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Abstract 
Bohman, S. 2001. Molecular study of Ambidopsis and Brassica with focus on 
resistance to Leptosphaeria maculans. Doctors's dissertation. 
ISSN: 140 1-6249. ISBN 9 1-576-582 1-8 

Blackleg caused by Leptosphaeria maculans is a widespread fungal disease on B~assica 
napus (oilseed rape). In contrast, Arabidopsis thaliana and B. nigra are in general highly 
resistant. This study presents results from genomic interaction between the A. thaliana and 
B. napus genome with focus on L. maculans resistance. Identification and partial 
characterization of A. thaliana resistance in accessions, L. maculans susceptible mutants, 
and signaling pathways were also performed. Finally, a resistance gene to L. maculans 
from B. nigra was cloned and transferred to B. napus. 

Chromosome counts and RFLP analyses of A.  thaliana DNA content in A. thaliana (+) 
B. napus back-crossed progeny were performed. The results showed that in BC,, 
originating from symmetric hybrids, the frequency of retained A. thaliana loci was reduced 
to 42%. The average chromosome number decreased from 48 in BC1 to 39 in BC2. These 
results can be compared with the asymmetric hybrid derived BC,, that had 16% loci present 
and an average chromosome number of 38. Clearly, symmetric hybrid offspring retained 
most DNA as complete chromosomes whereas asymmetric hybrid offspring contained 
mostly DNA fragments. Pathogen screening of the hybrid offspring revealed both 
cotyledon and adult leaf resistance to L. maculans. The adult leaf resistance was localized 
to chromosome 3 from A. thaliana, on two areas on each side of the centromere. 

A.  thaliana resistance was examined in 171 accessions from 27 countries. Only four 
accessions displayed any susceptibility. To further explore the underlying causes of the 
resistance, a set of L. maculans disease susceptible mutants (lms) were isolated. Two of 
the mutants, lmsl and lms5 have been mapped to chromosome 2 and 1, respectively. The 
resistance was further analyzed with respect to defense signaling and effector molecules. 
The results indicated that resistance in A .  thaliana against L.  maculans depended on 
camalexin and is independent on salicylic acid, jasmonic acid or ethylene response. In 
contrast, lms l  produced wild type level of camalexin and higher expression levels than 
wild type of P R l ,  and PDFl.2.  The results suggest the possibility of at least two 
independent resistance factors in A. thaliana. 

A gene conferring resistance to L. maculans, L m l ,  was cloned from B. nigra. Sequence 
analysis revealed a novel protein with two putative trans-membrane motifs and homology 
to the nin protein of Lotus japonicus and to A. thaliana sequences of unknown function. 
The knowledge gained in A. thaliana and from L m l  will promote a further understanding 
of the mechanisms underlying resistance to L. maculans. 

Key words: Ambidopsis thaliana, blackleg, Brassica napus, Bmssica nigm, defense, 
intergenomic translocation, L m l ,  lms l ,  pad3, Phoma lingam, proteomic analysis, 
somatic hybridization. 
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Abbreviations 

List of selected abbreviations used commonly in the text: 

2-DE: 
Col-0 
EMS 
EST 
ET 
ha 
HR 
JA 
Ler-0 
NahG 

PV 
RFLP 
ROI 
SA 
SAR 
ws-0 
wt 

Pad 

Two-Dimensional polyacrylamide gel Electrophoresis 
Columbia accession 0 
Ethyl Methane Sulfonate 
Expressed Sequence Tag 
Ethylene 
Hectare 
Hypersensitive Response 
Jasmonic Acid 
Landsberg erecta accession 0 
Plant line expressing the enzyme salicylate dehydroxylase 
Phytoalexin deficient mutants 
Patovar 
Restriction Fragment Length Polymorphism 
Reactive Oxygen Intermediates 
Salicylic Acid 
Systemic Acquired Resistance 
Wassilewskija accession 0 
Wild type 



Introduction 

With time, the force of evolution changes all organisms. In crop plants, human 
breeding efforts have accelerated the speed in which these changes occur. The 
diversity in crops originating from the Brassica genus exemplifies this well. 
New techniques now allow gene transfer between sexually incompatible 
species; increasing our ability to modify our crops. The completion of the 
Arabidopsis thaliana genome sequence (The Arabidopsis genome initiative 
2000) generates information of the regulation of important agricultural traits 
and a possibility to use newly discovered genes in future breeding of crops. 

The Brassica genus 

Domestication of the wild diploid species B. rapa, B. nigra and B. oleracea set 
the start of mankind’s utilization in agriculture of crops originating from the 
Brassica genus (reviewed in G6mez-Campo and Prakash 1999). The Brassica 
plants had for humans, the advantage of multipurpose usage. Breeding efforts 
have now produced Brassica species specialized in crop production from all 
parts of the plant. The roots can be utilized in swede and turnip, the stems in 
kohlrabbi, the leaves in kale’s and cabbages such as brussels sprouts, the 
inflorescences in broccoli and the seeds in oil and mustard production. 
Domestication of the first wild Brassica was probably by B. rapa which is 
mentioned in Sanskrit literature (1500 BC). By then the plant probably had 
been cultivated for a long time. B. rapa grows wild from west Mediterranean 
to central Asia. The widespread distribution area allowed domestication to 
occur on several places independently. B. nigra (black mustard) grows wild on 
an equivalent geographical area as B. rapa. The famous physician Hippocrates 
mentioned the species around 480 BC for its medical value. New results now 
support him since the glucosinolates, present in all Brassica species seem to 
have a possible anti-carcinogenic effect (Verhoeven et al. 1996; van Poppel et 
al. 1999). B. oleracea was probably the last one to be domesticated. It grows 
wild at the European Atlantic coast where domestication must have originated 
(G6mez-Campo and Prakash 1999). Presently B. oleracea grows wild on a 
larger area due to escapes from agriculture. Later on in history, cultivated 
forms were transferred east. Eventually, cultivation spread all the way to China. 
The first written description of B. oleracea cultivars was given by the Greek 
Teophrastus (370-285 BC). At that time, he could already identify stemkales 
and headed cabbages as separate cultivars. During cultivation of diploid 
Brassica species, the proximity in culturing of the different diploid species 
promoted intraspecific hybridization. This generated new amphidiploids 
through convergent alloploid evolution. The new species to originate from the 
process where B. napus ( B .  oleracea x B. rapa),  B. juncea (B. rapa x B. 
nigra) and B. carinata (B. nigra x B. oleracea). 
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B. napus is an important oil crop 
Characteristically for Brassica crops the B. napus species has produced two 
distinct crop products such as oil seed rape and swede (B .  napus subspecies 
oleifera and B. napus subspecies rapifera respectively). The dominant crop of 
the two is by order of magnitude B. napus subspecies oleifera, hereafter 
referred to in the text as B. napus, or by its trivial name oilseed rape. The B. 
napus genome contains n = l 9  chromosomes, corresponding approximately to 
1.2 x 109 bp of DNA, The genome is a combination of the parental genomes, 
B. oleracea (n=9) and B. rapa (n=10) (U 1935; Prakash et al. 1999). B. 
napus is considered to have the highest yield potential in favorable conditions 
of all Brassica oil crops (Mendham and Salisbury 1995). Winter and spring 
types exist. Winter varieties are mainly grown in Europe and China and spring 
varieties in areas such as Australia and Canada (Pouzet 1995). In Sweden, 
approximately 20,000 ha of winter oilseed rape and 13,000 ha of spring 
oilseed rape were cultivated in 2001 (Svensk Raps AB 2001). 

With the increased production of oilseed rape, reports on insect induced 
damage and pathogen inflicting diseases have increased simultaneously. The 
cause and severity of disease varies over regions of the world and depend on; 
climate, type grown (winter or spring), and geographic spread of insects and 
pathogens. High levels of insecticides are necessary for ensuring high yields 
and good quality of oilseed rape (Ekbom 1995). Insects can feed on plants 
through phloem-feeding or chewing sometimes causing injury to the plant that 
are similar to pathogen induced damages. Defense induction in plants in 
response to insects and pathogens can follow similar pathways (Walling 2000). 
The secondary metabolite glucosinolates are examples of one of many 
molecules induced by both herbivores and pathogens (Rask et al. 2000). 
Evidence exist for defense mechanism trade-offs between pathogen induced 
resistance and resistance to insects. Induced cross-resistance can, however, also 
occur (Felton and Korth 2000). The different type of feeding elicit different 
type of plant response. Fungal diseases are the main cause of crop loss in 
oilseed rape (Rimmer and Buchwaldt 1995; Tewari and Mithen 1999) (Tab. 
1). A range of at least 11 different viruses can also promote disease, but severe 
problems of infection are restricted to China. The most important virus disease 
is turnip mosaic virus. This virus has the ability to kill or stunt seedlings 
(Rimmer and Buchwaldt 1995). Some other bacterial and fungi diseases can 
occur but to a minor extent. Some examples of these are; Xanthomonas 
campestris pv. campestris (black rot), Erwinia carotovora (soft rot), 
Pseudomonas syringae pv. inactilicola (bacterial leaf spot) and Pernospora 
parasitica (mildew) that infects primarily B. oleracea. 
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Table 1.  Fungi causing the major diseases of oilseed rape 
Name Trivial name Type Severe symptoms 
Albugo candida White rust Oomycete Leaf covered with white 

chalk like blisters 

Alternaria brassicae 

A Iternaria 
brassicicola 

Leptosphaeria 
maculans 

Plasmodiophora 
brassicae 

Pyrenopezia 
brassicae' 

Sclerotinia 
sclerotiorunz 

Verticillium 

Black spot Ascomycete 

Black spot Ascomycete 

Black leg Ascomycete 

Clubroot Uncertain 
Myxomycete 
(protozoan origin) 

Light leaf spot Discomycete 

Sclerotinia Ascomycete 
stem rot 

Black spots on all above 
ground parts of the plant 

Same as A. brassicae but 
generally require higher 
temperature thanA . 
brassicae 

Blackened stem, stem 
cancer 

Stunted plants, galls on 
tap rot 

White spore mass at the 
margin of expanding 
lesions 
Blackened sclerotia 

Verticillium Deuteromycete Brown girdling tap rot, 
longisporum * wilt damping off 

anamorph: Cylidrosporum concentricum. former V. dahliae 

Leptosphaeria maculans, a severe pathogen on oilseed rape 

The loculoascomycetic fungi Leptosphaeria inaculans (Desm) Ces. & de Not 
(anamorph: Phoina lingain) (Tode ex Fr.) (Desm.) belongs to the order 
Pleiosporales (Howlett et al. 2001). L. maculans is a facultative necrotroph 
which can cause seedling death, lodging (blackleg) and early senescence on 
oilseed rape. It is also able to infect B. rapa and B. oleracea. Isolates of L. 
inactilans have been divided into virulent and avirulent types based on their 
reaction on oilseed rape (McGee and Petrie 1978). DNA restriction pattern 
analysis confirmed the division into two separate groups. The A and B group 
(Johnson and Lewis 1990). Koch et al. (1991), further divided the isolates into 
four pathogenicity groups (PG) based on disease reaction on three different B. 
napus cultivars. The PG1 group, characterized as avirulent on all cultivars 
tested is comparable to B group isolates. B group isolates generally form 
smaller and darker leaf spots than A group isolates (Ansan-Melayah et al. 
1997). Only A group isolates are associated with occurrence of severe stem 
canker epidemics (Johnson and Lewis 1994). The B/PG1 isolates were 
formerly subdivided in three subclasses; NA1, 2, and 3 (Koch et al. 1991). 
Now, based on extensive biochemical characterization, it has been proposed 
that B/PG1 isolates belong to species outside the L. inactilans species complex. 
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NA1 isolates have been reclassified as L. biglobosa (Shoemaker and Bmn 
2001). NA2 isolates are most closely linked to Phoma wasabie (Reddy et al. 
1999) and NA3 currently contain only one isolate, PHW126 (Koch et al. 
1991; Howlett et al. 2001). The interaction between L. maculans A group 
isolates (hereafter referred to as L. maculans only) and B. napus have been 
further characterized in respect to gene-for-gene interactions. The first 
avirulence gene (avrlml) described by Ansan-Melayah et al. (1995) was 
identified in a cross between PG3 isolates that are avirulent on B. napus cv. 
Quinta and a PG4 isolate virulent on Quinta. Subsequently Pongam et al. 
(1998), Ansan-Melayah et al. (1998) and Balesdent et al. (2001) further 
identified the avirulent genes, alml , avr2 and avrlm4, respectively. 

L. maculans have a genome size of about 34 Mb and approximately 16 
chromosomes (Howlett 1997; Cozijnsen et al. 2000). Some of the 
chromosomes are of a dispensable B type (Leclair et al. 1996). The genomic 
content also contain two linear plasmids, 9 and 10 kb, respectively. The 
plasmids seem to encode their own replication machinery. No function of the 
plasmids has been revealed (Lim and Howlett 1994). Eleven protein coding 
genes have been identified so far in the L. maculans genome. This includes 
five with a possible roles in infection, such as, ABC transporters, cellulases and 
endopolygalacturonases (reviewed in Howlett et al. 200 1). Additionally, 120 
ESTs have been isolated from growing hyphae. Besides proteins directly 
involved in pathogenicity, the fungus also produces several phytotoxins. The 
first one isolated was sirodesmin (Fkrkzou et al. 1977) which exist in six 
similar forms. Another toxin, phomalide, is produced before sirodesmin 
production starts during fungal growth, but then the start of sirodesmin 
production inhibits phomalide synthesis (Pedras and Biesenthal 1998). 

Infection cycle 
Disease caused by L. maculans is initiated when sexual ascospores or asexual 
pycnidiospore land on a susceptible oilseed rape plant (Howlett et al. 2001). 
When the ascospore or pycnidiospore germinates, hyphae infect the plant 
through stomata openings or through wounds. The initial invasion occurs in a 
biotrophic mode but behind the hyphal front the fungus become 
necrotrophic. Hyphae invade vascular tissue and spread through the petiole 
down to the stem. This eventually causing blackleg symptoms, and in worst 
cases lodging (Hammond and Lewis 1986). The lifecycle is completed when 
new ascospores are generated in the necrotrophic regions caused by the 
fungus (Fig. 1). Further details on the nature of L. maculans invasion into B. 
napus can hopefully be given by studying in vivo the growth of green 
fluorescent protein tagged isolates of L. maculans (Sexton and Howlett 2001). 
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50 pM 
Ascospores or pycnidiospores 
land on cotyledons or young 

leaves. 
During rainfall 

pseudothecia release 
ascospores, which are 

wind dispersed. 

Pycnidia 
produced in 

lesions. 

dispersed by rain 
splash. 

200 pM 

Fungus survives as a 
saprophyte on stubble. 
Sexual and/or asexual 
reproduction occurs. 

Pycnidiospores spread 
through rain splash. 

Throughout growing season lesions 
form on leaves, stems and seed pods 

Figure  1 .  Life cycle of Leptosphaeria inaculans on B?assica napus (reproduced with 
permission from Howlett et al. 2001). 

Epidemiology 
The fungus can cause severe disease on oilseed rape in temperate regions of 
the world such as Canada, Australia, and Europe, but not in China where no A 
group isolates have been identified. The disease is usually monocyclic and 
epidemics are generally initiated by airborne ascospores. Infection can also 
arise from infected seed, stubble, and rain splashed conidia (West et al. 2001). 
In Sweden, L. maculans has not been regarded as a major problem in oilseed 
rape production. Most damage have been attributed to Verticillium wilt 
(Svennson and Lerenius 1987), and Sclerotinia sclerotiorum (Wallenhammar 
and Sjoberg 2001). Plants can however be co-infected by L. maculans and V. 
longisporum making analysis of crop loss due to the specific pathogen 
difficult (Ndimande 1976). Recent analysis of L. maculans isolates in southern 
Sweden have showed that A group isolates (PG3 and PG4) dominated L. 
mactilans induced stem lesions of oilseed rape (Kuusk 2000). The possibility 
of a climate change in Sweden due to global warming could increase the 
problems caused by L. maculans since severe epidemics can occur in England 
or France with just slightly warmer weather conditions. 
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Induced defense responses in B. nupus 
Only partial resistance exist in the important oilseed crops, B. napus, B. rapa, 
and in the different cabbage crops (B .  oleracea) (reviwed in Howlett et al. 
2001; West et al. 2001). Not much is presently known about the underlying 
molecular mechanisms that make plants resistant to L. maculans. Several 
studies have been performed of the response in B. napus to L. maculans 
inoculations. Hammond and Lewis (1986) reported on deposit of lignin-like 
structures and that calcium accumulates. Additionally, Roussel et al. (1999) 
showed that avirulent isolates induce HR and that the lumen of vessels in the 
HR area was occluded by a fibrillar-like material. Further experiments have 
showed that pathogenesis related proteins PR accumulates differently in 
resistant and susceptible plants (Dixelius 1994). One of these PR proteins is 
chitinase (Rasmussen et al. 1992). Fristensky et al. (1999), isolated 277 EST 
clones in L. maczilans inoculated B. napus leaf and 20 % of the ESTs could be 
linked to defense. The defense related clones were divided in ten defense gene 
families and three resistance gene families. The most prevalent defense 
transcript was a 10 kDa Cxc750 gene with unknown function. On the protein 
level, Lamkadmi et al. (1 996) found nine induced proteins on day one after 
inoculation and characterized a 23 kDA protein that accumulated between day 
one to four in the necrosis zone. 

Breeding for resistance in B. nupus 
Resistance in many existing winter B. napus cultivars depend most extensively 
on genetic material from the Jet Neuf cv. that contain polygenic resistance 
(Pilet et al. 1998a; Pilet et al. 1998b; Pilet et al. 2001). Specific resistance 
genes from B. napus also exist in research material (Ansan-Melayah et al. 
1997a; Ansan-Melayah et al. 1998; Balesdent et al. 2001). Resistance exists 
further in the related species B. nigra, B. rapa, B. juncea (Roy 1984; Sjodin 
and Glimelius 1988; Rimmer and van den Berg 1992), and A. thaliana (Brun 
and Tribodet 1995; Chen and Skguin-Swartz 1996); 11; 11Q. However, isolates 
virulent on B. juncea have been reported in Australia (Purwantara et al. 1998) 
and France (Somda et al. 1999; Brun et al. 2000). There have also been 
reports of L. maculans isolates virulent on B. nigra derived resistance (Brun et 
al. 2001). Utilizing resistance from distantly related genomes confer the co- 
transfer of many unwanted traits. Low frequency of recombination in 
interspecific crosses makes breeding for stable integrated resistance difficult 
(Chevre et al. 1997). This is also exemplified in 11, where resistance was 
transferred with A. thaliana chromosome 3 but no recombination into the B. 
napus chromosomes could be identified. To avoid the transfer of unwanted 
traits, Agrobacterium mediated transfer of candidate resistance genes have 
been used. Overexpression of a tomato chitinase (Grison et al. 1996), a pea 
defense gene (Wang et al. 1999), a resistance gene to Cladiosporum fulvzim 
(CJ’9) (Hennin et al. 2001), and a resistance protein in B. nigra (IV) have all 
showed promising results of improved resistance. The susceptible B. napus 
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produces endogenous chitinases and other defense genes, however, host- 
fungus systems co-evolve, resulting in breakdown of indigenous plant defenses 
through adaptation by the fungus. Transformation of related chitinases, 
defensins and thionins still reactive against the specific pathogen can therefore 
have an affect. 

Arabidopsis thaliavta the model plant 

A. thaliana is a small insignificant weed belonging to the Brassicaceae family. 
It is estimated that the Brassica and Arabidopsis lineage diverged 12.2- 19.2 
million years ago (Cave11 et al. 1998). The Brassica and A. thaliana genomes 
exhibit extensive homology to each other but the Brassica diploid genomes 
contain roughly three copies of each A. thaliana segment (reviewed in 
(Bancroft 200 1). Triplication seemed to be followed by extensive deletions, 
and significant changes in genome microstructure have occurred since the 
Brassica and Arabidopis lineage diverged. In contrast to the Brassiceae tribe, 
no crop plants emerged from the A. thaliana tribe (Sisymbrieae). Early 
recognition of its virtues in plant research such as; a short generation time, 
small size, prodigious seed set, small genome, and low percent of repetitive 
DNA, generated its present position as a model plant (reviewed in Meinke et al. 
1998). The almost finished sequence of the A. thaliana genome (The 
Arabidopsis genome initiative 2000), together with the numerous mutants 
generated (Nottingham Arabidopsis Stock Centre 2001), make it ideal for 
plant research. 

Resistance in A. thaliana to pathogens 
About 26,000 genes from 11,000 families are estimated to be present in the A. 
thaliana genome. Of the 26,000 genes, 2,055 are denoted as involved in plant 
defense (The Arabidopsis genome initiative 2000). The vast number of genes 
involved point out the complexity inherent in plant defense. Many complex 
defense systems had to evolve to withstand the vast array of plant pathogens 
and insects. The simultaneous evolution of plants and plant defenses forced a 
co-evolution in the pests and pathogens creating much of the world’s 
biodiversity (reviewed in Rausher 2001). Generally, the defense is up to its task 
and it is often mentioned in the literature that most plants are resistant to most 
pathogens. If walking in nature or indeed managing the garden plot it is 
impossible not to have noticed frequent insect caused damage or pathogen 
infections. One has to keep in mind then that although a plant is resistant to 
most pathogens, numerous pathogens and pests have been specialized to infect 
a specific plant species or a group of related species. 

The classes of organisms causing damage and disease in A. thaliana are the 
same as for all plants and indeed even humans. Insects, (the pests) and bacteria, 
fungi, protozoan and viruses (the pathogens). Interestingly, it has been shown 
that human opportunistic pathogenic bacteria can live and multiply in a 
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defense compromised A. thaliana mutant (Plotnikova et al. 2000). Plant 
pathogens can in a simplified manner be classified as either biotrophs or 
necrotrophs (Agrios 1997; Dangl and Jones 2001). Biotrophs live on and 
penetrate living tissue and demand a living host to complete its life cycle. 
Necrotrophs kill the host usually by toxins and live on the dead material. The 
division is not so clear cut considering the fact that many biotrophs eventually 
can inflict necrotrophic regions of the plant. This sometimes occurs as a side 
effect of nutrient depletion. Necrotrophs, on the other hand, can have an initial 
biotrophic growth phase (no damage can be seen on plants) but eventually 
necrotrophic areas on the plant develop. 

Resistance genes and signaling in A. thaliana 
The inducible plant defenses initiate when the plant recognizes the pathogen. 
The invasion strategy of the pathogen can therefore determine how the plant 
will sense the pathogen (Fig. 2). The biotrophs try to invade the plant, and 
harvest nutrition without alerting the plant defense. Many effector molecules, 
known as virulence genes, are exported during the invasion to modulate the 
plant response (Grant and Mansfield 1999; Dangl and Jones 2001). To 
counteract the biotrophic strategy, plants have evolved a number of resistance 
(R) genes that somehow recognize the presence of the pathogen or its effector 
molecules. If a virulence gene is recognized by a R-gene and the effect is 
resistance, the virulence gene is denoted as an avirulence (avr) gene (Flor 
197 1). If both a R-gene and its corresponding avr gene are present, the result 
is resistance. However, if either the R-gene or the avr-gene is missing, the 
pathogen can infect the plant and disease can progress without any outward 
response. R-genes in A. thaliana have been isolated against all types of 
pathogens. Despite their wide range of action the R-genes can be divided 
based on the presence of domains in four different classes (more classes have 
been identified in other plants but they carry similar domains) of proteins, 
encoding six known functional domains. The different domains are; leucine 
rich repeats (LRR), coiled coil (CC), nucleotide binding domain (NB), kinase, 
and toll and interleukin 1 receptor domain (tir) (reviewed in Dangl and Jones 
200 1). LRR and CC domains are involved in protein-protein interaction, 
peptide ligand binding, and protein carbohydrate interactions. The LRRs are 
hypothesized to directly recognize avr molecules but evidence for this is 
scarce. The NB and the kinase domains are involved in regulation. NB is 
regulated by ATP or GTP binding and kinase by phosphorylation. The toll 
and interleukin- 1 receptor domain is homologous to an intracellular signaling 
domain in toll and ILl genes in Drosophila and mammals respectively. The 
pathogens that damage the plant directly through production of toxins and 
cell wall degrading enzymes can be recognized (apart from R-genes) by 
endogenous signal particles generated from wounded plant tissue. Examples 
of such signal molecules are oligogalacturonides (Benhamou et al. 1990; Cot6 
and Hahn 1994; Leon et al. 2001) and cutin monomers (Schweizer et al. 
1996). 
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When R-genes or endogenous elicitors recognize the pathogen, the 
appropriate signals must be sent and responses initiated. Detectable early 
responses are ion channel fluxes and generation of reactive oxygen 
intermediates (ROI). A few genes have so far been identified by mutations as 
necessary for mediating R-gene downstream signaling. Some of these are; 
NDRl (Century et al. 1997), PBS2 (Warren et al. 1999), EDSl (Falk et al. 
1999), and PAD4 (Jirage et al. 1999) (Tab. 2). Different groups of R-genes 
seem to depend on different downstream signaling genes (reviewed in 
Glazebrook 2001). The response to avirulent biotrophic pathogens is often a 
hypersensitive response (HR). The HR is characterized by a programmed cell 
death with components conserved in animals and plants. The HR is also 
characterized by induction of defense responses that serve to confine and 
inhibit the pathogen such as callose, ligning and ROI deposition (reviewed in 
Lam et al. 2001). HR is generally coupled to functional R-genes but it is not 
always a requirement for resistance (Clough et al. 2000). Indeed, in one 
necrotrophic interaction invasion of the plant could be aided by induction of 
HR (Govrin and Levine 2000). 
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Table  2.  Characterized defense mutants in A. thaliana mentioned in this thesis 
Mutant Phenotype Gene product, Reference 

homology 
coil-1 

edsl 

ein2-1 

dndl 

gsr?Z I - I 

NahG 

ndr.1 

o p d  

pad1 

pad2 

pad3 

pad4 

pbs2 

JA insensitive 

Enhanced disease susceptible to 
virulent P. syringae. Block 
together with pad4 the response 
to a specific set of R-genes 

Ethylene insensitive 

Deficient in HR, elevated 
expression of PR genes, dwarfy 

Metabolic block in aliphatic 
glucosinolate biosynthesis 

Degrades SA 

Non specific disease resistance 

Defective in JA biosynthesis 
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In the downstream signaling response to pathogens, two distinct albeit 
interacting signaling pathways have been identified that are activated in 
response to specific type of pathogens. Generally, the SA dependent pathway 
regulates resistance to biotrophic and biotrophic like pathogens, such as 
mildew fungi and certain bacteria e.g. Pseudornonas (Delaney et al. 1994). 
The SA pathway also regulate the systemic acquired resistance (SAR) that is a 
plant response generating a long lasting systemic increase in general resistance 
(Uknes et al. 1992; Hunt et al. 1996) The other pathway is the JNET 
dependent pathway. This pathway seems to regulate resistance to necrotrophic 
pathogens (Thomma et al. 1998), although some evidence also exists on a role 
for SA in resistance to necrotrophs (Murphy et al. 2000; Norman-Setterblad et 
al. 2000). JA and ET dependent resistance pathways do not always act in 
conjunction with another. Norman-Setterblad et al. (2000), showed that 
although the necrotrophic bacteria Erwinia carotovara and its culture filtrate 
stimulated induction of several defense genes in concert, the vegetative storage 
protein (Atvsp), a JA responsive protein was further induced in the ethylene 
responsive mutants etrl-1 and ein2. Additionally activation of Atvsp by JA was 
reduced if ET was added simultaneously. JA and ET can also mediate 
resistance to different necrotrophic pathogens. The JA responsive mutant coil - 
1 gave enhanced susceptibility to both A. brassicicola and Botrytis cinerea 
(Thomma et al. 1998) whereas the ET responsive mutant ein2-1 gave 
increased susceptibility only to B. cinerea (Thomma et al. 1999b). 

JA/ET are also involved in the phenomena of induced systemic resistance 
(ISR). ISR is similar to SAR but are induced by soilborn Rihizobacteria 
(reviwed in Pieterse et al. 2001). Recent experiments with a mutant defective in 
JA synthesis (opr3) have showed that JA in itself is not necessary for some of 
the JA pathway dependent responses. Precursors in JA synthesis, the 
cyclopentenones, could fulfil1 some mechanisms previously attributed to JA 
(Stintzi et al. 2001). Additionally, methyl-JA could also be the diffusible 
intercellular signal transducer, mediating intra- and interplant JA response 
(Thomma et al. 2000; Seo et al. 2001). JA and ET also affect other important 
plant regulations, such as root growth for JA (Creelman and Mullet 1997), and 
ripening for ethylene (Abeles et al. 1992). Considerable cross talk exists 
between the JA/ET and SA dependent pathways. Some JA/ET responses can 
limit SA responses and vice versa. In contrast, ISR and SAR can by 
simultaneous activation, generate higher resistance than by SAR activation 
alone. This suggests that not all JA dependent responses are inhibited by SA 
(van Wees et al. 2000). A number of genes have now been identified that 
operate in SA, JA and ET dependent signaling pathways. Other isolated 
mutants affecting disease resistance still need further characterization to clarify 
their exact role in defense (reviewed in Glazebrook 2001). 
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Necrotrophic Chewing Sucking Biotrophic 
pathogens insects insects pathogens 

Figure 2 .  Simplified model of plant-pathogens and the plant response 

Defense effector molecules 
How intricate and interesting recognition and signaling pathways might be, it is 
the induction of downstream molecules that mediate the resistance. A. thaliana 
display a number of classes of defense related effector molecules. Most of 
these are shared with other plants. The pathogenesis related (PR) proteins were 
initially identified as response proteins induced in SAR (reviewed in van Loon 
and van Strien 1999). Now PR proteins also include proteins that are expressed 
in response to JA/ET dependent signals. The PR proteins constitute presently 
fourteen protein families, PR1 to PR14. Evidence indicates that PR1, PR-2 and 
PR5 are SA dependent and required for increased protection against the 
biotrophic fungus P. parasitica (Clarke et al. 1998). Some of the PR proteins 
are associated with known resistance effects. In others, the mechanisms 
generating the pathogen inhibiting effect are still not known. PR1 is one such 
protein with unknown mechanisms (van Loon and van Strien 1999). 
Nevertheless, the clear SA dependent response of PR1 leads it to be a 
commonly used marker of SA response induction (Rogers and Ausubel 
1997). The most studied PR proteins expressed after JA and ET productions 
are the defensins (PR12), the thionins (PR13) and the chitinases (PR3-4). 
Several reports exist that have described a direct effect on increased resistance 
due to overexpression of defensins (Terras et al. 1995), thionins (Epple et al. 
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1997), and chitinase (Grison et al. 1996). Of these, the inducible defensin 
PDF 1.2 have extensively been used as a marker of JA/ET dependent signaling 
(Penninckx et al. 1998; Thomma and Broekaert 1998; Thomma et al. 1998); 
(Petersen et al. 2000). Today, global gene induction experiments comparing 
SA, JA ET or pathogen induced gene expression have revealed a high number 
of genes that are either induced or repressed (Schenk et al. 2000). Several of 
these genes probably do not mediate any significant increase in resistance but 
could be side effects of resistance mediated events. Others could constitute new 
and so far uncharacterized resistance mediators. 

Apart from PR proteins A. thaliana also produce a number of low molecular 
weight secondary metabolites involved in defense. The majority of secondary 
metabolites are derived from the isoprenoid, phenylpropanoid, alkaloid or 
fatty acid/polyketide pathways (reviewed in Dixon 200 1). The substances 
generally have a broad toxicity to pathogens. Efficiency of the substances can 
be dependent on whether or not a pathogen has the enzymatic machinery to 
detoxify the metabolite. The secondary metabolites can be subdivided into two 
categoris, phytoalexins (compounds that are synthesized de novo) and 
phytoanticipins (preformed substances). In A. thaliana, the major phytoalexin 
is camalexin (Tsuji et al. 1992). A number of mutants deficient in phytoalexin 
production (pad) were subsequently identified (Glazebrook and Ausubel 
1994). No change in resistance from wt could be observed after inoculation of 
the pad  mutants with avirulent P. syringae. When challenged with virulent 
strains, p a d l  and pad2,  but not pad3 allowed higher growth of the bacteria. 
Characterization of the pad mutants showed that p a d l  and pad2 were not 
completely interrupted in camalexin production. This indicates that the p a d l  
and pad2 mutations had interrupted defense signals regulating more than 
camalexin. Rogers et al. (1996), further showed that camalexin acts on the 
membrane integrity of P. syringae but that in planta camalexin levels were 
below the toxicity threshold level for P. syringae. Experiments with downy 
mildew showed that the pad2 and pad3 mutants gave slightly decreased 
resistance and that the pad4 mutant allowed significantly more mildew growth 
(Glazebrook et al. 1997). Pad4 is also involved in downstream signaling of 
specific R-genes, and is together with the signaling protein EDS 1, involved in 
upstream regulation of SA dependent signaling (Zhou et al. 1998; Feys et al. 
2001; Rustkrucci et al. 2001). The effects of camalexin on pathogens were 
further studied by Pedras et al. (1998). They showed that also the Brassica 
fungal pathogens, L. mactilans, and A. brassicae and the phytopathogenic 
bacteria Pseudomonas cichorii, Erwinia carotovora and Xanthomonas 
campestris were unable to detoxify camalexin. Later studies showed that 
detoxifying mechanisms of camalexin do exist in the phytopathogen, 
Rhizoctonia solani, which can transform camalexin into significantly less toxic 
metabolites (Soledade et al. 2000). The pad3 mutant has been cloned and the 
mutated gene has been identified as a P450 gene probably directly involved in 
camalexin synthesis (Zhou et al. 1999). So far then, pad3 is the only true 
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camalexin null mutant isolated. Disruption of camalexin production seems to 
have the most serious effects in resistance to fungal pathogens. Apart from 
slight decrease in Peronospora resistance, camalexin deficiency also gives 
enhanced susceptibility to A. brassicicola (Thomma et al. 1999b) and L. 
inactilans (IIQ. 

Another major class of defense related secondary metabolites in A. thaliana 
are the glucosinolates. Glucosinolates are present in the whole Brassicaceae 
family and consist of sulfur containing glucosides. Upon tissue damage 
glucosinolates are catalyzed by endogenous thioglucosides (myrosinases) into 
glucose and potentially toxic breakdown products. In A. thaliana, a total of 
23 glucosinolates have been detected (Hogge et al. 1988). The glucosinolates 
can be both preformed and induced by stress. Therefore they can be classified 
as both phytoalexins and phytoanticipins. Their role in defense is not 
completely clear. It is possible they also have a role as storage compounds 
(Andreasson 2000; Rask et al. 2000). Development of clubroot (P. brassicae) 
symptoms have been hypothesized to be caused by breakdown of indole 
glucosinolates releasing large amounts of auxin responsible for the clubroot 
symptoms (Butcher et al. 1974). In agreement with this statement, free auxin 
and indole-3-acetonitrile (IAN) increased in infected A. thaliana wt and 
developing clubroot symptoms. Free IAA and IAN were reduced in some 
glucosinolate-affected mutants but not in others. The mutants with reduced 
level did show reduced clubroot symptoms whereas the other mutants did not 
(Ludwig-Muller et al. 1999). Further characterization of the mutants and their 
specific impact on IAA and glucosinolate production need to be performed 
before the IAA, glucosinolate and clubroot connection is verified. 
Nevertheless, glucosinolates are toxic to a range of pathogens in vitro and 
several experiments have indicated an antimicrobial role in vivo. Analyses of 
antimicrobial activity in crude extract of A. thaliana leaf identified 4- 
methylsulphhinylbutyl isothiocyanate (ITC) as a major phytoanticipin. ITC is 
the breakdown product from the main aliphatic glucosinolate, 4- 
methylsulphhinylbutyl glucosinolate (4-MSBGS). It had an inhibitory effects 
on a range of pathogens in vitro (Tierens et al. 2001). Experiments utilizing 
the gsml-1 mutant (Haughn et al. 1991) largely deficient in ITC production 
showed that Fzisarium oxysporum induced slightly albeit significantly 
increased leaf damage. For A. brassicicola, E. carotovara, P. parasitica, B. 
cinera P. syringae and Plectosphaerella cticuinerina no change to wt was 
observed (Tierens et al. 2001). The glucosinolates can also be induced by 
pathogens. Brader et al. (2001), revealed a specific increase in 3-indolyl 
methylglucosinolate (IGS), an aromatic glucosinolate, after challenge with 
culture filtrate from E. carotovara. The induction was JA but not SA or ET 
dependent as coil did not induce IGS but NahG responded as wt and ein2-1 
produced even higher levels. 4-MSBGS was not significantly effected in coil-  
1 indicating a different regulation between induced and preformed 
glucosinolates. IGS as ITC is toxic to E. carotovara in vitro, but it remains to 
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show if IGS restrict E. carotovara in vivo. Nevertheless, induced and 
preformed glucosinolates play a role in A. thaliana defense against certain 
pathogens. In contrast, neither preformed nor induced glucosinolates have 
been linked to L. maculans resistance in B. napus. (Wretblad and Dixelius 
2000; Andreasson et al. 2001). It could be speculated that the capacity of L. 
maculans to metabolize certain glucosinolates is a key advantage as a Brassica 
pathogen (Pedras et al. 2000). 

Aim of the present investigation 
The general aims of this study was to analyze the model plant A. thaliana and 
the crop plant B. napus on intergenomic interactions and on resistance 
mechanisms to L. mactilans. A. thaliana is one of the most studied plants so 
far in science. The explorations of A. thaliana have generated knowledge 
applicable in all plants. B. naptis is an important oilseed crop and one of the 
closest crop-relatives to A. thaliana. Results in others and ours study on A. 
thaliana can therefore be of use in future B. napus breeding efforts. 

The specific aims of this study was to: 

Analyze traits and intergenomic interaction between A. thaliana and B. 
naptis in offspring of A. thaliana (+) B. napus somatic hybrids. 

Analyze the function and genomic position of A. thaliana derived 
resistance against L. maculans in a B. napus genomic background. 

Identify and understand resistance resources and pathways in L. mactilans 
resistant A. thaliana and B. nigra 
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Present investigation-Results and discussion 
In the present study, the model plant A. thaliana has been analyzed both with 
respect to genomic interchange with B. napus and as a potential resistance 
resource to the fungal pathogen L. maculans. Resistance towards L. maculans 
was also analyzed in B. nigra. 

Study on a genomic interaction between the A. thaliana and B. napus 
genome with focus on L. maculans resistance 
Symmetric and asymmetric somatic hybridization are two techniques to 
generate either a complete fusion of two genomes or fusion of one genome 
with parts of the other genome (reviewed in Glimelius 1999). Large amount of 
genomic DNA or alternatively organelle DNA can be transferred by this 
method between sexually incompatible species. The advantage with symmetric 
hybridization is that all the traits present in the donor species are theoretically 
transferred to the recipient species, normally as intact chromosomes. By 
asymmetric hybridization only parts of the donor genome is transferred, either 
as whole chromosomes or chromosome fragments. This is advantageous in 
breeding because unwanted traits are either not transferred or can be removed 
faster by back-crossing in combination with efficient selection. Today, 
transformation by Agrobacterium is the method of choice for transferring 
single traits. Nevertheless, somatic hybridization can be an efficient technique 
when the purpose is to transfer complex traits encoded by uncharacterized 
genes. An examples of this is the construction of CMS systems (Pelletier et al. 
1983) or transfer of fungal resistance (III). 

Inheritance of Arabidopsis DNA in offspring from Brassica napus and A. 
thaliana somatic hybrids (I) 
In I, inheritance of A. thaliana DNA in offspring from symmetric and 
asymmetric A. thaliana (+) B. napus somatic hybrids were compared. The 
amount of remaining A. thaliana DNA were detected by chromosome counts 
and RFLP markers. When back-crossing plants from the symmetric hybrid 
group to B. napus, the BC, offspring contained DNA from all five A. thaliana 
chromosomes indicating that normal division of A. thaliana chromosomes 
occurred during the meiosis. In BC, gametes on the other hand, a varying 
number of A. thaliana chromosomes ranging from one to five should form. 
In BC, therefore, reduced frequency of retained A. thaliana loci could be 
expected. RFLP analysis showed that the A. thaliana loci were reduced by 
58% not far from a theoretically calculated average value of 50%. In 
comparison, in the asymmetric hybrid offspring (BC,) 84% of A. thaliana loci 
analyzed were absent. Generally, after back-crossing, symmetric hybrid 
offspring tend to retain most DNA as complete chromosomes. Whereas, 
asymmetric hybrid offspring contained DNA fragments that could give 
increased likelihood of recombination and promote the reduction of donor 
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DNA after fewer back-crosses. The materials generated by back-crossing 
symmetric and asymmetric hybrids constitute a library of A. thaliana DNA in 
B. napus, ready to use for breeding purposes and studies on specific gene 
functions. 

Arabidopsis thaliana derived resistance against Leptosphaeria maculans in a 
Brassica napus genomic background (I4 
The A. thaliana accessions Col-0 and Ler-0 used as donors in somatic 
hybridization to B. napus are resistant to L. maculans (III). The molecular 
mechanisms behind the resistance are presently unknown in A.  thaliana and 
other resistant species. In A. thaliana, previous work on L. mactilans resistance 
have been restricted to observations that the resistance existed and could be 
coupled to HR like symptoms (Brun and Tribodet 1995; Chen and Seguin- 
Swartz 1996; Chen and Seguin-Swartz 1999). In 11, it is shown that the 
resistance in A. thaliana towards L. maculans can be transferred to B. napus 
through somatic hybridization. The resistance from A. thaliana could as in the 
Brassica genus be divided in cotyledon and adult resistance (Dixelius 1999). 
Initially, both cotyledon and adult leaf resistance were transferred to B. napus. 
After one back-cross to B. napus cotyledon resistance segregated from adult 
leaf resistance and was lost in the following generations of adult leaf resistant 
plants. Poor seed set and complete to semi male sterility in the first generations 
hybrids rendered mapping of cotyledon resistance difficult. In adult leaf 
resistance plants molecular characterization showed that complete transfer of 
A. thaliana chromosome 3 produced a resistant phenotype to B. napus. 
Further characterizations of back-crossed and subsequently selfed asymmetric 
hybrids, containing parts of chromosome 3, identified two parts on each side 
of the centromere which co-segregated with resistance. The transferred 
regions, less than ten percent of chromosome 3, contain approximately 675 
genes. In the regions a number of defense related genes are present. Notably, a 
large P450 cluster that includes a P4.50 gene (pad3) involved in one of the 
steps in production of the phytoalexin camalexin. Other defense-associated 
genes in the area were ABC-type transport like proteins, proline rich proteins, 
disease resistance like proteins and EDS-1. 

Protein 2DE analysis was performed to get a better understanding of which 
proteins actually were expressed after infection. The material chosen for 
analysis were BC,F, plants resistant against L. maculans, which was compared 
to susceptible B. napus. The BC,F, plants were generated after one back-cross 
followed by four selfings of the original symmetric hybrid (A. thaliana (+) B. 
napus). The BC,F, generation contained the complete chromosome 3 in all 
plants and in 40% of the plants, chromosome 1. The co-transfer of 
chromosome 1 could be a result of increased male fertility generated by genes 
on chromosome 1 as it did not co-segregate with resistance in previous 
generations. Interestingly, very few proteins were found to be differently 
expresses on 2-DE protein gels after L. maculans inoculation despite presence 
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of an entire chromosome of A. thaliana. Out of the approximate 600 visible 
proteins on a gel, only six extra proteins were identified in the resistant BC,F,. 
Fourteen proteins were additionally expressed in susceptible B. napus. Four of 
the proteins expressed in BC,F, could be identified by fractionation and 
analyzing on a Q-tof MS. The proteins showed a 100% homology to the A. 
thaliana proteins glycolate oxidase, photosystem 1 subunit 2 precursor, 
chloroplast ribosomal L1 like protein, and a polyubiqitinase. The group of 
identified proteins all have high expression levels and are involved in basic cell 
maintenance. Some of the proteins could also be linked to a general stress 
response. Ubiquitinase is involved in protein degradation, and over-expression 
in yeast have shown elevated resistance to some abiotic stresses and increased 
susceptibility to others such as cadmium (Chen and Piper 1995). 
Ubiquitination is also linked to JA signaling. The JA responsive mutant coil 
encode F box proteins with homology to other F box proteins. These proteins 
function as receptors that selectively recruit repressor proteins into a complex 
promoting ubiquitination and subsequent removal of the repressors (Xie et al. 
1998). Glycolate oxidase are down regulated by inoculation with A. 
brassicicola (Schenk et al. 2000). Increased intensity of many protein spots on 
the 2DE gels indicated that many proteins were induced or repressed after 
induction with L. maculans. Problems associated with the 2DE technique 
hinder reliable evaluation of too small changes. When induction of proteins 
was evaluated between inoculated and uninouculated susceptible B. napus, 
nine different spots were identified in infected leaf 24 h after inoculation with 
L. mactilans (Lamkadmi et al. 1996). This result closely correlates to the 
numbers (14) seen in differently expressed susceptible B. naptis compared 
with resistant BC,F, (II). This above numbers could be further compared to the 
277 ESTs that were induced after L. maculans inoculation (Fristensky et al. 
1999). The low amount of changes seen on the 2DE gels compared to EST 
analyses can, however, be explained by lack of detection by proteins expressed 
in low amounts. Also, induction of RNA expression does not always lead to 
protein expression. 

Molecular pathways and genes involved in resistance to L. maculans 

Resistance against Leptosphaeria mactilans in Arabidopsis thaliana is multi- 
factorial (IIQ 
The success in the transfer A. thaliana resistance from both A. thaliana 
accessions Col-0 and Ler-0 (IQ prompted us to start a detailed study on 
mechanisms of A. thaliana resistance with the aim to understand A. thaliana 
derived resistance in B. napus. A survey on the response to L. mactilans on a 
large group of A. thaliana accessions representing 27 countries was 
conducted. Resistance in A. thaliana was generally the rule in most accessions. 
Only five out of 171 accessions showed any symptoms at all. One of the five 
accessions wilted spontaneously shortly after disease symptoms could be 
registered. The remaining four showed moderate symptoms. No accession 
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could be found that showed susceptibility as severe as by B. naptis. This 
information indicates that resistance in A. thaliana could possibly be of the 
non-host type. To understand the underlying molecular mechanisms of the 
resistance, a set of EMS mutated Ler-0 seeds were scored for L. maculans 
susceptibility. The screening procedure aimed at identifying mutants with a 
similar susceptible phenotype displayed by B. napus. Twelve plants were 
identified and renamed L. maculans susceptible (lms) 1-12. The identified 
mutants could be divided in three groups based on response to isolates from 
the four different pathogenicity groups of L. maculans present. In the first 
group, lmsl-4, showed a systemic spread of the infection resulting in wilting of 
several leaves. Two of the isolates, lmsl and lms2, were susceptible to all 
isolates tested, whereas lms3 and hzs4 showed susceptible reactions primarily 
towards PG2 isolates. Group three, hzs5 to lms9, showed no systemic spread 
and reacted primarily to PG2 isolates. In the last group only moderate 
symptoms were visible after inoculation and mostly by PG2 isolates. lmsl and 
lms5 were chosen as representatives of group one and two and analyzed 
further for chromosomal map position. Mapping with CAPS markers 
(Konieczny and Ausubel 1993) positioned lmsl on chromosome 2 and lms5 
on the southern end of chromosome 1. No complete linkage to either mutant 
was, however, found. Control experiment on a cross between Ler-0 and Col-0 
showed that susceptible plants could be generated in F, (4.4%). These plants 
were reconfirmed as susceptible in F,. The control experiment pointed to an 
incompatibility in resistance between Col-0 and Ler-0. The incompatibility 
could be explained if a system in which two different resistance alleles exist in 
the accessions, perhaps involved in recognition, of the fungus. 

Necrotrophic pathogens, such as A. brassicicola activate JA/ET dependent 
resistance while biotrophic pathogens such as P. parasitica activate SA 
mediated resistance (Thomma et al. 1998). L. maculans is considered as a 
facultative necrotoph since the fungus initially grows inter-cellularly without 
causing cell death, but later promotes necrosis and can live saprophytically on 
dead plant material (Hammond and Lewis 1986). The response to L. mactilans 
in A. thaliana could for this reason, in theory, be dependent either on SA, 
JA/ET or both. To answer this question, a set of mutants and a transgene 
previously characterized as involved in defense interactions in A. thaliana such 
as SA, JA, ET and camalexin signaling were included in the study (IIQ. The 
aim was to analyze which, if any, of previously characterized defense signaling 
pathways were activated, and necessary for resistance to L. mactilans. Since 
previous characterizations by other pathogens had been performed, results 
from the analysis could be used to directly compare L. maculans resistance to 
other characterized pathogens. The data in (III) indicated that neither JA, ET, 
or SA signaling pathways are absolutely required for resistance. In contrast, 
the phytoalexin camalexin is necessary for complete resistance. The camalexin 
null mutant pad3 that showed susceptibility is mutated in a P450 gene (Zhou 
et al. 1999). Camalexin is also produced by Camelina sativa and production 
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of camalexin has been transferred from C. sativa to B. oleracea by somatic 
hybridization, which resulted in resistance to A. brassicicola (Sigareva and 
Earle 1999). Interestingly, pad3 is located in the area of chromosome 3 that 
was transferred in both symmetric and asymmetric hybrid resistant offspring 
(I; 11). Therefore were the resistant BC,F, generation analyzed for presence of 
camalexin after inoculation with L. mactilans. No production of camalexin 
could however be recorded. A possible explanation for this could be lack of 
substrates in the biosynthetic pathway of camalexin. It can not be ruled out by 
the present investigation that new or modified phytoalexins active against L. 
maculans could have formed, generating new resistance. Interestingly, lmsl 
produced wt, or higher, levels of camalexin after L. maculans inoculation. 
Therefore other factors in conjunction to camalexin seem to be responsible for 
resistance. To further explore the nature of resistance, RNA expression of the 
defense genes PRl  and PDFl.2 were analyzed in susceptible and resistant 
mutants as well as in resistant wt accessions. P R l  was used as a marker for SA 
induced pathway and PDFl.2 as a marker for ET/JA induced pathways. The 
results showed that both PR1 and PDFl.2 expression could be induced by L. 
mactilans. Additionally, expression of neither P R l  nor PDFl.2 at least at the 
transcriptional level were necessary for resistance since in lmsl both PRl  and 
PDFl.2 were produced at a higher levels than in wt (III). 

We have further isolated a T-DNA mutant susceptible to L. maculans in A. 
thaliana (unpublished data). Preliminary analysis indicates that a Rac GTPase 
activating (RacGap) gene on chromosome 2 has been knocked out. The 
location of the RacGap mutant is not in or around the putative chromosomal 
position of lmsl. RacGaps activate Rac proteins that are members of a group 
of small GTP binding proteins (Winge et al. 2000). The Rac proteins are 
involved in many cellular mechanisms such as biogenesis of legume root 
nodules (Cheon et al. 1993) and regulation of cell death (Kawasaki et al. 1999 
#395]. A possible cause of the T-DNA generated disruption of RacGap could 
therefore be a malfunction of the HR following pathogen attack. The dndl 
mutant also lacks a proper HR (Yu et al. 1998) but, in contrast to our T-DNA 
mutant (Fig. 3), increased susceptibility to L. maculans is not shown (III). 
dndl  do however produce elevated levels of PR proteins and have a dwarfy 
phenotype (Yu et al. 1998). Both are qualities with a potential to disturb the 
interaction between A, thaliana and L. mactilans. 
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Figure 3.  A. thaliana Ws-2 leaves inoculated with L.  nzaculans. (A and B), Wt. (C and 
D), T-DNA mutant complemented with DNA covering the region of T-DNA insertion. (E 
and F), T-DNA mutant interrupted in a putative RacGap gene. 

The requirement for camalexin group L. maculans with the necrotrophic A. 
brassicicola. A. brassicicola is a necrotrophic pathogen attacking virtually all 
Brassica species (Tewari and Mithen 1999). The resistance in A. thaliana 
differs however from L. maculans in that A. brassicicola require a functioning 
JA pathway (Thomma et al. 1998). Resistance to L. maculans seems to be 
independent of this pathway. However, different JA pathway mutants have 
been used in the analysis, j a r l -1  for L. maculans and coil for A. brassicicola. 
It can not be ruled out that jar l -1  and coil affect JA signaling differently. The 
data generated by resistance screening, camalexin analysis and RNA 
expression experiments on analyzed wt and mutants have been put together in 
a model of A. thaliana responses to L. maculans (Fig. 4). Generally, the model 
show that resistance to L. maculans in A. thaliana is different from the well 
studied systems of P. syringae and mildews in an independence of SA 
signaling and SA dependent effectors even though L. maculans inoculation 
stimulates the SA pathway. The resistance is independent also of JNET 
dependent pathways indicating that A. thaliana posses a strong defense against 
L. maculans. Additionally, camalexin is an important effector molecule against 
L. maculans but it is not the only one as lmsl produces at least wt levels. The 
requirement of a RacGap gene possibly involved in hypersensitive cell death 
adds a level of complexity to the resistance. Another indication of HR 
involvement comes from heterologous expression of the Cfs resistance gene 
from tomato in B. napus (Hennin et al. 2001) If L. maculans was applied on 
an Avr9-mediated HR site, disease development of L. maculans was delayed. 
Finally, to understand the nature of L. maculans resistance it is necessary to 
remember that the fungus has both a biotrophic and necrotrophic growth 
phase. Resistance mediators from the plant can therefore be stimulated and 
directed to both. 
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Figure 4.  A model describing signaling pathways and effector molecules tested for 
interaction between L.  nzaculans and A. thaliana. Mutants have been tested for all 
proteins in the model. No affect on resistance were seen in the mutated proteins colored 
red. In contrast mutations in the green colored protein gave a susceptible response. (+) 
denote induced expression after fungal inoculations. The mutants listed in the box could 
not be put into any signal pathway. ?, denote possible but unknown pathway Many 
additional proteins and mutants are known in the pathways described above but have not 
been tested in the L. inaculans-A. thaliana interaction. 
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The Lml  gene of Brassica nigra confers resistance to the blackleg ftingtis 
Leptosphaeria maculans (IV) 
B. nigra cultivars constitute a source of resistance to L. maculans. We initiated 
a screen for resistance genes towards L. maculans (IV). Several cDNA clones 
were picked up and analyzed for expression after inoculation. One cDNA 
clone, named L. maculans 1 ( L m l ) ,  was transformed to B. napus. 
Transformants were analyzed for increased resistance to L. maculans. Disease 
symptoms decreased on average 45 to 58% depending on isolate analyzed in 
transformed plants. Lml constitute the first cloned resistance gene in B. nigra. 
The mechanisms of L i d  resistance are unknown, the only indication is a 
putative homology to a nodulin inception factor factor (nin) in Lotus 
japonicas and presence of two transmembrane domains. Close homologues to 
Lml exist in A. thaliana, whereas in B. napus, homology seems to be restricted 
to the 3’ end, indicating a possible function of resistance in the 5’ end. 

Conclusions 

Back-crosses of A. thaliana (+) B. napus symmetric and asymmetric 
hybrids generated a pool of A. thaliana DNA in the B. napus genome. 
Back-crossing of symmetric hybrids generated initially, a transfer of 
predominantly complete chromosomes whereas asymmetric hybrids 
generate smaller fragments that could potentially mediate faster integration 
of desired traits and a more rapid removal of unwanted DNA than in the 
symmetric hybrids. 

0 In both symmetric and asymmetric hybrids A. thaliana derived L. 
maculans resistance were transferred to B. napus. The transferred reistance 
could be divided into cotyledon and adult leaf resistance. The symmetric 
hybrids generated a stable adult leaf resistant line in BC,F, containing 
chromosome 3 that co-segregated with resistance. In the asymmetric 
hybrids, two areas on either side of the centromere of chromosome 3 co- 
segregated with resistance. 

Analysis of the molecular base for resistance in A. thaliana showed a 
dependency of camalexin and an independence of a functioning SA, 
JNET pathways. Additionally, at least two independent L. mactilans 
susceptible mutants have been isolated and characterized. 

0 Resistance towards L. maculans in B. nigra has been analyzed and a 
resistance gene, L i d  have been isolated. Transformation of Lml into B. 
naptis gives significantly higher levels of resistance to L. maculans. 
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Future perspectives 

The understanding of molecular mechanisms of resistance towards L. 
maculans in A. thaliana and B. nigra are still far from complete. In A. 
thaliana further characterization and cloning of lmsl need to be achieved. 
Cloning of lmsl could reveal new signaling pathways and effector molecules 
necessary for L. maculans resistance since lmsl seems functional in SA as well 
as JNET dependent responses. More extensive analyses of the levels of 
camalexin, PR1 and PDF 1.2 will be performed in lmsl and wt to investigate if 
the trends of increased expression are statistically significant. Induction of PR1 
with INA and PDFl.2 with paraquat will also be performed to clarify whether 
increased expression is due to enhanced fungal colonization in lmsl or if it is a 
inherent process caused by the malfunction of lmsl. 

Further study on the nature of the A. thaliana derived resistance in resistant 
symmetric and asymmetric hybrid offspring is also necessary. One question to 
ask is if the transfer of multiple P450 could have generated new phytoalexins 
active against L. maculans. Plants are unique in their high production of 
secondary metabolites. Evolution of the large P450 gene family, 
approximately 286 in A. thaliana versus 94 in Drosophila and 3 in yeast, have 
been one important factor in generating this metabolic complexity (The 
Arabidopsis genome initiative 2000). Analysis by metabolic profiling of the 
resistant BC,F, versus susceptible B. napus could shed some light over this 
question. HPLC analysis on the phytoalexin profile in B. napus compared to 
resistant BC,F, after fungal inoculation could reveal which, if any, new 
phytoalexins that have formed. Recognition of the pathogen and exact timing 
of the defense responses are other highly interesting areas. The time of 
defense response initiation is crucial for resistance in many pathogens systems. 
Precise timing of resistance responses requires further clarification. One 
interesting phenomena is the induction of resistance genes at 11 days post 
inoculation in A. thaliana (unpublished results). What is happening at day 11 
that need a restart of the resistance machinery? On the other hand, the 
involvement of a RacGAP gene possibly in HR, indicates the importance of 
very early responses. Analysis of disturbances of the HR in the RacGap T-  
DNA mutant is presently ongoing. 

In B. nigra resistance, L i d  is the first cloned resistance gene. The 
mechanisms of L i d  resistance are however so far unknown, the only 
indication is a putative homology to nin factors. To clarify the role of Lml 
several strategies could be envisioned such as determining possible anti-fungal 
effects in vitro and identification of putative protein interactions. The presence 
of homologous proteins in A. thaliana should also be further studied. 
Searching for knockouts in available collections could reveal if the A. thaliana 
homologues also are involved in resistance. 
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