been possible.
A special thanks also to all persons in the ”middle corridor”. Ingrid Eriksson, your
help in the lab has been invaluable. Jenny Carlsson, it’s nice to know that someone
is keeping track of everything and always has time to answer questions. Carina
Knorpp, Jenni Hammargren, Matti Leino, Marie Nyman and Monica Johansson
thanks for nice talks during the lunch and coffee breaks.
Urban Petersson, thanks for all your help taking care of the plants and all your
creative solutions to my plant problems. Kristin-Sofie Mellsjö for excellent
Arabidopsis crossings, things got more complicated when I had to do it myself.
Björn Nicander for taking care of my computer and answering all my questions.
Birgitta Eriksson and Lotta Olsson, for always being helpful with all the
administrative work. Mona Munter for keeping track of my chemical orders and
for nice talks about our allotments.
I also want to thank all people who I shared teaching with, it’s always easier to do
a good job if you are surrounded with persons who like to teach. People at the pub
44

(Jesper Danielsson, Jon Ramsell, Magnus Eklund, Johan Wadenbäck, Mats Borén,
Andreas Helmersson, et al.) are also greatly acknowledged for creating nice well
needed breaks.
During these years I’ve belonged to the graduate school IMOP and especially Eva
Blixt has made a great effort in making nice gatherings during these years.
Richard Hopkins is greatly acknowledged for language correction and Karin
Ljung and Thommas Moritz for help with hormone measurements in Umeå.
Jag vill även tacka alla vänner utanför ”den akademiska världen”. Ett speciellt tack
till Jesper Johansson för all hjälp med min dator när den strulade under skrivandet.
Elin Övernäs för photoshop hjälp och trevliga stunder på kolonin. Maria Åkerstedt
för långa promenader och minst lika långa pratstunder. Maria Rebert för att du
alltid finns där när man behöver det som mest. Alla kompisar i scouterna för att ni
har dragit ut mig i skogen och fått mig att glömma jobbet för en stund.
Slutligen vill jag även tacka min familj för att ni alltid finns där och ställer upp för
mig. Mamma och Pappa, tack för att ni alltid finns där och för att ni har försökt
förstå vad det är jag hållit på med under de här åren. Mormor, det är skönt att veta
att man alltid kan komma till dig om man behöver bli ompysslad. Ulf och Lisa,
tack för att ni gör det möjligt för mig att omge mig med massor av växter, både ute
och inne. Men den som troligen förtjänar det största tacket är Olle, som har stått ut
med mig under den sista hektiska tiden. Jag kan inte nog tacka dig för all support,
stöd och kärlek du har gett mig under den här tiden.
This work was funded by The Swedish University of Agricultural Sciences, The
Royal Swedish Academy of Agriculture and Forestry (KSLA), The Helge Ax:son
Johnsons Foundation, The Nilson-Ehle Foundation and The Knut and Alice
Wallenberg Foundation.

45

References
Abeles, F.B., Morgan, P.W. and Saltveit, M.E. (1992) Ethylene in plant biology, 2nd edn.
New York. Academic Press.
AGI (2000) Analysis of the genome sequence of the flowering plant Arabidopsis thaliana.
Nature, 408, 796-815.
Agrios, G.N. (1997) Plant Pathology, 4 edn. San Diego, CA, USA. Academic Press.
Alonso-Blanco, C. and Koornneef, M. (2000) Naturally occuring varriation in
Arabidopsis: an underexploited resource for plant genetics. Trends Plant Sci. 5, 22-29.
Anderson, J.P., Badruzsaufari, E., Schenk, P.M., Manners, J.M., Desmond, O.J.,
Ehlert, C., MacLean, D.J., Ebert, P.R. and Kazan, K. (2004) Antagonistic interaction
between abscisic acid and jasmonate-ethylene signaling pathways modulates defense
gene expression and disease resistance in Arabidopsis. Plant Cell, 16, 3460-3479.
Ansan-Melayah, D., Balesdent, M-H., Delourme, R., Pilet, M.L., Tanguy, X., Renard,
M. and Rouxel, T. (1998) Genes for race-specific resistance against blackleg disease in
Brassica napus L. Plant breed. 117, 373-378.
Ausubel, F.M. (2005) Are innate immune signaling pathways in plants and animals
conserved? Nat. Immunol. 6, 973-979.
Axtell, M.J. and Staskawicz, B.J. (2003) Initiation of RPS2-specified disease resistance in
Arabidopsis is coupled to the AvrRpt2-directed elimination of RIN4. Cell, 112, 369-377.
Balesdent, M.H., Baretti, M.J., Li, H., Sivasithamparam, K., Gout, L. and Rouxel. T.
(2005) Analysis of Lepthospaeria maculans race structure in a worldwide collection of
isolates. Phytopathol. 95, 1061-1071.
Bancroft, I. (2001) Duplicate and diverge: the evolution of the plant genome
microstructure. Trends Genet. 12, 89-93.
Barrins, J.m., Purwantara, A. Ades, P.K., Salisbury, P.A. and Howlett, B.J. (2002)
Genetic diversity of isolates of Leptosphaeria maculans from canola (Brassica napus)
paddock in Australia. Aust. Plant Pathol. 1, 193-302.
Bechtold N., Ellis J. and Pelletier G. (1993) In planta Agrobacterium mediated gene
transfer by infiltration of adult Arabidopsis thaliana plants. C.R. Acad. Sci. Paris Life
Sci. 316, 1194-1199.
Beckers, G.J.M. and Spoel, S.H. (2006) Fine-tuning plant defence signalling: salicylate
versus jasmonate. Plant Biol. 8, 1-10.
Beckers, G.J.M. and Conrath, U. (2007) Priming for stress resistance: from the lab to the
field. Curr. Opin. Plant Biol. 10, 425-431.
Belkhadir, Y., Subramaniam, R. and Dangl, J.L. (2004) Plant disease resistance protein
signalling: NBS-LRR proteins and their partners. Curr. Opin. Plant Biol. 7, 391-399.
Bell, J.M. (1995) Meal and by-pruduct utilization in animal nutrition. In: Kimber, D. and
McGregor, D.I. (eds) Brassica Oilseeds: production and utilization. Cambrige, pp. 301337.
Benedetti, C.E., Xie, D. and Turner, J.G. (1995) COI1-dependent expression of an
Arabidopsis vegetative storage protein in flowers and siliques and in response to methyl
jasmonate. Plant Physiol. 109, 567-572.
Bent, A.F., Innes, R.W., Ecker, J.R. and Staskawicz. (1992) Disease development in
ethyleneinsensive Arabidopsis thaliana infected with virulent and avirulent Pseudomonas
and Xanthomonas pathogens. Mol. Plant-Microbe Interact. 5, 372-378.
Bent, A.F. and Mackey, D. (2007) Elicitors, effectors, and R genes: the new paradigm and
a lifetime supply of questions. Annu. Rev. Phytopathol. 45, 399-436.
Bittel, P. and Robatzek, S. (2007) Microbe-associated molecular patterns (MAMPs) probe
plant immunity. Curr. Opin. Plant. Biol. 10, 335-341.
Blanc, G., Barakat, A., Guyot, R., Cooke, R. and Delseny, M. (2000) Extensive
duplication and reshuffling in the Arabidopsis genome. Plant Cell, 12, 1093-1101.
Blanc, G., Hokamp, K. and Wolfe, K.H. (2003) A recent polyploidy superimposed on
older large-scale duplications in the Arabidopsis genome. Genome Res. 13, 137-144.

46

Blein, J-P., Coutos-Thévenot, P., Marion, D. and Ponchet, M. (2002) From elicitins to
lipid-transfer proteins: a new insight in cell signalling involved in plant defence
mechanisms. TRENDS Plant Sci. 7, 293-296.
Bohman, S., Wang, M. and Dixelius, C. (2002) Arabidopsis thaliana-derived resistance
against Leptosphaeria maculans in a Brassica napus genomic background. Theor. Appl.
Genet. 105, 1432-2242.
Bohman, S., Staal, J., Thomma, B.P.H.J., Wang, M., and Dixelius, C. (2004)
Characterisation of an Arabidopsis – Leptosphaeria maculans pathosystem: resistance
partially requires camalexin biosynthesis and is independent of salicylic acid, ethylene
and jasmonic acid signalling. Plant J. 37, 9-20.
Broekaert, W.F., Delauré, S.L., De Bolle, M.F.C. and Cammue, B.P.A. (2006) The role
of ethylene in host-pathogen interactions. Annu. Rev. Phytopathol. 44, 6.1-6.24.
Brownfield, L. and Howlett, B.J. (2001) An abundant 39 kDa protein from Brassica
napus (canola) is present in the apoplast of leaves infected by the blackleg fungus,
Leptosphaeria maculans. Aust. Plant Pathol. 30, 7-9.
Cao, H., Glazebrook, J., Clarke, J.D., Volko, S. and Dong, X. (1997) The Arabidopsis
NPR1 gene that controls systemic acquired resistance encodes a novel protein containing
ankyrin repeats. Cell, 88, 57-63.
Carlsson, J. (2007) The mitochondrial influence on nuclear gene expression in cytoplasmic
male-sterile Brassica napus. PhD thesis, Agraria 68. SLU Press, Uppsala Sweden.
Cavell, A.C., Lydiate, D.J., Parkin, I.A.P., Dean, C. and Trick, M.A. (1998) A 30
centimorgan segment of Arabidopsis thaliana chromosome 4 has six collinear
homologues within the Brassica napus genome. Genome, 41, 62-69.
Century, K.S., Shapiro, A.D., Repetti, P.P. Dahlbeck, D., Holub, E. and Staskawicz,
B.J. (1998) NDR1, a pathogen-induced component required for Arabidopsis disease
resistance. Science, 278, 1963-1965.
Chang, C., Kwok, S.F., Bleecker, A.B. and Meyerowitz, E.M. (1993) Arabidopsis
ethylene-response gene ETR1: similarity of product to two-component regulators.
Science, 262, 539-544.
Chang, C. and Shockey, J.A. (1999) The ethylene-response pathway: signal perception to
gene regulation. Curr. Opin. Plant Biol. 2, 352-358.
Chassot, C., Nawrath, C. and Métraux, J-P. (2007) Cuticular defects lead to full
immunity to a major plant pathogen. Plant J. 49, 972-980.
Chen, C-Y. and Howlett, B.J. (1996) Rapid necrosis of guard cells is associated with the
arrest of fungal growth in leaves of Indian mustard (Brassica juncea) inoculated with
avirulent isolates of Leptosphaeria maculans. Physiol. Mol. Plant Pathol. 48, 73-81.
Chen, C-Y. and Séguin-Swarts, G. (1997) The use of a β-glucuronidase-marked isolate of
Leptosphaeria maculans to study the reaction of crucifers to the blackleg fungus. Can. J.
Plant Pathol. 19, 327-330.
Chen, C-Y. and Séguin-Swarts, G. (1999) Reaction of wild crucifers to Leptosphaeria
maculans, the causal agent of blackleg of crucifers. Can. J. Plant Pathol. 21, 361-367.
Chen, Q-F., Dai, L-Y., Xiao, S., Wang, Y-S., Liu, X-L. and Wang, G-L. (2007) The
COI1 and DFR genes are essential for regulation of jasmonate-induced anthocyanin
accumulation in Arabidopsis. J Integrative Plant Biol. 49, 1370-1377.
Chini, A., Fonseca, S., Fernández, G., Aide, B., Chico, M., Lorenzo, O., GarcíaCasado, G., López-Vidriero, I., Lozano, F.M., Ponce, M.F., Micol, J.L. and Solano,
R. (2007) The JAZ family of repressors is the missing link in jasmonate signalling.
Nature, 448, 666-671.
Chisholm, S.T., Coaker, G., Day, B. and Staskawicz, B.J. (2006) Host-microbe
interactions: shaping the evolution of the plant immune response. Cell, 124, 803-814.
Cohen, Y.R. (2002) β-amino-butyric acid-induced resistance against plant pathogens. Plant
Dis. 86, 448–457.
Cohen, J.D., Slovin, J.P. and Hendrickson, A.M. (2003) Two genetically discrete
pathways convert tryptophan to auxin: more redundancy in auxin biosynthesis. Trends
Plant Sci. 8, 197-199.
Conrath, U. (2006) Systemic acquired resistance. Plant Sign. Behav. 1, 179-184.

47

Conrath, U., Beckers, G.J.M., Flors, V., García-Agustín, P., Jakab, G., Mauch, F.,
Newman, M-A., Pieterse, C.M.J., Poinssot, B., Pozo, M.J., Pugin, A., Schaffrath, U.,
Ton, J., Wendehenne, D., Zimmerli, L. and Mauch-Mani, B. (2006) Priming, getting
ready for battle. Mol. Plant-Microbe Interact. 19, 1062-1071.
Cozijnsen, A.J., Popa, K.M., Purwantara, A., Rolls, B.D. and Howlett, B.J. (2000)
Genome analysis of the plant pathogenic ascomycete Leptosphaeria maculans; mapping
mating type and host spesificty loci. Mol. Plant Pathol. 1, 293-302.
Cozijnsen, A.J. and Howlett, B.J. (2003) Characterisation of the mating-type locus of the
plant pathogenic ascomycete Leptosphaeria maculans. Curr. Genet. 43,351-357.
Crocoll. C., Kettner, J. and Dörffling, K. (1991) Abscisic acid in saprophytic and
parasitic species of fungi. Phytochemistry, 30, 1059-1060.
Dangl, J. and Jones, J. D.G. (2001) Plant pathogens and integrated defence responses to
infection. Nature, 411, 826-833.
Davis, P.J. (1995) Auxin In: Davies, P.J. (eds) Plant hormones: physiology, biochemistry
and molecular biology. Kluwer, Dordrecht. pp. 246-271.
Delaney, T.P., Friedrich, L. and Ryals, J.A. (1995) Arabidopsis signal transduction
mutant defective in chemically and biologically induced disease resistance. Proc. Natl.
Acad. Sci. USA, 102, 1791-1796.
Delourme, R., Pilet-Nayel, M.L., Archipiano, M., Horvais, R., Tanguy, X., Rouxel, T.,
Brun, H., Renard, M. and Balesdent, M.H. (2004) A cluster of major specific
resistance Genes to Leptosphaeria maculans in Brassica napus. Phytopathol. 94, 578583.
Denby, K.J., Kumar, P. and Kliebenstein, D.J. (2004) Identification of Botrytis cinerea
susceptibility loci in Arabidopsis thaliana. Plant J. 38, 473-486.
Desfeux C., Clough S.J., and Bent A.F. (2000) Female reproductive tissues are the
primary target of Agrobacterium-mediated transformation by the Arabidopsis floral-dip
method. Plant Physiol. 123, 895-904.
Desikan, R., Cheung, M-K., Bright, J., Henson, D., Hancock, J.T. and Neil S.J. (2004)
ABA, hydrogen peroxide and nitric oxide signalling in stomatal guard cells. J Exp. Bot.
55, 1-8.
Deslandes, L., Olivier, J., Peeters, N., Feng, D.X., Khounlotham, M., Boucher, C.,
Somssich, I., Genin, S. and Marco, Y. (2003) Physical interaction between RRS1-R, a
protein conferring resistance to bacterial wilt, and PopP2, a type III effector targeted to
the plant nucleus. Proc. Natl. Acad. Sci. USA, 100, 8024-8029.
de Torres-Zabala, M., Truman, W., Bennett, M.H., Lafforgue, G., Mansfield, J.W.,
Egea, P.R., Bögre, L. and Grant, M. (2007) Pseudomonas syringae pv. tomato hijacks
the Arabidopsis abscisic acid signalling pathway to cause disease. EMBO J. 26, 14341443.
Devoto, A. and Turner, J.G. (2003) Regulation of jasmonate-mediated plant responses in
Arabidopsis. Annals of Bot. 92, 329-337.
Dharmasiri, N., Dharmasiri, S. and Estelle, M. (2005a) The F-box protein TIR1 is an
auxin receptor. Nature, 435, 441-445.
Dharmasiri, N., Dharmarasiri, S., Weijers, D., Lechner, E., Yamada, M., Hobbie, L.,
Ehrismann, J.S., Jürgens, G. and Estelle, M. (2005b) Plant development is regulated
by a family of auxin receptor F box proteins. Dev. Cell. 9, 109-119.
Doares, S.H., Syrovets, T., Weiler, E.W. and Ryan, C.A. (1995) Oligogalacturonides and
chitosan activate plant defensive genes through the octadecanoid pathway. Proc. Natl.
Acad. Sci. USA, 92, 4095-4098.
Dodds, P.N., Lawrence G.J., Catanzariti, A.M., The, T., Wang, C.I., Ayliffe, M.A.,
Kobe, B. and Ellis, J.G. (2006) Direct protein interaction underlies gene-for-gene
specificity and coevolution of the flax resistance genes and flax rust avirulence genes.
Proc. Natl. Acad. Sci. USA, 103, 8888-8893.
Dong, X. (1998) SA, JA, ethylene, and disease resistance in plants. Curr. Opin. Plant Biol.
1, 316-323.
Donofrio, N.M. and Delaney, T.P. (2001) Abnormal callose response phenotype and
hypersusceptibility to Peronospora parasitica in defense-compromised Arabidopsis

48

nim1-1 and salicylate hydroxylase-expressing plants. Mol. Plant-Microbe Interact. 14,
439-450.
Doweny, R.K. and Röbbelen, G. (1989) Brassica speicies In: Röbbelen, G., Downey, R.K.
and Ashiri, A. (eds) Oil Crops of the world. McGraw-Hill, New York, pp. 339-362.
Dreher, K.A., Brown, J., Saw, R.E. and Callis, J. (2006) The Arabidopsis Aux/IAA
protein family has diversified in degradation and auxin responsiveness. Plant Cell, 18,
699-714.
Dreher, K. and Callis, J. (2007) Ubiquitin, hormones and biotic stress in plants. Annals of
Bot. 99, 787-822.
Durner, J., Shah, J. and Klessig, D.F. (1997) Salicylic acid and disease resistance in
plants. Trends Plant Sci. 2, 266–274.
Durrant, W.E. and Dong, X. (2004) Systemic acquired resistance. Annu. Rev.
Phytopathol. 42, 185-209.
Dörffling, K., Peterson, W., Sprecher, E., Urbasch, I. and Hanssen, H.P. (1984)
Abscisic acid in phytopathogenic fungi of the genera Botrytis, Ceratocystis, Fusarium,
and Rhizoctonia. Z. Naturforsch. 39, 683-684.
Ellis, J., Dodds, P. and Pryor, T. (2000) Structure, function and evolution of plant disease
resistance genes. Curr. Opin. Plant Biol. 3, 278-284.
Ellis, J.G., Dodds, P.N. and Lawrence, G.J. (2007) The role of secreted proteins in
diseases of plants caused by rust, powdery mildew and smut fungi. Curr Opin Microbiol.
10, 326-331.
Espinosa, A. and Alfano, J.R. (2004) Disabling surveillance: bacterial type III secretion
system effectors that suppress innate immunity. Cell Microbiol. 6, 1027-1040.
Eulgem, T. and Somssich, I.E. (2007) Networks of WRKY transcription factors in defense
signalling. Curr. Opin. Plant Biol. 10, 366-371.
Farmer, E. (2007) Jasmonate perception machines. Nature, 448, 659-660.
Felix, G., Duran, J.D., Volko, S. and Boller, T. (1999) Plants have a sensitive perception
system for the most conserved domain of bacterial flagellin. Plant J. 18, 265-276.
Feys, B.J., Benedetti, C.E., Penfold, C.N. and Turner, J.G. (1994) Arabidopsis mutants
selected for resistance to the phyto-toxin coronatine are male-sterile, insensitive to
methyl jasmonate, and resistant to bacterial pathogen. Plant Cell, 6, 751-759.
Feys, B.J. and Parker, J.E. (2000) Interplay of signalling pathway in plant disease
resistance. TIG. 16, 449-455.
Finkelstein, R.R. and Rock, C.D. (2002) Abscisic acid biosynthesis and response. In:
Somerville, C. and Meyerowitz, E. (eds) The Arabidopsis book, 1-52.
Fitt, B.D.L., Brun, H., Barbetti, M.J, and Rimmer, S.R. (2006a) World-wide importance
of phoma stem canker (Leptosphaeria maculans and L. biglobosa) on oilseed rape
(Brassica napus). Eur. J. Plant Pathol. 114, 3-15.
Fitt, B.D.L, Huang, Y-J, van den Bosch, H. and West, J.S. (2006b) Coexistence of
related pathogen species on arable crops in space and time. Annu. Rev. Phytopathol. 44,
163-182.
Flor, H.H. (1971) Current status of the gene-for-gene concept. Annu. Rev. Phytopathol. 9,
275-296.
Flors, V., Ton, J., Jakab, G. and Mauch-mani, B. (2005) Abscisic acid and callose: team
players in defence against pathogens? J. Phytopathol. 153, 377-383.
Fudal, I., Ross, S., Gout, L., Blaise, F., kuhn, M.L., Eckert, M.R., Cattolico, L.,
Bernad-Samain, S., Balesdent, M.H. and Rouxel, T. (2007) Heterochromatin-like
region as ecological niches for avirulence genes in the Leptosphaeria maculans genome:
map-based cloning of AvrLm6. Mol. Plant-Microbe Interact. 20, 459-470.
Fujita, M., Fujita, Y., Noutoshi, Y., Takahashi, F., Narusaka, Y., YamaguchiShinozaki, K. and Shinozaki, K. (2006) Crosstalk between abiotic and biotic stress
responses: a current view from the point of convergence in the stress signaling network.
Curr. Opin. Plant Biol. 9, 1-7.
Gabriel, D.W. and Rolfe, B.G. (1990) Working models of specific recognition in plantmicrobe interactions. Annu. Rev. Phytopath. 28, 458-463.

49

Gaffney, T., Friedrich, L., Vernooij, B., Negrotto, D., Nye, G., Uknes, S., Ward, E.,
Kessmann, H. and Ryals, J. (1993) Requirement of salicylic acid for the induction of
systemic acquired resistance. Science, 261, 754-756.
Gagne, J.M., Downes, B.P., Shiu, S-H., Durski, A.M. and Vierstra. R.D. (2002) The Fbox subunit of the SCF E3 complex is encoded by a diverse superfamily of genes in
Arabidopsis. Proc. Natl. Acad. Sci. USA, 99, 11519-11524.
Gao, Y., Zeng, Q., Guo, J., Cheng, J., Ellis, B.E. and Chen, J.G. (2007) Genetic
characterization reveals no role for the reported ABA receptor, GCR2, in ABA control of
seed germination and early seedling development in Arabidopsis. Plant J. [Epub ahead of
print] PMID: 17894782
Garcia-Brugger, A., Lamotte, O., Vandelle, E., Bourque, S., Lecourieux, D., Poinssot,
B., Wendehenne, D. and Pugin, A. (2006) Early Signaling events induced by elicitors
of plant defenses. Mol. Plant-Microbe Interact. 19, 711-724.
Glawischnig, E., Gram Hansen, B., Olsen, C.E. and Halkier, B.A. (2004) Camalexin is
synthsized from indole-3-acetaldoxime, a key branching point between primary and
secondary metabolism in Arabidopsis. Proc. Natl. Acad. Sci. USA, 101, 8245-8250.
Glawischnig, E. (2007) Camalexin. Phytochem. 68, 401-406.
Glazebrook, J. (2001) Genes controlling expression of defense responses in Arabidopsis
— 2001 status. Curr. Opin. Plant Biol. 4, 301-308.
Glazebrook, J. (2005) Contrasting mechanisms of defense against biotrophic and
necrotrophic pathogenes. Annu. Rev. Phytopathol. 43, 205-227.
Goff, S.A., Ricke, D., Lan, T-H., Presting, G., Wang, R., Dunn, M., Glazebrook, J., et
al. (2002) A draft sequence of the rice genome (Oryza sativa L. ssp. japonica). Science,
296, 92-100.
Gómez-Gómez, L. and Boller, T. (2002) Flagellin perception: a paradigm for innate
immunity. Trends Plant Sci. 7, 251-256.
Görlach, J., Volrath, S., Knauf-Beiter, G.,Hengy, G., Beckhove, U., Kogel, K-H.,
Oostendorp, M., Staub, M., Ward, E. and Ryals, J. (1996) Benzothiadiazole, a novel
class of inducers of systemic acquired resistance, activates gene expression and disease
resistance in wheat. Plant Cell, 8, 629-643.
Gout, L., Fudal, I., Kuhn, M-L, Blaise, F., Eckert, M., Cattolico, L., Balesdent, M-H.
and Rouxel, T. (2006) Lost in the middle of nowhere: the AvrLm1 avirulence gene of the
Dothideomycete Leptosphaeria maculans. Mol. Microb. 60, 67-80.
Grant, M. and Lamb, C. (2006) Systemic immunity. Curr. Opin. Plant Biol. 9, 1-7.
Gray, W.M., del Pozo, J.C., Walker, L., Hobbie, L., Risseeuw, E., Banks, T., Crosby,
W.L., Yang, M., Ma, H. and Estelle, M. (1999) Identification of an SCF ubiquitinligase complex required for auxin response in Arabidopsis thaliana. Genes and Develop.
13, 1678-1691.
Gray, W.M., Kepinski, S., Rouse, D., Leyser, O. and Estelle, M. (2001) Auxin regulates
SCFTIR1-dependent degradation of AUX/IAA proteins. Nature, 414, 271-276.
Guilfoyle, T.J. and Hagen, G. (2007) Auxin response factors. Curr. Opin. Plant Biol. 10,
453-460.
Hagen, C. and Guilfoyle, T. (2002) Auxin-responsive gene expression: genes, promoters
and regulatory factors. Plant Mol. Biol. 49, 373-385.
Hammerschmidt, R. (1999) Phytoalexins: what have we learned after 60 years? Annu.
Rev. Phytopathol. 37, 285-306.
Hammond, K.E., Lewis, B.G. and Musa, T.M. (1985) A systemic pathway in the
infection of oilseed rape plants by Leptosphaeria maculans. Plant Pathol. 34, 557-565.
Hammond-Kosack, K.E. and Jones, J.D.G. (1996) Resistance gene-dependent plant
defense responses. Plant Cell, 8, 1773-1791.
Hammond-Kosack, K.E. and Jones, J.D.G. (1997) Plant disease resistance genes. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 48, 575-607.
Hammond-Kosack, K.E. and Parker, J.E. (2003) Deciphering plant-pathogen
communication: fresh perspective for molecular resistance breeding. Curr. Opin. Biotech.
14, 177-193.
Hawksworth, D.L. (2001) The magnitude of fungal diversity: the 1.5 million species
estimate revised. Mycol. Res. 105,1422-1432.

50

Hayat, S. and Ahmad, A. (2007) (eds) Salicylic acid-a plant hormone. Dordrecht.
Holub, E.B. (2001) The arms race is ancient history in Arabidopsis, the wildflower. Nat.
Rev. Genet. 2, 516-527.
Holub, E. (2007) Natural variation in innate immunity of a pioneer species. Curr. Opin.
Plant Biol. 10, 415-424.
Howlett, B.J., Idnurm, A. and Pedras, M.S.C. (2001) Leptosphaeria maculans, the causal
agent of blackleg disease of Brassicas. Fung. Gene. and Biol. 33, 1-14.
Howlett, B. (2004) Current knowledge of the interaction between Brassica napus and
Leptosphaeria maculans. Can. J. Plant Pathol. 26, 245-252.
Hua, J., Chang, C., Sun, Q. and Meyerowitz, E.M. (1995) Ethylene insensitivity
conferred by Arabidopsis ERS gene. Science, 269, 1712-1714.
Hua, J. and Meyerowitz, E.M. (1998) Ethylene responses are negatively regulated by a
receptor gene family in Arabidopsis thaliana. Cell, 94, 261-271.
Innes, R.W. (2004) Guarding the goods. New insights into the central alarm system of
plants. Plant Physiol. 135, 695–701.
Jander, G., Norris, S.R., Rounsley, S.D., Bush, D.F., levin, I.M. and Last, R.L. (2002)
Arabidopsis map-based cloning in the post genome era. Plant Physiol. 129, 440-450.
Jacobs, A.K., Lipka, V., Burton, R.A., Panstruga, R., Strizhov, N., Schulze-Lefert, P.
and Fincher G.B. (2003) An Arabidopsis callose synthase, GLS5, is required for wound
and papilla callose formation. Plant Cell, 15, 2503-2513.
Jia, Y., McAdams, S.A., Bryan, G.T., Hershey, H.P. and Valent, B. (2000) Direct
interaction of resistance gene and avirulence gene products confers rice blast resistance.
EMBO J. 19, 4004-4014.
Johnson, P.R. and Ecker, J.R. (1998) The ethylene gas signal transduction pathway: a
molecular perspective. Annu. Rev. Genet. 32, 227-254.
Johnston, C.A., Temple, B.R., Chen, J.G., Gao, Y., Moriyama, E.N., Jones, A.M.,
Siderovski, D.P. and Willard, F.S. (2007) Comment on "a G protein coupled receptor is
a plasma membrane receptor for the plant hormone abscisic acid". Science, 318, author
reply 914.
Jones, D.A. and Jones, J.D.G. (1996) The roles of leucine rich repeates in plant defences.
Adv. Bot. Res. Adv. Plant Pathol. 24, 90-167.
Jones, J.D.G and Dangl, J. (2006) The plant immune system. Nature, 444, 323-329.
Kagan, I.A. and Hammerschmidt, R. (2002) Arabidopsis ecotype variability in camalexin
production and reaction to infection by Alternaria brassicicola. J Chem. Ecol. 28, 21212139.
Kamoun, S. (2007) Groovy times: filamentous pathogen effectors revealed. Curr. Opin.
Plant Biol. 10, 358-365.
Karlsson, M. (2006) Impact of Arabidopsis chromosome 3 on resistance to Leptosphaeria
maculans – a microarray study. Master’s thesis. SLU, Uppsala, Sweden. ISSN 1665-5196
Nr 76.
Katiyar-Agarwal, S., Morgan, R., Dahlbeck, D., Borsani, O., Villegas, A. Jr., Zhu,
J.K., Staskawicz, B.J. and Jin, H. (2006) A pathogen-inducible endogenous siRNA in
plant immunity. Proc. Natl. Acad. Sci. USA, 103, 18002-18007.
Kepinski, S. and Leyser, O. (2002) Ubiquitin and auxin signaling: a degrading story. Plant
Cell, 14, S81-95.
Kepinski, S. and Leyser, O. (2005) The Arabidopsis F-box protein TIR1 is an auxin
receptor. Nature, 435, 446-451.
Kim, J., Harter, K. and Theologis, A. (1997) Protein-protein interactions among the
Aux/IAA proteins. Proc. Natl. Acad. Sci. USA, 94, 11786-11791.
Kim, M.G., da Cunha, L., McFall, A.J., Belkhadir, Y., DebRoy, S., Dangl, J.L. and
Mackey, D. (2005) Two Pseudomonas syringae type III effectors inhibit RIN4-regulated
basal defense in Arabidopsis. Cell, 121, 749-759.
Koch, E., Song, K., Osborn, T.C. and Whilliams, P.H. (1991) Relationship between
pathogenicity and phylogeny based on restriction fragment length polymorphism in
Leptosphaeria maculans. Mol. Plant-Microbe Interact. 4, 341-349.

51

Koch, M.A., Haubold, B. and Mitchell-Olds, T. (2000) Comparative evolutionary
analysis of chalcone synthase and alcohol dehydrogenase loci in Arabidopsis, Arabis, and
related genera (Brassicaceae). Mol. Biol. Evol. 17, 1483 - 1498.
Koornneef, M., Alonso-Blanco, C. and Vreugdenhil, D. (2004) Naturally occurring
genetic variation in Arabidopsis thaliana. Annu. Rev. Plant. Biol. 55, 141-172.
Körbitz, W. (1995) Utilization of oil as a biodiesel fuel. In Kimber, D. and McGregor, D.I.
(eds) Brassica oilseeds: production and utilization. Cambrige, pp. 353-371.
Kover, P.X. and Caicedo, L. (2001) The genetic architecture of disease resistance in plants
and the maintenance of recombination by parasites. Mol. ecol. 10, 1-16.
Krüger, J., Thomas, C.M., Golstein, C., Dixon, M.S., Smoker, M., Tang, S., Mulder, L.
and Jones, J.D. (2002) A tomato cysteine protease required for Cf-2-dependent disease
resistance and suppression of autonecrosis. Science, 296, 744-747.
Kunkel, B.N. (1996) A useful weed put to work: genetic analysis of disease resistance in
Arabidopsis thaliana. Trends Genet. 12, 63-69.
Kunkel, B.N. and Brooks, D.M. (2002) Cross talk between signaling pathways in
pathogen defense. Curr. Opin. Plant Biol. 5, 325-331.
Laibach, F. (1943) Arabidopsis thaliana (L.) Henh. als object für genetische und
entwicklungsphysiologische untersuchungen. Bot. Archiv. 44, 439-455.
Lamb, C. and Dixon, R.A. (1997) The oxidative burst in plant disease resistance. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 48, 251-275.
Laugé, R. and De Wit, P.J.G.M. (1998) Fungal avirulence genes: structure and possible
functions. Fungal Genet. Biol. 24, 285-297.
Lawton, K., Weymann, K., Friedrich, L., Vernooij, B., Uknes, S. and Ryals, J. (1995)
Systemic acquired resistance in Arabidopsis requires salicylic acid but not ethylene. Mol.
Plant-Microbe Interact. 8, 863-870.
Leflon, M., Brun, B., Eber, F., Delourme, Lucas, M.O., Vallée, P., Ermel, M.
Balesdent, M.H. and Chèvre, A.M. (2007) Detection, introgression and localization of
genes conferring specific resistence to Leptosphaeria maculans from Brassica rapa into
B. napus. Theor. Appl. Genet. 115, 897-906.
Leung, J. and Giraudat, J. (1998) Abscisic acid signal transduction. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 49, 199-222.
Leyser, O. (2006) Dynamic integration of auxin transport and signalling. Current Biol. 16,
R424-R433.
Li, C-X. and Cowling, W.A. (2003) Identification of a single dominant allele for resistance
to blackleg in Brassica napus “Surpass 400”. Plant Breeding, 122, 485-488.
Liu, X., Yue, Y., Li, B., Nie, Y., Li, W., Wu, W.H. and Ma, L. (2007) A G proteincoupled receptor is a plasma membrane receptor for the plant hormone abscisic acid.
Science, 315, 1712-1716.
Liscum, E. and Reed, J.W. (2002) Genetics of Aux/IAA and ARF action in plant growth
and development. Plant. Mol. Biol. 49, 387-400.
Lister, C. and Dean, C. (1993) Recombinant inbred lines for mapping RFLP and
phenotypic markers in Arabidopsis thaliana. Plant J. 4, 745–750.
Ljung, K., Hull., A.K., Kowaczyk, M. Marchant, A., Celenza, J., Choen, J.D. and
Sandberg, G. (2002) Biosynthesis, conjugation, catabolism and homeostasis of indole-3acetic acid in Arabidopsis thaliana. Plant Mol. Biol. 49, 249-272.
Lysak, M.A., Koch, M.A., Pecinka, A. and Schubert, I. (2005) Chromosome triplication
found across the tribe Brassiceae. Genome Res. 15, 516-525.
Mackey, D., Holt, B.F. 3rd, Wiig, A. and Dangl, J.L. (2002) RIN4 interacts with
Pseudomonas syringae type III effector molecules and is required for RPM1-mediated
resistance in Arabidopsis. Cell, 108, 743-754.
Mackey, D., Belkhadir, Y., Alonso, J.M., Ecker, J.R. and Dangl, J.L. (2003)
Arabidopsis RIN4 is a target of the type III virulence effector AvrRpt2 and modulates
RPS2-mediated resistance. Cell, 112, 379-389.
Mackey, D. and McFall, A.J. (2006) MAMPs and MIMPs: proposed classifications for
inducers of innate immunity. Mol Microbiol. 61, 1365-1371.

52

Maor, R., Haskin, S., Levi-Kedmi, H. and Sharon, A. (2004) In planta production of
indole-3-acetic acid by Colletotrichum gloeosporioides f. sp. aeschynomene. Appl.
Environ. Microbiol. 70, 1852-1854.
Maor, R. and Shirasu K. (2005) The arms race continues: battle strategies between plants
and fungal pathogens. Curr. Opin. Microb. 8, 399-404.
Martin, G.B., Bogdanove, A.J. and Sessa, G. (2003) Understanding the function of plant
disease resistance proteins. Annu. Rev. Biol. 54, 23-61.
Mauch-Mani, B. and Métraux, J-P. (1998) Salicylic acid and systemic acquired
resistance to pathogen attack. Ann. Bot. 82, 535-540.
McDonald, B.A. and Linde, C. (2002) Pathogen population genetics, evolutionary
potential, and durable resistance. Annu. Rev. Phytopathol. 40, 349-379.
McDowell, J.M. (2004) Convergent evolution of disease resistance genes. Trends Plant
Sci. 9, 315-317.
McHale, L., Tan, X., Koehl, P. and Michelmore, R.W. (2006) Plant NBS-LRR proteins:
adaptable guards. Genome Biol. 7, 212-223.
Meinke, D.W., Cherry, J.M., Dean, C., Rounsley, S. D. and koorneef M. (1998)
Arabidopsis thaliana: a model plant for genome analysis. Science, 282,662-682.
Mendes-Pereira, E., Balesdent, M-H., Brun, H. and Rouxel, T. (2003) Molecular
phylogeny of the Leptosphaeria maculans-L. biglobosa species complex. Mycol. Res.
107, 1287-1304.
Métraux, J-P., Ahl-Goy, P., Staub, T., Speich, J., Steinemann, A., Ryals, J. and Ward,
E. (1991) Induced resistance in cucumber in response to 2,6-dichloroisonicotinic acid and
pathogens. In Advances in Molecular Genetics of Plant-Microbe Interactions 1. Edited by
Hennecke, H., Verma, DPS. Dordrecht, pp.432-439.
Meyers, B.C., Morgante, M. and Michelmore, R.W. (2002) TIR-X and TIR-NBS
proteins: two new families related to disease resistance TIR-NBS-LRR proteins encoded
in Arabidopsis and other plant genomes. Plant J. 32, 77-92.
Meyers, B.C., Kozik, A., Griego, A., Kuang, H. and Michelmore, R.W. (2003) genomewideanalysis of NBS-LRR-encoding genes in Arabidopsis. Plant Cell, 5, 809-834.
Meyers, L.A., Ancel, F.D. adn Lachmann, M. (2005a) Evolution of genetic potential.
PLoS. Comput. Biol. 1, 236-243.
Meyers, B.C., Kaushik, S. and Nandety, R.S. (2005b) Evolving disease resistance genes.
Curr. Opin. Plant Biol. 8, 129-134.
Murphy, A.M., Pryce-Jones. E., Johnstone, K. and Ashby, A.M. (1997) Comparisonof
cytokinin production in virto by Pyrenopeziza brassicae with other pathogens. Physiol.
Mol. Plant Pathol. 50, 53-65.
Nafisi, M., Goregaoker, S., Botanga, C.J., Glawischnig, E., Olsen, C.E., Halkier, B.A.
and Glazebrook, J. (2007) Arabidopsis cytochrome P450 monooxygenase 71A13
catalyzes the conversion of indole-3-acetaldoxime in camalexin synthesis. Plant Cell, 19,
2039-2052.
Nambara, E. and Marion-Poll, A. (2005) Abscisic acid biosynthesis and catabolism.
Annu. Rev. Plant Biol. 56, 165-185.
Navarro. L., Dunoyer, P., Jay, F., Arnold, B., Dharmasiri, N., Estelle, M., Voinnet, O.
and Jones, J.D.G. (2006) A plant miRNA contributes to antibacterial resistance by
repressing auxin signalling. Science, 312, 436-439.
Nemhauser, J.L., Hong, F. and Chory, J. (2006) Different plant hormones regulate
similar processes through largely nonoverlapping transcriptional responses. Cell, 126,
467-475.
Nimchuk, Z., Elugem, T., Holt III, B.F. and Dangl, J.L. (2003) Recognition and
response in the plant immune system. Annu. Rev. Genet. 37, 579-609.
Nishimura, M.T., Stein, M., Hou, B-H., Vogel, J.P., Edwards, H. and Somerville, S.C.
(2003) Loss of a callose synthase results in salicylic acid-dependent disease resistance.
Science, 301, 969-972.
Østergaard, L., Petersen, M. and Mundy, J. (2002) An Arabidopsis callose synthase.
Plant mol. biol. 49, 559-566.

53

Park, S-W., Kaimoyo, E., Kumar, D., Mosher, S. and Klessig, D.F. (2007) Methyl
salicylate is a critical mobile signal for plant systemic acquired resistance. Science, 318,
113-116.
Parkin, I.A.P., Gulden, S.M., Sharpe, A.G., Lukens, L., Trick, M., Osborn, T.C. and
Lydiate, D.J. (2005) Segmental structure of the Brassica napus genome based on
comparative analysis with Arabidopsis thaliana. Genetics, 171, 765-781.
Paxton, J.D. (1981) Phytoalexins-a working redefinition. Phytopathol. Z. 101, 106-109.
Pedras, M.S.C., Khan, A.Q., Smith, K.C. and Stettner, S.L. (1997) Preparation,
biotransformation, and antifungal activity of methyl benzyldithiocarbamates. Can. J.
Chem. 75, 825-828.
Pedras, M.S.C., Khan, A.Q. and Taylor, J.L (1998) The phytoalexin camalexin is not
metabolized by Phoma lingam, Alternaria brassicae, or phytopathogenic bacteria. Plant
Science, 139, 1-8.
Pedras, M.S.C., okanga, F.I., Zaharia, I.L. Khan, A.Q. (2000) Phytoalexins from
crucifers: synthesis, biosynthesis, and biotransformation. Phytochemistry. 53, 161-176.
Pedras, M.S.C., Jha, M., Minic, Z. and Okeola, O.G. (2007) Isosteric probes provide
structural requirements essential for detoxification of the phytoalexin brassinin by the
fungal pathogen Leptosphaeria maculans. Bioorg. Med. Chem. 15, 6054-6061.
Penninckx, I.A., Thomma, B.P., Buchala, A., Metraux, J.P. and Broekaert, W.F.
(1998) Concomitant activation of jasmonate and ethylene response pathways is required
for induction of a plant defensin gene in Arabidopsis. Plant Cell, 8, 2309-2323.
Pieterse, C.M.J., Van Wess, S.C.M., Van Pelt, J.A., Knoester, M., Laan, R., Gerrits,
H., Weisbeek, P.J. and Van Loon, L.C. (1998) A novel signalling pathway controlling
induced systemic resistance in Arabidopsis. Plant Cell, 10, 1571-1580.
Pieterse, C.M.J., van Wees,S.C.M., Ton, J., van Pelt, J.A. and van Loon, L.C. (2002)
Signalling in rhizobacteria-induced systemic resistance in Arabidopsis thaliana. Plant
Biol. 4, 535–544.
Pilet, M.L., Delourme, R., Foisset, n. and Renard, M. (1998) Identification of loci
contributing to quantitative field resistance to blackleg disease, causel agent
Leptosphearia maculans (Desm.) Ces. et de Not., in winter rapeseed (Brassica napus L.).
Theor. Appl. Genet. 96, 23-30.
Plummer, K.M. and Howlett, B.J. (1995) Inheritance of chromosomal length
polymorphisms in the ascomycete Leptosphaeria maculans. Mol. Gen. Genet. 247, 416422.
Quint, M. and Gray, W.M. (2006) Auxin signalling. Curr. Opin. Plant Biol. 9, 448-453.
Rana, D., van den Boogaart, T., O’Neill, C.M., Hynes, L., Bent, E., Macpherson, L.,
Young Park, J., Pyo Lim, y. and Bancroft I. (2004) Conservation of the microstructure
of genome segments in Brassica napus and its diploid relatives. Plant J. 40, 725-733.
Rasmussen, U., Bojsen, K. and Collinge, K.B. (1992a) Cloning and characterization of a
pathogen induced chitinase from Brassica napus. Plant Mol. Biol. 20, 277-287.
Rasmussen, U., Giese, H. and Mikkelsen, J.D. (1992b) Induction and purification in
chitinase in Brassica napus ssp. oleifera infected with Phoma lingam. Planta, 187, 328334.
Rensik, W.A. and Buell, C.R. (2004) Arabidopsis to Rice. Applying knowledge from a
weed to enhance our understanding of a crop species. Plant Phys. 135, 622-629.
Rimmer, S. and Buchwaldt, L. (1995) Diseases. In Brassica oilseeds. Edited by Kimber,
D., McGregor, D.I., CAB international, Wallingford, pp 111-140.
Robert-Seilaniantz, A., Navarro, L., Bari, R. and Jones, J. D.G. (2007) Pathological
hormone imbalances. Curr. Opin. Plant Biol. 10, 372-379.
Rock, C. (2000) Pathway to abscisic acid-regulated gene expression. New Phytol. 148, 357396.
Rogg, L.E. and Bartel, B. (2001) Auxin signaling: derepression through regulated
proteolysis. Dev. Cell. 1, 595-604.
Roman, G., Lubarsky, B., Kieber, J.J., Rothenberg, M. and Ecker, J.R. (1995) Genetic
analysis of ethylene signal transduction in Arabidopsis thaliana: five novel mutant loci
integrated into a stress response pathway. Genetics, 139, 1393-1409.

54

Rooney, H.C., Van't Klooster, J.W., van der Hoorn, R.A., Joosten, M.H., Jones, J.D.
and de Wit, P.J. (2005) Cladosporium Avr2 inhibits tomato Rcr3 protease required for
Cf-2-dependent disease resistance. Science, 308, 1783-1786.
Roussel, S., Nicole, M., Lopez, F., Geiger, J.p., Renard, M. and Brun, H. (1999)
Leptosphaeria maculans and cryptogein induce similar vascular responses in tissues
undergoing the hypersensitive response in Brassica napus. Plant Sci. 144, 17-28.
Rouxel, T. and Balesdent, M.H. (2005) The stem canker (blackleg) fungus, Leptosphaeria
maculans, enters the genomic era. Mol. Plant Pathol. 6, 225-241.
Ryals, J.A., Neuenschwander, u.H., Willits, M.G., Molina, A., Steiner, H-Y. and Hunt,
M.D. (1996) Systemic acquired resistance. Plant Cell, 8,1809-1819.
Ryals, J., Weymann, K., Friedrich, L., Ellis, D., Steiner, H.Y., Johnson, J., Delaney,
T.P., Jesse, T., Vos, P. and Uknes, S. (1997) The Arabidopsis NIM1 protein shows
homology to the mammailian transcription factor inhibitor 1kB. Plant Cell, 9, 425-439.
Saal, B. and Struss, D. (2005) RGA- and RAPD-derived SCAR markers for a Brassica Bgenome introgression conferring resistance to blackleg in oilseed rape. Theor. Appl.
Genet. 111, 281-290.
Sakai, H., Hua, J., Chen, Q.G., Chang, C., Medrano, L.J., Bleecker, A.B. and
Meyerowitz, E.M. (1998) ETR2 is an ETR1-like gene involved in ethylene signalling in
Arabidopsis. Proc. Natl. Acad. Sci. USA, 95, 5812-5817.
Schenk, P.M., Kazan, K., Wilson, I., Anderson, J.P., Richmound, T., Somerville, S.C.
and Manners, J.M. (2000) Coordinated plant defense responses in Arabidopsis revealed
by microarray analysis. Proc. Natl. Acad. Sci. USA, 97, 11655-11660.
Schranz, M.E., Song, B-H., Windsor, A.J. and Mitchell-Olds, T. (2007) Comparative
genomics in the Brassicaceae: a family-wide perspective. Curr. Opin. Plant Biol. 10,
168-175.
Schueggar, R., Nafisi, M., Mansourova, M., Larsen Petersen, B., Olsen, C.E., Svatos,
A., Halkier, B.A. and Glawischnig, E. (2006) CYP71B15 (PAD3) catalyzes the final
step in camalexin biosynthesis. Plant Physiol. 141, 1248-1254.
Schuhegger, R., Rauhut, T. and Glawischnig, E. (2007) Regulatory variability of
camalexin biosynthesis. J Plant Physiol. 164, 636-644.
Schwartz, S.H., Qin, X. and Zeevaart, J.A.D. (2003) Elucidation of the indirect pathway
of abscisic acid biosynthesis by mutants, genes, and enzymes. Plant Physiol. 131, 15911601.
Schwechheimer, C., Serino, G., Callis, J., Crosby, W.L., Lyapina, S., Deshaies, R.J.,
Gray, W.M., Estelle, M. and Deng, X-W. (2001) Interactions of the COP9 singlosome
with the E3 ubiquitin ligase SCFTIR1 in mediating auxin response. Science, 292, 13791382.
Shao, F., Golstein, C., Ade, J., Stoutemyer, M., Dixon, J.E. and Innes, R.W. (2003)
Cleavage of Arabidopsis PBS1 by a bacterial type III effector. Science, 301, 1230-1233.
Shen, Q.H., Saijo, Y., Mauch, S., Biskup, C., Bieri, S., Keller, B., Seki, H., Ulker, B.,
Somssich, I.E. and Schulze-Lefert, P. (2007) Nuclear activity of MLA immune
receptors links isolate-specific and basal disease-resistance responses. Science, 315,
1098-10103.
Shindo, C., Bernasconi, G. and Hardtke, C.S. (2007) Natural genetic variation in
Arabidopsis: tools, traits and prospects for evolutionary ecology. Annals of Bot. 99, 10431054.
Sillito, D., Parkin, I.A.P., Mayerhofer, R., Lydiate, D.J. and Good, A.G. (2000)
Arabidopsis thaliana: a source of candidate disease-resistance genes for Brassica napus.
Genome, 43, 452-460.
Smith, C.J. (1996) Accumulation of phytoalexins: defence mechanism and stimulus
response system. New phytol. 132, 1-45.
Somerville, C. and Koornneef, M. (2002) A fortunate choice: the history of Arabidopsis
as a model plant. Nature Rev. Genetics. 3, 883-889.
Sonntag, N.O.V. (1995) Industrial utilization of long-chain fatty acids and their derivates.
In: Kimber, D. and McGregor, D.I. (eds) Brassica oilseeds: production and utilization.
Cambrige, pp. 339-352.

55

Snogerup, S., Gustafsson, M. and von Bothmer, R. (1990) Brassica sect. Brassica
(Brassicaceae). I. taxonomy and variation. Willdenowia, 19, 271–365.
Spoel, S.H., Koornneef, A., Claessens, S.M.C., Korzelius, J.P., Van Pelt, J.A., Mueller,
M.J., Buchala, A.J., Métraux, J-P., Brown, R., Kazan, K., Van Loon, L. C., Dong, X.
and Pieterse, C.M.J. (2003) NPR1 modulates cross-talk between salicylate- and
jasmonate-dependent defense pathways through a novel function in the cytosol. Plant
Cell, 15, 760-770.
Staal, J. (2006) Genes and mechanisms in Arabidopsis innate immunity against
Leptosphaeria maculans. PhD thesis, Agria 69. SLU Press, Uppsala, Sweden.
Staal, J. and Dixelius, C. (2007) Tracing the ancient origins of plant innate immunity.
Trends Plant Sci. 12, 334-342.
Staal, J., Kaliff, M., Dewaele, E., Persson, M. and Dixelius, C. (2007) Rapid
identification of an Arabidopsis TIR-X alternative transcript involved in innate immunity
against necrotrophic fungi. The Plant J. (Re-submitted)
Stepanova, A.N. and Ecker, J.R. (2000) Ethylene signalling: from mutants to molecules.
Curr. Opin. Plant Biol. 3, 353-360.
Sticher, L., Mauch-Mani, B. and Métraux, J-P. (1997) Systemic acquired resistance.
Annu. Rev. Phytopathol. 35, 235-270.
Stokes, T.L., Kunkel, B.N. and Richards, E.J. (2002) Epigenetic variation in Arabidopsis
disease resistance. Genes and Dev. 16, 171-182.
Stone, B.A. and Clarke, A.E. (1992) Chemistry and physiology of higher plant (1→3)-βglucans (callose)Chemistry and Biology of (1→3)-β-Glucans. La Trobe University Press,
Melbourne pp. 365–429.
Stone, S.L. and Callis, J. (2007) Ubiquitin ligases mediate growth and development by
promoting protein death. Curr. Opin. Plant Biol. 10, 624-632.
Strange, R.N. and Scott, P.R. (2005) Plant Disease: a threat to global food security. Annu.
Rev. Phytopathol. 43, 83-116.
Taiz and Zeiger (1998) Plant defences: surface protection and secondary metabolites. In:
Taiz, L. and Zeiger, E (eds) Plant physiology. Sunderland, Massachusetts, pp. 349-350.
Teale, W.D., Paponova, I.A. and Palme, K. (2006) Auxin in action: signalling, transport
and the control of plant growth and development. Mol. Cell Biol. 7, 847-859.
Thines, B., Katsir, L., Melotto, M., Niu, Y., Mandaokar, A., Liu, G., Nomura, K., He,
S-Y., Howe, G.A. and Browse, J. (2007) JAZ repressor proteins are targets of the
SCFCOI1 complex during jasmonate signalling. Nature, 448, 661-665.
Thomann, A., Dieterle, M. and Genschik, P. (2005) Plant CULLIN-based E3s:
phytohormones come first. FEBS. 579, 3239-3245.
Thomma, B., Eggermont, K., Penninckx, I., Mauch-Mani, B., Vogelsang, R.,
Cammune, B.P.A. and Broekaert, W.F. (1998) Separate jasmonate-dependent and
salicylic-dependnt defence response pathways in Arabidopsis are essential for resistance
to distinct microbal pathogens. Proc. Natl. Acad. Sci. USA, 95, 15107-15111.
Thomma, B.P.H.J., Nelissen, I., Eggermont, K. and Broekaert, W.F. (1999) Deficiency
in phytoalexin production causes enhancedsusceptibility of Arabidopsis thaliana to the
fungus Alternaria brassicicola. Plant J. 19, 163-171.
Thordal-Christensen, H. (2003) Fresh insights into processes of nonhost resistance. Curr.
Opin. Plant Biol. 6, 351-357.
Tiffin, P. and Moeller, D.A. (2006) Molecular evolution of plant immune system genes.
Trends Genet. 22, 662-670.
Ton, J., Van Pelt, J.A., Van Loon, L.C. and Pieterse, C.M.J. (2002) Differential
effectiveness of salicylate-dependent and jasmonate/ethylene-dependent induced
resistance in Arabidopsis. Mol. Plant-Microbe Interact. 15, 27-34.
Ton, J. and Mauch-Mani, B. (2004) β-Amino-butyric acid-induced resistance against
necrotrophic pathogens is based on ABA-dependent priming for callose. Plant J. 38, 119130.
Ton, J., Jakab, G., Toquin, V., Flors, V., Iavicoli, A., Maeder, M.N., Métraux, J-P. and
Mauch-Mani, B. (2005) Dissecting the β-aminobutyric acid-induced priming
phenomenon in Arabidopsis. Plant Cell, 17, 987-999.

56

Town, C.D., Cheung, F., Maiti, R., Crabtree, J., Haas, B.J., Wortman, J.R.,Hine, E.E.,
Althoff, R., Arbogast, T.S., Tallon, L.J., Vigouroux, M., Trick, M. and Bancroft, I.
(2006) Comparative genomics of Brassica oleracea and Arabidopsis thaliana reveal gene
loss, fragmentation, and dispersal after polyploidy. Plant Cell, 18, 1348-1359.
Truman, W., de Zabala M.T. and Grant, M. (2006) Type III effectors orchestrate a
complex interplay between transcriptional networks to modify basal defence responses
during pathogenesis and resistance. Plant J. 46, 14-33.
Turner, J.G., Ellis, C. and Devoto, A. (2002) The Jasmonate Signal Pathway. Plant Cell,
14, S153-S164.
U, N. (1935) Genome analysis in Brassica with special reference to the experimental
formation of B. napus and peculiar mode of fertilization. Japan. J. Bot. 7, 389-452.
Uknes, S., Mauch-Mani, B., Moyer, M., Potter, S., Williams, S., Dincher, S.,
Chandler, D., Slusarenko, A., Ward, E. and Ryals, J. (1992) Acquired Resistance in
Arabidopsis. Plant Cell, 4, 645-656.
Vernooij, B., Friedrich, L., Morse, A., Reist, R., Kolditz-Jawhar, R., ward, E., Uknes,
S., Kessmann, H. and Ryals, J. (1994) Salicylic acid is not the translocated signal
responsible for inducing systemic acquired resistance but is required in signal
transduction. Plant Cell, 6, 959-965.
Vision, T.J., Brown, D.G. and Tanksley, S.D. (2000) The origin of genomic duplications
in Arabidopsis. Science, 290, 2114-2117.
van der Biezen, E.A. and Jones, J.D. (1998) Plant disease-resistance proteins and the
gene-for-gene concept. Trends. Biochem Sci. 23, 454-456.
Van der Hoorn, R.A., De Wit, P.J. and Joosten, M.H. (2002) Balancing selection favors
guarding resistance proteins. Trends Plant Sci. 7, 67-71.
van Loon, L.C., Bakker, P.A.H.M. and Pieterse, C.M.J. (1998) Systemic resistance
induced by rhizosphere bacteria. Annu. Rev- Phytopathol. 36, 453-483.
van Wees, S.C. and Glazebrook, J. (2003) Loss of non-host resistance of Arabidopsis
NahG to Pseudomonas syringae pv. phaseolicola is due to degradation products of
salicylic acid. Plant J. 33, 733-742.
Wang, K.L-C., Li, H. and Ecker, J.R. (2002) Ethylene biosynthesis and signaling
networks. Plant Cell, 14, S131-151.
Warwick, S.I. and Black, L.D. (1991) Molecular systematics of Brassica and allied genera
(subtribe Brassicinae, Brassiceae) – Chloroplast genome and cytodeme congruence.
Theor. Appl. Genet. 82, 81-92.
Wendehenne, D., Durner, J. and Klessig, D.F. (2004) Nitric oxide: a new player in plant
signalling and defence responses. Curr. Opin. Plant Biol. 7, 449-455.
West, J.S., Kharbanda, P.D., Barbetti, M.J. and Fitt, B.D.L. (2001) Epidemology and
management of Leptosphaeria maculans (phoma stem canker) on oilseed rape in
Austrailia, Canada and Europe. Plant Pathol. 50, 10-27.
West, J.S., Balesdent, m.H., Rouxel, T., nancy, J.P., Huang, Y.J., Roux, J., Steed, J.M.,
Fitt, B.D.L. and Schmit, J. (2002) Colonisation of winter oilseed rape tissues by A/Tox+
and B/Tox0 Leptosphaeria maculans (phoma stem canker) in France and England. Plant
Pathol. 51, 311-321.
Williams, P.H. (1992) Biology of Leptosphaeria maculans. Can. J. Plant Pathol. 14, 3035.
Williams, R.H. and Fitt, B.D.L. (1999) Differentiating A and B groups of Leptosphaeria
maculans, causal agent of stem canker (blackleg) of oilseed rape. Plant Pathol. 48, 161175.
Woodward, A.W. and Bartel, B. (2005) Auxin: regulation, action and interaction. Annals
of Bot. 95, 707-735.
Worrall, D., Hird, D.L., Hodge, R., Paul, W., Draper, J. and Scott R. (1992) Premature
dissolution of the microsporocyte callose wall cause male sterility in transgenic tobacco.
Plant Cell, 4, 759-771.
Wortman, J.R., Haas, B.J., Hannick, L.I., Smith, Jr, R.K., maiti, R., Ronning, C.M.,
Chan, A.P., Yu, C., Ayele, M., Whitelaw, C.A., White, O.R. and Town, C.D. (2003)
Annotation of the Arabidopsis genome. Plant Phys. 132, 461-468.

57

Xie, D.X., Feys, B.F., James, S., Nieto-Rostro, M. and Turner, J.G. (1998) COI1 : an
Arabidopsis gene required for jasmonate regulated defense and fertility. Science, 280,
1091-1094.
Yang, S.F. and Hoffman, N.E. (1984) Ethylene biosynthesis and its regulation in higherplants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 35, 155-189.
Yang, Y-W., Lai, K-N., Tai, P-Y. and Li, W-H. (1999) Rates of nucleotide substitution in
angiosperm mitochondrial DNA sequences and dates of divergence between Brassica and
other angiosperm lineages. J. Mol. Evol. 48, 597-604.
Yang, T.J., Kim, J.S., Lim, K.B., Kwon, S.J., Kim, A.J., Jin, M., Park, J.Y., Lim,
M.H., Jin, Y.M., Kim, H.I., Hahn, J.H., Lim, Y.P. and Park, B.S. (2006) An advanced
strategy for Brassica genome sequencing using comparative genomics with Arabidopsis
Acta Hort. (ISHS), 706, 73-76.
Yoshida, H., Wang, K.L., Chang, C.M., Mori, K., Uchida, E. and Ecker, J.R. (2006)
The ACC synthase TOE sequence is required for interaction with ETO1 family proteins
and destabilization of target proteins. Plant Mol. Biol. 62, 427-437.
Yu, D., Liu, Y., Fan, B., Klessig, D.F. and Chen, Z. (1997) Is the high basal level of
salicylic acid important for disease resistance in potato? Plant Physiol. 115, 343-349.
Yu, J., Hu, S., Wang, J., Wong, G.K-S., Li, S., Liu, B., Deng, Y. et al. (2002) A draft
sequence of the rice genome (Oryza sativa L. ssp. indica). Science, 296, 79-92.
Yu, F., Lydiate, D.J. and Rimmer, S.R. (2005) Identification of two novel genes for
blackleg resistance in Brassica napus. Theor. Appl. Genet. 110, 969-979.
Zenser, N., Ellsmore, A., Leasuer, C. and Callis, J. (2001) Auxin modulates the
degradation reate of Aux/IAA proteins. Proc. Natl. Acad. Sci. USA, 98, 11795-11800.
Zhang, Y., Fan, W., Kinkerma, M., Li, X. and Dong, X. (1999) Interaction of NPR1 with
basic leucine zipper protein transcription factors that bind sequences required for
salicylic acid induction of PR-1 gene. Proc. Natl. Acad. Sci. USA, 96, 6523-6528.
Zimmerli, L., Métraxu, J-P. and Mauch-Mani, B. (2000) Potentiation of pathogen
specific defense mechanisms in Arabidopsis by β-aminobutyric acid. Proc. Nati. Acad.
Sci. USA, 97, 12920-12925.
Zimmermann, P., Hirsch-Hoffmann, M., Hennig, L. and Gruissem, W. (2004)
Genevestigator. Arabidopsis microarray database and Analysis Toolbox. Plant Physiol.
136, 2621-2632.
Ziolkowski, P.A., Blanc, G. and Sadowski, J. (2003) Structural divergence of
chromosomal segments that arose from successive duplication events in the Arabidopsis
genome. Nucl. Acids Res. 31, 1339-1350.

58

