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Plant-pathogen interactions:  advancing understanding of plants and microbes

John Mansfield

Department of Biology, Imperial College at Wye, Ashford, Kent TN25 5AH, UK

Research into plant-pathogen interactions generates greater understanding of essential metabolic activities in plants and microbes.  Examples will be given of how such added value has stemmed from work on a range of plant diseases.  Topics to be covered include, 1) phytoalexins, their biosynthetic pathways and detoxification;  2) localized defences to colonisation and their cellular co-ordination;  3) Hrp genes, Type III secretion and protein injection by bacteria;  4) the HR, calcium and co-ordination of the oxidative burst, and 5) avr, vir and R genes and molecular recognition.  The new insights gained from work in these areas will be highlighted and opportunities for the development of new targets for disease control discussed.

Invited Speaker Abstracts

Session I: The Structural Framework

Life at the edge: the tobacco mosaic virus-induced hypersensitive response

Simon Santa Cruz*, Kath Wright, George Duncan, Fiona Carr, Susie Wood and Christophe Lacomme

Division of Biochemistry and Cell Biology, Scottish Crop Research Institute, Invergowrie, Dundee, DD2 5DA, UK.

* Present address: Horticulture Research International, East Malling, Kent, ME19 6BJ, UK.

The incompatible interaction between tobacco mosaic virus (TMV) and Nicotiana plants carrying the N gene results in a hypersensitive response (HR) with the development of necrotic local lesions at the sites of virus invasion and containment of the pathogen. In order to study the cellular events preceding the appearance of visible symptoms we have used a tagged TMV genome expressing the green fluorescent protein. Using a temperature shift, from 33(C to 20(C, to initiate and synchronise the HR we have monitored presymptomatic infection foci by fluorescence, confocal and electron microscopy. Under these conditions cell death occurs approximately 12 hours after temperature shift with the initial 6 hours representing the activation phase and the subsequent 6 hours representing the execution phase of the HR. Following cell death and necrotic lesion development virus infected cells are still present at the necrotic lesion margin, however, all remaining infected cells eventually die indicating that for this pathosystem the HR is a two phase process.

In parallel studies aimed at investigating the induction of cell death in plants by the mammalian proapoptotic protein bax a number of similarities to the TMV-induced hypersensitive response were observed suggesting the possibility that bax could interact with components of the plant cell death machinery. Significantly the cytotoxic effect of bax required mitochondrial localisation raising the possibility that in plants, like animals, cell death signalling is transduced through mitochondria. To investigate this possible link between plant and animal cell death systems both electron microscopy and immunochemistry were used to study mitochondria during the early, presymptomatic, activation and execution phases of the HR. 

The infection process of the bean anthracnose fungus Colletotrichum lindemuthianum

Jonathan R. Green1 and Richard J. O'Connell2

1School of Biosciences, University of Birmingham, Birmingham.

2IACR-Long Ashton Research Station, Long Ashton, Bristol.

Colletotrichum species cause anthracnose on a wide range of plants. During infection of leaves, the pre-penetration events are generally similar between species, however post-penetration development can be either subcuticular or hemibiotrophic. Colletotrichum lindemuthianum is in the latter grouping, and aspects of spore adhesion, germination and appressorium development will be described as well as the formation of biotrophic and necrotrophic hyphae. 

Function of pili in molecular interaction of Pseudomonas syringae with the host plant.

Martin Romantschuk

Viikki Biocenter, Department of Biosciences, Division of General Microbiology, PO Box 56, FIN-00014 University of Helsinki, Finland

Pseudomonas syringae is an opportunistic plant pathogen which is capable of colonizing aerial plant surfaces and leaf tissue without causing disease symptoms. The bacterium possesses a variety of traits that makes it withstand the variable and harsh conditions on plant leaf surfaces. It is resistant to UV radiation, drought, and to dislocation by physical forces such as rain and wind. It is capable of taking advantage of rapid changes is the environmental conditions; upon rain it enters a phase of rapid growth, and in the presence of a susceptible host plant and conditions favouring disease outbreak it enters a pathogenic growth and gene-expression phase. In dry conditions on the leaf surface clusters of bacteria are found encapsulated in extracellular polysaccharide. At both growth phases – epiphytic and pathogenic – bacterial proteinaceous appendages called pili or fimbriae play a role in the plant-microbe interaction. 

Genes that are important for the fitness of the bacterium during different growth phases thus include two gene-clusters that form extracellular appendages called pili. The type IV pilus is produced by genes that are related to the type II protein secretion pahtway. The type IV pilus is present in also many other plant related bacteria, and it promotes attachment of bacterial cells to leaf surfaces, auto-aggregation of bacteria, and possibly twitching motility. Attachment to surfaces and auto-aggregation both contribute to UV resistance and resistance against being washed away. Production of EPS apparently works in the same direction. When free water (rain, dew) becomes available on plant surfaces  the bacteria rapidly take advantage e.g. by spreading, in part facilitated by flagellar motility. In this process it appears that they enter and exit substomatal cavities. Colonization data suggest that a large portion of the bacterial leaf surface population has its source inside the leaf tissue even in situation where no disease is observed. 

The second pilus-producing gene-cluster is the hrp (hypersensitivity reaction and pathogenicity) gene cluster that is absolutely required for disease. Part of the gene cluster constitutes a type III protein secretion pathway, used for delivery of virulence/avirulence (Avr) determinants directly into the target cell cytoplasm. The Hrp-pilus mainly formed by units of HrpA is essential for disease apprently by being required in forming a link between bacterial (donor) and host plant (recipient) cells during translocation of virulence determinants. The Hrp-pilus may, however, also have functions related to bacterial attachment and aggregation. Contructs with the gene for green fluorescent protein (GFP) driven in a hrp- dependent manner were made. These constructs are used to study induction timing and localization, one of the questions being: is the Hrp-pilus present on the plant leaf surface? And if so, what might the role of the Hrp pilus, and the hrp gene cluster in general be in non-symptom generating P. syringae colonization? Preliminary data suggest that strong induction of hrp genes take place only inside the plant leaf tissue, but may clearly precede, and may not directly induce symptom development. 

The current working model used to our further studies postulates that the Hrp-pilus has a direct and active function in translocating effector proteins into the plant cells. Whether the Hrp-pilus grows from the tip or the base, and whether the Hrp pilus is hollow, forming a conduit trough which (unfolded) proteins may be transported are among questions currently under investigation. 

Conidial germination and germling development by Blumeria graminis: from first touch to attempted penetration.

Tim Carver
IGER, Aberystwyth, Ceredigion, SY23 3EB.

Blumeria graminis (syn. Erysiphe graminis) causes cereal powdery mildew.  On suitable substrata (e.g. host leaf), conidia germinate and germling development follows an orderly sequence.  A short primary germ tube (PGT; emerging ca 30-90 min) performs at least three functions: adhesion, accessing water and recognising substratum characteristics. The latter drives elongation of a second-formed germ tube (to ca 40 μm) as a pre-requisite to appressorial differentiation.  However, the elongate tube remains undifferentiated unless it in turn recognises substratum characteristics and responds by forming an apical appressorial lobe (by 8-12 h) from which a ‘peg’ attempts penetration [1]. To make substratum contact, germ tubes must emerge from the conidial wall close to the substratum interface. Around 80% or more of first-formed germ tubes make contact, and this is up to 8 times more frequently than predicted by chance.  Experimentation showed the site of germ tube emergence to be determined within 1-3 min after deposition, stimulated by a very small contact interface and to be a relatively non-specific response to contact with host leaf and artificial substrata [2].  Recent data implicate extracellular materials (ECM), released from conidial wall projections contacting the substratum, in directing the site of germ tube emergence.  ECM, which can be released within 20 sec [3], may also be involved in relatively weak but rapid adhesion, prior to germ tube formation.  Use of artificial and natural substrata indicates that PGTs and elongating appressorial germ tubes recognise a range of factors including substratum hydrophobicity, cutin monomers (released by fungal cutinase activity?) and possibly cellulose breakdown products (released by fungal cellulase activity?) [1].  This knowledge has facilitated studies of the cell biological control of germling development (see Gurr, this meeting) and identifying potential targets for intervention through the development of novel fungicides or plant breeding.  Indeed, ‘natural’ phenomena can impede germling development: second-formed germ tubes frequently fail to elongate on abaxial surfaces of Lolium leaves, and factors released within established oat mildew colonies (but not barley mildew) cause failure of appressorial differentiation by elongating second-formed germ tubes. 

1.  Carver TLW, Ingerson SM, Thomas BJ.  (1996).  Influences of host surface features on development of Erysiphe graminis and Erysiphe pisi. In: Kerstiens, G. ed.  Plant Cuticles- an integrated functional approach.  Bios Scientific Publishers. Oxford. pp 255-266. 
2.  Wright AJ, Carver TLW, Thomas BJ, Fenwick NID, Kunoh H, Nicholson RL.  (in press).  The rapid and accurate determination of germ tube emergence site by Blumeria  graminis conidia.  Physiological and Molecular Plant Pathology. 

3.  Carver TLW, Kunoh H, Thomas BJ, Nicholson RL (1999). Release and visualization of the extracellular matrix of conidia of Blumeria graminis. Mycological Research 103: 547-560.   

Session II: Pathogenicity of bacteria, fungi and viruses
Complex spatial changes in gene expression in response to virus invasion of compatible hosts.

Andy J. Maule

John Innes Centre, Norwich.

Virus invasion of host plants is a multistage process. After multiplying in the initially infected cell, the virus moves symplastically to adjacent cells through plasmodesmata. Rapidly the infection will encounter parts of the vasculature where the virus can be loaded into the phloem for systemic translocation to distal regions of the plant.  This is a passive process, which follows the demands of sink tissues for photosynthate generated in source tissues. The time taken for each of these stages is poorly resolved although estimates of the duration of virus multiplication in single cells in vivo are just a few hours. Hence, virus infection of plants is a completely asynchronous process, making the correlation of virus-induced changes in host functions with particularly stages in virus multiplication or movement very problematic. To overcome this difficulty we have applied a spatial analysis to advancing infection fronts such that, for example, changes close to the front can be considered as early events and those behind the front as late events.

Two experimental systems have been used to investigate changes in host gene expression induced by virus infection, namely pea cotyledonary tissues infected with several different viruses, and Cucumber mosaic virus (CMV)-infected cucurbit tissues. In both tissues, one striking effect of virus infection is the reduced accumulation of most host gene transcripts.  A phenomenon akin to host gene "shut-off", originally observed for animal virus infections. A second common observation is the accumulation of hsp70 mRNA and protein at the extreme edge of the infection.  In the pea system, we also see that the expression of actin and tubulin remain unchanged. In addition, in the cucurbit system, two further types of host gene upregulation were observed. The expression of HSP70 and NADP-dependent malic enzyme showed induction in apparently uninfected cells ahead of the infection. This response was more localized than the upregulation exhibited by catalase expression, which occurred throughout the uninfected regions of the tissue. Collectively, these experiments showed that virus infection induced immediate and subsequent changes in host gene expression and that it has the potential to give advance signaling of the imminent infection. The impact of these effects in relation virus replication and movement, and/or host defence will be discussed.

Induced resistance to plant viruses.

John P. CARR, Alex M. MURPHY, Chui Eng WONG, Androulla GILLILAND, Jenny HAYWARD, Davinder P. SINGH

Department of Plant Sciences, University of Cambridge, Cambridge CB2 3EA, U.K.

Salicylic acid (SA) is part of a signal transduction pathway (STP) that induces resistance to viruses, bacteria and fungi.  In tobacco and Arabidopsis the defensive STP branches downstream of SA.  One branch induces PR-1 proteins and resistance to bacteria and fungi, while the other triggers induction of resistance to RNA and DNA viruses.  Our initial evidence for the existence of the virus-specific branch was based on pharmacological data.  Specifically, resistance to viruses can be activated using antimycin A and cyanide, or inhibited with salicylhydroxamic acid (SHAM), independently of the induction of PR-1 gene expression (Murphy et al. TIPS 4: 155, 1999).  Recent work from Klessig’s group appears to confirm the existence of the virus-specific branch.  They have shown that in Arabidopsis, induction of resistance to turnip crinkle virus does not require the activity of the NPR1 gene, a regulator of PR gene expression (Kachroo et al. Plant Cell 12: 677, 2000).

Our results using antimycin A, cyanide and SHAM have suggested a role for the mitochondrial alternative oxidase (AOX) in resistance to viruses. This is because AOX activity is known to be stimulated by antimycin A and cyanide, but inhibited by SHAM. However, pharmacological experiments can never be taken as conclusive.  Therefore, we are producing transgenic tobacco with modified levels of Aox gene expression and attempting to silence Aox gene expression using virus-induced gene silencing.  These constructs will be used to assess definitively whether or not AOX plays a role in resistance to viruses and/or the virus-induced hypersensitive response.  

In addition to this, we are investigating the resistance mechanisms that are induced by the virus-specific pathway.  We have shown that multiple resistance mechanisms are induced by SA.  Thus, in tobacco, SA induces resistance to the systemic movement of cucumber mosaic virus but has no effect on its replication or cell-to-cell movement.  However, in the case of tobacco mosaic virus (TMV), SA appears to be able to inhibit the spread of virus out of the initially inoculated area of tissue.  We have studied this further using a combination of methods that include analysis of viral RNA and protein accumulation in inoculated tissues and protoplasts, as well as in vivo imaging of green fluorescent protein-(GFP) tagged viruses in plant tissue.  Our data indicates that SA engenders resistance to TMV by inhibiting its ability to spread between epidermal cell layer and by inhibiting its replication in the underlying mesophyll tissue.  We believe that these effects may contribute to the reduction in the spread of virus observed in plants expressing systemic acquired resistance.
Molecular genetics of plant infection by the rice blast fungus Magnaporthe grisea
Nicholas J. Talbot, Eckhard Thines, Andrew J. Foster, Roland W.S. Weber, Pascale V. Balhadere, Virginie Colas .

School of Biological Sciences, University of Exeter,Washington Singer Laboratories, Perry Road, Exeter, EX4 4QG.  

E-mail:  N.J.Talbot@exeter.ac.uk

The rice blast fungus elaborates a specialized infection structure called an appressorium in order to infect rice leaves.  The appressorium is a dome-shaped cell which differentiates from a germ tube, shortly after conidial germination.  M. grisea appressoria develop turgor pressure which is translated into mechanical force to breach the plant cuticle. This allows a narrow penetration peg to enter the leaf epidermis and colonise the tissue, later forming large bulbous infection hyphae. 

We are investigating the process of appressorium-mediated infection in M. grisea and in particular the mechanism by which turgor is generated.  M. grisea appressoria accumulate very high concentrations of glycerol which acts as an osmolyte, allowing the cell to take up water and develop hydrostatic turgor.  Appressoria form in water on the leaf surface and therefore glycerol is synthesised from storage products in the spore.  M. grisea conidia contain a number of storage compounds including glycogen, lipid and trehalose.  We have used a combination of genetic, biochemical and cell biological methods to study the relative contribution of each storage product to glycerol generation.  Trehalose degradation occurs rapidly during conidial germination.  Trehalose is synthesised in M. grisea by trehalose-6-phosphate synthase encoded by the TPS1 gene.  (tps1 mutants are extremely reduced in pathogenicity, due to a defect in cuticle penetration.  The degradation of trehalose meanwhile appears to occur due to the activity of at least two trehalases, encoded by NTH1 and TRE1. (tre1 and (nth1 mutants are also affected in their ability to cause disease symptoms, although to a lesser extent than in (tps1.  Genetic control of trehalose metabolism appears to be, at least in part, due to the action of cAMP-dependent protein kinase A (PKA), based on enzymatic assays.  Glycogen and lipid stores are also degraded during conidial germination and can be observed accumulating in appressoria during their formation, before disappearing as turgor is generated.  The movement of these reserves is controlled by the PMK1 MAP kinase pathway and degradation in the appressorium is regulated by PKA.  We are currently identifying and characterising genes encoding enzymes involved in lipid and glycogen degradation in appressoria with the aim of determining the basis of turgor generation and apressorium function in M. grisea.

Pathogenicity and host range determinants in root-infecting fungi

Kosmas Haralampidis, Rachel Melton, Xiaoquan Qi, Saleha Bahkt, Miranda Trojanowska, Greg Bryan, Marie Dufresne and Anne Osbourn
Sainsbury Laboratory, John Innes Centre, Norwich NR4 7UH, UK.

Fungal pathogens are likely to require a core set of determinants that enable them to grow in plants, including factors such as PMK1​-related MAP kinases.  In addition to these general requirements additional genetic components will determine tissue and host specificity.  The ability to tolerate antifungal secondary metabolites produced by the host plant represents one facet of specific interactions between fungal pathogens and their hosts.  For example, detoxification of oat root saponins (avenacins) by the “take-all” pathogen Gaeumannomyces graminis var. avenae is required for successful infection.  Like many plant secondary metabolites avenacins are localised in the vacuole, and so are likely to be released in response to infection by G. graminis, which is a necrotroph.   The isolation and characterisation of saponin-deficient (sad) mutants of the diploid oat Avena strigosa has allowed us to confirm that avenacins are required for resistance of oat to both pathogens and non-pathogens.  Avenacin biosynthesis is restricted to the genus Avena, and cereals other than oat are generally deficient in the ability to synthesise saponins of any kind.   The isolation of saponin biosynthetic genes will allow us to address important questions about the evolution (or loss) of triterpenoid saponin biosynthesis in cultivated monocots and also has implications for novel disease control strategies.  To this end we have recently isolated the Sad1 gene, which encodes (-amyrin synthase (the first committed enzyme in the saponin biosynthetic pathway) and isolation of other Sad genes is in progress.

Avenacin detoxification is a determinant of host range for Gaeumannomyces graminis, and facilitates entry into the root through the avenacin-laden epidermal cell layer.  However very little is known about other factors that are required by G. graminis and other soil-borne fungal pathogens for successful colonisation of root tissues.  This is largely due to the genetic intractability of many of these fungi.  G. graminis belongs to the family Magnaporthaceae, which includes other root-infecting fungi such as the turfgrass pathogen Magnaporthe poae and also the rice blast pathogen Magnaporthe grisea.  M. grisea has recently emerged as a paradigm for molecular genetic dissection of factors determining fungal pathogenicity to leaves, and mutational analyses have identified a number of genes that are required by M. grisea for pathogenic differentiation and colonisation of leaf tissue.   We have found that M. grisea can infect the roots of cereals and can be used for genetic analysis of fungal root infection.  This has allowed us to distinguish mutants with leaf-specific, root-specific and general defects in ability to cause lesion formation on leaves and/or roots.  For example, the melanin biosynthetic mutant alb1, which is non-pathogenic to barley leaves, is unimpaired in its ability to cause lesions on roots of barley or wheat.  Conversely, a global regulator of nitrogen assimilation (NUT1) is essential for root infection but is dispensable for disease development on leaves, while the MAP-kinase PMK1 and the predicted ABC transporter ABC1 are required for infection of both tissues, and so represent general disease determinants. This system now offers considerable potential for comparative analysis and elucidation of the genetic components required for fungal infection, proliferation and disease development in leaves and roots.   In a search for new mutants we have identified two restriction enzyme mediated integration (REMI) mutants of M. grisea that fail to give lesions on wheat and barley roots.  The characterisation of the genetic defects in these and additional mutants isolated in further screening experiments will allow the identification of novel tissue-specific and general factors that are required for colonisation of plants by phytopathogenic fungi.

Raincoats and pathogens: the function of hydrophobins in Cladosporium fulvum

Pietro Spanu

Imperial College, London

Hydrophobins are small proteins produced by most true filamentous fungi. They are usually secreted into the growth medium and assemble as rodlets on the outer surfaces of fungal structures to form a hydrophobic layer. All the hydrophobins so far studied are characterised by a conserved 8-cystein motif. These proteins have been grouped into two classes which differ in physical and chemical properties and in the spacing and arrangement of the cysteins. We have found that Cladosporium fulvum, the causal agent of tomato leaf mould, has at least 6 hydrophobin genes. We have named these HCf-1 to –6. HCf-1, -2,  -3 and –4  are class I hydrophobins and their amino acid sequences are similar to each other. HCf-5 and –6 are class II hydrophobins and are similar to each other but to a lesser degree than the class I proteins. HCf-4 and HCf-6 are both “bimodular” hydrophobins and have an N-terminal domain of about the same size as the hydrophobin domain. The N-terminal domain of HCf-6 is extremely rich in glycine and asparagines residues. The function of these two domains is unknown. All HCf genes are expressed at different stages of development and in response to different nutritional status of the growth medium. We are currently creating mutants with altered levels of hydrophobins. We achieve this by deleting single hydrophobin genes (using homology-dependent gene deletion: “knockouts”) or by reducing the overall expression of hydrophobins with similar sequence by homology-dependent gene silencing. These mutants enable us to test the function of the hydrophobins in development and infection. We have tested the possibility that because of surface localisation they mediate interactions between the fungus and the plant, perhaps by shielding the hyphae from detection and/or attack by the host. This does not seem to be the case in C. fulvum: so far we have found that HCf-1, HCf-2 and HCf-6 are not required for infection under laboratory conditions. However, HCf-1 and other class I hydrophobins, contribute significantly to the hydrophobicity of the conidia. This, in turn, appears to be an essential feature for dispersal mediated by water droplets.

References:

Spanu, P.  Gene 193, 89-96 (1997); Spanu, P. Physiological and Molecular Plant Pathology 52, 323-334 (1998); Hamada, W. & Spanu, P. Molecular & General Genetics 259, 630-638 (1998); Segers, G. C., Hamada, W., Oliver, R. P. & Spanu, P. D. Molecular & General Genetics 261, 644-652 (1999).

Unravelling the molecular mechanisms of pathogenicity in the soft rot pathogen Erwinia carotovora: a new approach.

Toth Ian K., Holeva M., Bell K., Avrova A., Dellagi A., Waugh R., De Jong W., Bryan G., and Birch P.R.J. 

Scottish Crop Research Institute, Invergowrie, Dundee, DD25DA, UK. email: itoth@scri.sari.ac.uk

Erwinia carotovora subsp. atroseptica (Eca) is a commercially important bacterial pathogen causing blackleg and soft rot diseases of potato. E. c. subsp. carotovora (Ecc), however, causes soft rot of a wide range of plants, including potato. To identify genes involved in the plant-bacterium interaction we are, a) studying gene expression in vitro and in planta (cDNA-AFLP), b) producing physical maps of the Eca and Ecc genomes (BAC libraries), c) producing sequence information on targeted regions of the genome (including the hrp cluster) and d) undertaking functional analysis. Following cDNA-AFLP, differentially amplified cDNAs are being isolated, sequenced and their expression confirmed by Northern blots. This is the first report of cDNA-AFLPs applied to bacteria and opens many new areas of investigation. We are also creating physical genetic maps of Eca and Ecc from contiged Bacterial Artificial Chromosome (BAC) libraries. By positioning known pathogenicity genes or subspecies-specific genes (cDNA-AFLP) onto the Eca map, clones rich in pathogenicity genes are being identified. Random sequencing and a 1x sequence of targeted clones have identified a number of novel pathogenicity and host range related sequences. The maps are also being compared with the Escherichia coli genome to examine similarities in the genomic organisation of these closely related plant and human pathogens, and to identify further novel subspecies-specific sequences. Functional analysis on the Eca hrp cluster suggests that the Type III system is functional, although its role is yet to be confirmed.

Sequencing of the complete genome of Ralstonia solanacearum opens new avenues towards the understanding of pathogenicity determinants

Christian Boucher1, Muriel Lavie1, F. Artiguenave2, M. Arlat1, V. Barbe2, A. Billau2, P. Brottier2, J.C Camus1, L. Cattolico2, N. Choisne2, C. Gaspin3, S. Genin1, J. Gouzy1, D. Kahn1, M. Levy2, A. Moisan3, C. Robert2, W. Saurin2, M. Seguin1, T. Schiex3, P. Thébault1,. Wincker2,  J. Weissenbach2 & M. Salanoubat2.

1 LBMRPM INRA-CNRS, BP 27, 31326 Castanet tolosan, France, 

2 Genoscope  2 rue G. Crémieux 91000  Evry France, 

3 Biométrie &Intelligence Artificielle INRA BP 27, 31326 Castanet tolosan, France,

Ralstonia solanacearum is a Gram negative beta-proteobacterium. This plant pathogen has an unusually wide host range causing "bacterial wilt" disease in over 200 plant species belonging to more than 40 families. Strain GMI1000 causes disease on various solanaceous crops, including potato, tomato and eggplant, and on the model plant Arabidopsis thaliana;  it also induces a hypersensitive response on tobacco. GMI1000 is classified as a wide host-range race 1 isolate.

Pulsed field gel electrophoresis revealed that the genome of GMI1000 is composed of two replicons of 3.6 and 2.2 megabase pairs. In order to learn the complete sequence of this genome, clones carrying 2 to 10Kb inserts in addition to a BAC library were sequenced. Data representing over 9 equivalents of the total genome have been generated and assembled into two circular scaffolds of 3.6 and 2.1 Mb. "Final sequencing and annotation of the sequence are in progress. Presently, 65% of the total genome has been analysed permitting  the prediction of close to 3000, proteins, 630 of which have no homology with previously described proteins. Based on these preliminary data, there is no clear functional repartition of genes between the two replicons.

With an average G+C content of 67%, the observed composition of the genome fits with previously published data. Frequently, local variations ranging from 49% to over 72% G+C has been observed in regions spanning 1.5  kb to over 20Kb . These heterogeneous regions are homologous to genetically mobile elements, suggesting that numerous horizontal gene transfers might have occurred in this soil organism that is naturally competente for transformation by naked DNA. No clear pattern appears in the partitioning of these regions over the two replicons. Proteins encoded in these regions are often associated with adaptation of the bacterium to life in particular environmental conditions or ecological niches including pathogenicity. This will be illustrated by presenting our functional analysis of a locus encoding the PopP protein, a structural homologue of the YopP/YopJ pathogenicity effector protein from Yersinia.

Garrett Memorial Lecture

Millennial milestones: concepts, molecules and genes

Michele C. Heath

Botany Department, University of Toronto, Toronto, Ontario M5S 1A1.

As the study of plant-pathogen interactions in the form that we know it today is only about 100 years old, virtually all informative data on these interactions has been gathered within a single human lifetime. This fact allows a clear appreciation of the incredible advances in techniques, knowledge, and understanding that have occurred in this field as it has developed. Three of the most conceptually influential phenomena, the hypersensitive response, the gene-for-gene hypothesis, and induced resistance were first reported over 40 years ago. However, as the molecules, and ultimately the genes, associated with these phenomena have been discovered, the conceptual framework surrounding them has changed. This change is, perhaps, most dramatic for the gene-for-gene theory for which the ever-increasing information on the nature, function and evolution of resistance genes, plus the identification of other genes required for resistance, have provided a substantial depth of understanding. Whether our increased knowledge of the hypersensitive response has resulted in a similar increase in clarity of understanding is more debatable. Also notable is the fact that despite the research emphasis on resistance to disease in the 20th century, there are still few plant-pathogen systems in which the features that stop pathogen growth are unequivocally known, or in which the factors that condition susceptibility have been identified. Arguably the most conceptually confused phenomenon in the current literature, despite a steady increase in knowledge, is nonhost resistance. However, current and developing tools or techniques applicable at the cell or molecular levels hold enormous future promise for rapidly delivering data, and hopefully knowledge, on the still unknown features of plant-pathogen interactions

Session III: Resistance genes, structure and evolution
Natural and artificial evolution of resistance gene clusters, particularly of the pto and Dm3 loci.

Richard Michelmore

University of California, Davis, CA 95616, USA

Molecular studies and classical genetics have shown that resistance genes tend to be clustered in the genome.  Resistance genes seem to be members of multigene families encoding receptors with individual members of these families having diverged to acquire novel recognition specificities. Classical genetics also indicated that clusters of resistance genes were unstable.   This led to the idea that clusters of resistance genes are dynamic regions of the genome in which new specificities are frequently being generated by unequal crossing-over. Characterization of the Pto and Dm3 resistance gene clusters at the molecular level confirms that unequal crossing-over and gene conversions can occur.  We have sequenced multiple haplotypes of the Pto locus in tomato that contains duplicated Pto homologs and a single NBS-LRR gene, Prf .  There is greater sequence similarity between Pto homologs in comparable genomic positions in different genotypes than between homologs within the same haplotype.  There is some evidence for gene conversion events but the overall structure of three haplotypes was similar, indicating that the Pto locus is not highly unstable.  This is similar to the situation that we have observed for the major cluster of NBS-LRR containing resistance genes in lettuce.  The major cluster of disease resistance genes in lettuce comprises of over 30 NBS-LRR encoding RGC2 genes and spans at least 4 Mb.  Only one member encodes Dm3 specificity.  We have evidence for point mutations, recombination, gene conversions, and unequal crossing-over within and between homologs at this complex locus.  We have fully sequenced 22 RGC2 genes and partially sequenced an additional six from genomic clones of the cultivar Diana. The 3’ ends of RGC2 homologs were amplified using PCR from two genotypes each of L. saligna, L. serriola, and three genotypes of L. sativa.  Phylogenetic analysis indicated two groups of homologs.  One group comprised of obvious chimeras; the other showed little or no evidence of chimeras.  These two groups were non-randomly distributed in the cluster.   The latter group was located peripherally and at one end.  These RGC2 sequences are not evolving rapidly.  The primary evolutionary force seems to be divergent evolution on orthologs with a birth-and-death process responsible for changes in copy number.

In addition, we are using in vitro gene shuffling to study the domains determining specificity of Pto.  This has provided a range of molecules that are allowing us to dissect the early molecular interactions that determine specificity.

Michelmore, R.W. and Meyers, B.C.  (1998).  Clusters of resistance genes in plants evolve by divergent selection and a birth-and-death process.  Genome Research 8:1113-1130.

Chin, D.B., Arroyo-Garcia, R., Ochoa, O., Kesseli, R.V., Lavelle, D.O., Michelmore, R.W. Recombination and spontaneous mutation at the major cluster of resistance genes in lettuce (Lactuca sativa).  Genetics in press.

Function and evolution of the RPP13disease resistance locus from Arabidopsis.
Jim Beynon, Ian Crute, Eric Holub and Peter Bittner-Eddy

Horticulture Research International, Wellesbourne, Warwick, CV35 9EF, UK.

We have been developing the interaction between Arabidopsis and the downy mildew pathogen Peronospora parasitica (AT) as a model system for studying plant/oomycete interactions.  As part of that analysis we initially identified over 20 plant genes (RPP – Recognition of Peronospora parasitica) that were involved in isolate specific interaction with P.parasitica (AT).  Following this analysis we have cloned genes from four of these loci, RPP1, RPP2, RPP13 and RPP28.  To complement this study we are developing resources that will allow us to clone the complementary pathogen genes identified by the interaction with the RPP1 and RPP13 genes and others.  Each of the cloned RPP loci has revealed a different evolutionary strategy.  Here I will describe our analysis of the RPP13 locus. RPP13 is a LZ:NBS:LRR class disease resistance gene and forms a functional allelic series that shows a high level of sequence diversification in the LRR domain.  We have analysed the structure of the locus in Arabidopsis and compared this to the structure in Brassica oleracea.  We also demonstrate that RPP13 signal transduction is completely independent of the eds1 and ndr1 pathways and does not require salycilic acid accumulation for a disease resistance response. 

Arabidopsis mildew resistance.

Shunyuan Xiao, Simon Ellwood, Ozer Calis, Elaine Patrick, Tianxian Li, Daniel Jaggard, Paul Beckett, Richard Oliver, Mark Coleman and John G. Turner
School of Biological Sciences, University of East Anglia, Norwich NR4 7TJ, England.

We have recently isolated the Arabidopsis thaliana RPW8 locus, which confers resistance to a broad spectrum of powdery mildew fungi. The locus contains two functional genes (designated RPW8.1 and RPW8.2) and these encode novel protein products, unrelated to the products of other plant disease resistance genes and not closely related to any other characterised proteins. RPW8.1 and RPW8.2 encode small, basic proteins that are 45% identical; both encode products containing predicted coiled-coils, implying the formation of homotypic or heterotypic complexes. RPW8.1 and RPW8.2 are members of a small, linked gene family. In at least some susceptible Arabidopsis accessions, genes encoding proteins very closely related to RPW8.1 and RPW8.2 have been identified. 

Despite differing in their spectrum of activity, primary structure and degree of polymorphism, the RPW8 proteins are functionally similar to the products of race-specific disease resistance (R) genes. RPW8-mediated resistance thus involves typical R-gene mediated defence responses such as the accumulation of hydrogen peroxide and pathogenesis related proteins. It is abolished by the expression of nahG, indicating a salicylate requirement, is partially suppressed by mutations in NPR1, and exhibits an absolute requirement for functional EDS1.

Resistance mediated by RPW8 will be compared to that mediated by other disease resistance genes and will be discussed with particular reference to the somewhat unusual, polyphagous nature of the fungi against which it is effective.

Session IV: Resistance mechanisms, cellular signalling
Understanding plant disease resistance: dissecting the pathway to hypersensitive cell death.

Murray Grant, M. de Torres-Zabala, P Sanchez, I Fernandez-Delmond, A. Al-Daoude, 

Biology Dept., Imperial College at Wye, TN25 5AH, U.K. 

In Arabidopsis thaliana the RPM1 disease resistance gene governs recognition of Pseudomonas syringae strains (a causal agent of leaf spotting disease) carrying either of the corresponding avirulence gene, avrRpm1 or avrB. Our research uses the avrRpm1/RPM1 interaction to elucidate the signalling hierarchies associated with hypersensitive cell death by using a combination of aequorin-mediated bioluminescence, 2-hybrid analysis and AFLP-cDNA display. 

Early responses to microbial challenge: Using aequorin as a calcium reporter, we have also been able to measure, both temporally and quantitatively one of the earliest biochemical events associated with the HR, an increase in cytosolic calcium. However, prior to this activated calcium increase we have demonstrated the host plant is actively responding to pathogen presence in an R gene independent manner. This response may be analogous to the innate immune response, an ancient defense system utilised by mammals, plants and insects.  We have identified over 350 AFLP fragments up regulated within the first 120 min after pathogen challenge. The dynamic response at the level of transcription suggests plants respond immediately to the presence of non-self by activation of stereotyped receptors. These receptors probably recognise similar exogenous microbial molecular patterns or endogenous molecules, potentiating immunity through a complex network of molecular and cellular innate pathways. Such pathways probably involving stress-related responses in addition to exogenous microbial molecular patterns. 

RPM1 interacting proteins: RPM1 belongs to the largest class of plant disease resistance genes, containing both a nucleotide-binding domain and leucine rich repeats. Recently it has emerged that R  genes encode a region of extensive amino acid sequence similarity to the nematode CED-4, mammalian Apaf-1 and FLASH proteins which function as adaptor proteins involved in the activation of the apoptotic proteases CED-3, caspase-9 and caspase 8 respectively. Such parallels at the molecular level and phenotypic level (the hypersensitive response has hallmarks of apoptosis) are intriguing and suggest the possibility that this class of R genes may constitute integral components of a plant apoptosome. We have used this Ap-ATPase domain in 2-hybrid studies and our recent results will be presented .

Plant recognition of Xanthomonas effector proteins

Eric Marois, Thomas Lahaye, Laurent Noel, Sebastian Schornack, Boris Szurek and Ulla Bonas

Institute of Genetics, Martin-Luther-University Halle-Wittenberg, 06099 Halle, Germany.

Bacterial spot disease on pepper and tomato plants is caused by the gram-negative bacterium Xanthomonas campestris pv. vesicatoria (Xcv). Basic pathogenicity in susceptible plants and recognition in resistant plants is controlled by a type III protein secretion system which is encoded by hrp genes. The Hrp system secretes effector proteins across the bacterial envelope and probably translocates some of them into the plant cell. One of the effector proteins studied in our laboratory is the avirulence protein AvrBs3. AvrBs3 is a 122 kDa protein with a central domain of 17.5 tandem, nearly identical repeat motifs of 34 amino acids. Xcv strains expressing AvrBs3 are specifically recognized by pepper plants carrying the resistance gene Bs3. AvrBs3 recognition occurs inside the plant cell and results in the induction of the hypersensitive reaction (HR). Interestingly, AvrBs3 also has an effect on susceptible pepper and tomato plants, in which hypertrophy is induced. Both HR induction and hypertrophy depends on functional nuclear localization signals and an acidic activation domain in AvrBs3. To elucidate signalling of AvrBs3 in the plant cell we have performed a yeast-interaction trap screen to identify pepper proteins interacting with AvrBs3. Using a cDNA-AFLP approach pepper genes induced by AvrBs3 were isolated from the susceptible plant. In addition, data on the isolation of Bs4, a tomato resistance gene that mediates recognition of an avrBs3 homolog, avrBs3-2, will be discussed.

Signalling mechanisms leading to programmed cell death during the Hypersensitive Response in Arabidopsis thaliana.
Radhika Desikan

Centre for Research in Plant Science, Faculty of Applied Sciences, University of the West of England, Bristol, Coldharbour Lane, Bristol BS16 1QY, UK.

Programmed cell death (PCD) is a form of cellular suicide characteristic of the Hypersensitive Response (HR), during which plants challenged by potential microbial pathogens display rapid and localised cell death. The HR is part of a complex suite of active defence responses induced via a range of molecular communications between plant and pathogen, and that requires elaborate host cell signalling mechanisms. We have been using suspension cultures of Arabidopsis thaliana and pathovars of the phytopathogenic bacterium Pseudomonas syringae pv maculicola to elucidate the signalling pathways leading to PCD during plant:bacteria interactions. Treatment of Arabidopsis cells with harpin, a proteinaceous bacterial elicitor secreted by P. syringae pv syringae, results in the rapid generation of H2O2 and PCD; similarly H2O2 treatment also results in PCD. Both harpin and H2O2 treatments lead to the activation of distinct mitogen-activated protein kinases (MAPKs). Inoculation of Arabidopsis suspension cultures with avirulent but not virulent races of Pseudomonas syringae pv maculicola results in PCD, in keeping with the HR responses seen in planta. Moreover, only inoculation with avirulent bacteria induces a specific burst of H2O2 synthesis and nitric oxide (NO) generation. Exogenous NO also induces PCD in Arabidopsis cells. H2O2 and NO-induced PCD appears to be additive, requiring both common and distinct signalling pathways. H2O2 and NO-induced PCD require gene expression: we are currently exploring global changes in gene expression using microarray analysis.

Session V: Local and systemic resistance
The molecular biology of extreme resistance against potato virus X

David C. Baulcombe

The Sainsbury Laboratory, John Innes Centre, Norwich NR4 7UH, UK

Rx-mediated resistance against potato virus X (PVX) in potato involves a surveillance system detects a virus-encoded protein and a response that has broad spectrum antiviral activity. The Rx protein is a component of the surveillance system that recognizes the PVX coat protein. However, as we have been unable to demonstrate a direct interaction of Rx and the coat protein, it seems likely that the surveillance mechanism is a complex of several proteins.  The antiviral response has a primary phase resulting in suppression of virus accumulation and a secondary phase resulting in death of the infected cell. This second phase is activated when the primary phase is too late or too weak to prevent continued virus accumulation. 

To investigate the signaling components involved in Rx and other resistance responses we are using a system based on virus induced gene silencing. I will describe the basis of this system and its application in different examples of disease resistance system. 

Analysis of the jasmonate signal pathway in Arabidopsis.
Christine Ellis, Manuela Nieto-Rostro, Daoxin Xie, Ioannis Karafyllidis, Liangying Dai, John Turner
School of Biological Sciences, University of East Anglia, Norwich,England 

Jasmonates (JAs), which include jasmonic acid and its cyclopentanone derivatives, are widely distributed throughout the plant kingdom. They are synthesised by the octadecanoic pathway from linolenic acid in undamaged tissues and apparently by a different pathway in wounded tissues. JAs are formed when plants are wounded, and have strikingly diverse effects: they inhibit root growth, promote fruit ripening, senescence, pollen development, tuber formation, tendril coiling, and defence against insect pests and pathogens. They are associated with altered gene expression at the level of transcription, RNA processing, and translation. However, the molecular basis of the JA signal pathway and its regulation by the wounding is only starting to be elucidated.

We have started to dissect the JA signal pathway through the isolation and characterisation of Arabidopsis mutants. Of the three mutant classes isolated one, named coil, exhibits no JA-induced responses. We isolated the COI1 gene by map-based cloning and showed that it encodes an F-Box protein. We have used yeast two-hybrid screens to show that COI1 links the JA response to the ubiquination pathway. Six COI1 ASSOCIATED PROTEIN (CAP) genes were isolated. CAP1, CAP2, and CAP3 are homologues of  SKP1, which forms an essential component of the ubiquitination complex. CAP4, CAP5 and CAP6 are candidate repressor protein targets for COI1-mediated ubiquitination. Further evidence for the function of the CAP proteins in the JA pathway was by co-immunoprecipitation and by reverse genetics. The results indicate that selective proteolysis is required for the JA perception-response pathway in Arabidopsis. Other mutants with altered JA responses define negative regulators. These mutants were and were isolated in a screen for constitutive expression of the JA-responsive promoter from the vegetative storage protein (VSP) gene fused to the luciferase structural gene. They formed two distinct types: the CONSTITUTIVE EXPRESSION OF VSP1 (cevl) mutant had constitutive expression of JA-induced and ethylene-induced responses, and was generally resistant to pests and diseases. cev2-cev8 had JA-induced overexpression of JA responses. Characterisation of these three types of mutant has enabled us to predict a model for the JA signal pathway, and its interaction with other signal pathways in Arabidopsis during the wound response.

Variable interactions between salicylic acid and jasmonic acid signalling pathways in Arabidopsis thaliana and tobacco.  

Luis A. J. Mur1*, Paul Kenton1, Faye J. Sturgess1, John Draper1, Claus Wasternack2 and Rainer Atzorn2.

1Institute of Biological Science, University of Wales- Aberystwyth, Aberystwyth, UK

2 Institut fur Pflanzenbiochimie, POB 110432 Halle/Saale, Germany. 

*Principal investigator: Email  lum@aber.ac.uk  Tele: 01970 622981. 

Salicylic acid (SA), is a key signal in the establishment of systemic acquired resistance whilst jasmonic acid (JA) is associated with wound-activated events. A well established model suggests that SA and JA signalling is mutually exclusive with SA suppressing JA synthesis at a cyclo-oxygenase step in a manner which is analogous to the reduction of prostaglandin levels by analgesics. We have reported however, the simultaneous accumulation of SA and JA in developing hypersensitive response (HR) lesions (Kenton et al., 1999) and significantly JA levels were not elevated within the HR occurring in salicylate hydroxylase expressing tobacco plants were SA levels are reduced.  Reciprocally dosing Arabidopsis with various concentrations of SA, JA and the JA precursor of  - linolenic acid revealed that the SA-mediated suppression of JA-associated expression of PDF1.2 and thionin only occurred at >250M whilst at lower levels expressed was in fact augmented. Addition of low concentrations of JA was also observed to increase SA-induced PR1a-expression.  Furthermore, addition of higher levels of SA or JA resulted in cell-death, an effect that could be suppressed by the apoplastic application of catalase. Significantly, the H2O2-responsive transgene, AoPR1-GUS also exhibited SA/JA synergistic effects in tobacco and Arabidopsis and associated increases in apoplastic H2O2 levels were measured in planta. These data suggests that SA/JA effects are concentration dependent with lower levels probably augmenting the oxidative burst during the hypersensitive response.  

Reference:  Kenton et al., (1999) MPMI 12:74-78.

Session VI:  Targets for intervention and disease control
Strategies to control Fusarium ear blight on cereals.
Kim Hammond-Kosack, Martin Urban, Wendy Phillips, Steve Daniels, Richard Kemp, Pierre Lecocq, Pat Ouimet1 and John Pitkin1
Cereal Technology Group, Monsanto UK Ltd, The Maris Centre, Trumpington, Cambridge  CB2 2LQ, UK  Tel 01223 - 849243  Fax 01223 844425 and 1`Monsanto SA , St. Louis, Missouri, USA. 
Fusarium fungal diseases of wheat, maize and other cereals are on the increase in both Europe and North America and they pose a serious threat to both cereal yield and grain quality (1,2). There are at least 5 underlying causes:

1.  Current fungicides are ineffective.

2.  Only a few resistance breeding sources are recognised and in almost all lines the resistance trait is under oligogenic control.

3.  Fusarium infected cereal grains become contaminated with a range of mycotoxins. In both the EU and USA mycotoxin levels are continuously monitored  in both animal feed grains and foods. If mycotoxin levels in grain samples exceed those permitted grain cannot be sold or exported. 

4.  At least 4 different Fusarium species (F. graminearum, F. culmorum, F. poae and M. nivalis)  attack wheat in Europe and this makes visual diagnosis difficult. The predominant problem species in the diverse geographical regions across Europe are still not known.

5.  Fusarium graminearum (Fg) attacks both maize (corn) and wheat. Changing crop rotation practices in Europe, in combination with the reduction in straw stubble burning, now means that wheat invariably follows the maize crop and maize stubble  can become very heavily colonised by Fg. 
The primary source of inoculum each year is ascospores released from infected stubble (3). 

Targets for intervention and disease control :  Both plant and pathogen targets are sought in an attempt to control Fusarium ear blight.

On the plant side two key questions will be addressed. Firstly, what is the mechanistic difference between so called “ type 1 resistance” which prohibits Fusarium infection of ears and so called  “type 2 resistance “ which minimises  hyphal spread within ear tissue once infection occurs. No race-specific resistance has been detected in the numerous wheat germplasms / Fusarium isolates interactions  investigated.  A second key question, is what is the relationship between resistance to Fusarium and the eventual mycotoxin  levels found in the harvested grain.

On the pathogen side of the interaction we wish to determine which Fusarium genes are required to cause disease on cereal ears.  In particular, are the same sorts of pathogenicity  genes required by foliar attacking fungi also required by fungi that primarily cause disease on floral organs.  A homologue of the Magnaporthe grisea PMK1 gene has been isolated from F. graminearum.  The M. grisea PMK1 gene encoding for a MAP kinase is required to cause blast disease on rice leaves (4).  A number of other research groups have shown that when a homologue of the PMK1  gene is  knocked out in other foliar attacking fungal species, their is either a loss or severe reduction in disease causing ability. 

References : 

1.   US Wheat and Barley Scab Initiative Web-site  http://www.scabusa.org

2.   McMullen, Jones, R. and Gallenberg, D (1997) Plant Disease 81: 1340-1348

3.  Fernando, WGD, Paulitz, TC, Seaman, WL, Dutilleul, P and Miller, JD (1997) Phytopathology 87: 414-421   

4.   Xu, JR and Hamer JE ( 1996) Genes Dev 10: 2696-2706

Powdery mildew in perspective: development and differentiation, sensing and signalling.

Sarah Jane Gurr

Department of Plant Sciences, University of Oxford, OX1 3RB, UK.

Erysiphe graminis f.sp. hordei (Egh) (syn. Blumeria graminis), the causal agent of barley powdery mildew, is an obligate biotroph. Arrival of the conidium on the host leaf triggers a precise developmental sequence culminating in appressorium maturation and attempted penetration. Firstly, a primary germ tube (PGT) emerges from the spore body, followed by second-formed germ tube, which elongates to become the appressorial germ tube (AGT). At maturity, the tip of the AGT distal to the conidium hooks and an appressorial peg penetrates the host. Such developmental precision may be due to multiple, plant-derived cues and to endogenous tactile and chemical signals (see also Carver, this  meeting). 

Signal transduction in Egh seems more complex than in other phytopathogenic fungi. For example, Egh lacks the simple cAMP-mediated trigger for differentiation seen in Magnaporthe grisea1. Instead, we have evidence that cAMP levels cycle during differentiation3 and that high levels of PKA activity are required to initiate AGT elongation but low PKA levels for hooking of the AGT tip1,2,3. Futhermore, the work indicates that cAMP generation alone is not sufficient to trigger the complete programme of germling differentiation in this obligate biotroph and that additional signal transduction pathways, such as via protein kinase C, PKC, or via a mitogen-activated protein kinase cascade (MAPK) may be required.

Recently, we cloned, characterised and transcript-profiled two Egh MAPK genes, mpk1 and mpk2 (Zhang & Gurr, unpubl.), alongside two pkc genes, pkc1 and pkc25,6, cpka12,5 and the cell wall genes chs1 and chs26,7. Various agonist / antagonist studies are underway but our challenge will be to assign a function to these genes by transformation4 and also to use them to study the interplay between different signal transduction pathways and their potential roles in the maintenance of cell integrity7. Such proposed interplay between pathways is not without precedent in phytopathogenic fungi.

1. Hall, A.A., Gurr, S.J. (2000). Initiation of appressorial germ tube differentiation and appressorial hooking: distinct morphological events regulated by cAMP signalling in Blumeria graminis f.sp hordei. Physiol. Mol. Plant Pathol.. 56 : (1) 39-46.

2. Hall, A.A., Bindslev, L., Rouster, J., Rasmussen, S.W., Oliver, R., Gurr, S.J. (1999). Involvement of cAMP and protein kinase A in conidial differentiation by Erysiphe graminis f. sp hordei. Mol. Plant Microbe Interact. 12  (11) 960-968.

3. Kinane, J., Dalvin, S., Bindslev, L., Hall, A.A., Gurr, S.J., Oliver, R. (2000). Evidence that the cAMP pathway controls emergence of both primary and appressorial germ tubes of barley powdery mildew. Mol. Plant Microbe Interact. 13 : (5) 494-502.
4. Chaure, P., Gurr, S.J. and Spanu, P. (2000) Stable transformation of the obligate biotrophic powdery mildew fungus Erysiphe graminis. Nature Biotechnology. 18 , 2 205-207
5. Zhang, Z., Gurr, S. J., (2000).  The Erysiphe graminis protein kinase C genes pkc1, pkc2 and catalytic subunit of protein kinase A, cpka gene are differentially regulated during germling morphogenesis (submitted)

6. Zhang, Z., Gurr, S. J.  (2000). Walking into the unknown: a 'step down' PCR-based technique leading to the direct sequence analysis of flanking genomic DNA. Gene 253 (2), 145-150.

7. Zhang, Z., Hall, A., Perfect, E., Gurr, S. J.  (2000). Differential expression of two Blumeria graminis chitin synthase genes. Molecular Plant Pathology 1 (2), 125-138.

NIM1/NPR1 over-expression as a component of an integrated disease control strategy.

Robert Dietrich, Leslie Friedrich, Laura Weislo, Mike Willits, and John Salmeron

Syngenta, 3054 Cornwallis Road, Research Triangle Park, NC 27709 USA

Salicylic acid (SA) and the product of the NIM1 gene (also known as NPR1) are essential components of the systemic acquired resistance (SAR) signal transduction pathway in Arabidopsis.  SA levels increase in inoculated plants just prior to the induction of SAR.  Endogenous SA is required for the biological induction of SAR, and exogenous treatment with SA results in enhanced resistance that has all the characteristics of SAR.  Plants with mutations in the NIM1 gene are insensitive to SA, indicating that NIM1 acts downstream of SA in the pathway.  Experiments were done to test the effect of increasing NIM1 protein levels in a plant.  Over-expression of the NIM1 gene in Arabidopsis results in constitutive enhanced resistance in some, though not all, transgenic lines.  This enhanced resistance appears to be due to increased sensitivity of the plants to SA or an SA dependent signal.  Similarly, NIM1over-expressing plants are hyper-responsive to BTH, a synthetic chemical that induces SAR.  SAR was induced in all NIM1 over-expressing lines following BTH treatment at concentrations ten-fold lower than required for induction of SAR in untransformed parental lines.  In addition, increased fungicide efficacy is seen on plants with elevated NIM1 protein levels.  These results suggest that an integrated approach combining NIM1 over-expression with low-level BTH and fungicide treatment could result in an effective and durable disease control strategy.  

Signals and receptors in plant-pathogen interactions. 

Thorsten Nuernberger, Beatrix Blume, Frederic Brunner, Guido Fellbrich, Justin Lee, Annette Romanski, Jason Rudd, Dierk Scheel, Anne Varet, Birgit Kluesener1 & John Mansfield2
Institute of Plant Biochemistry Halle, Germany. Guy Cornelis, University of Louvain, Belgium. Sakari Kauppinen, NOVO Nordisk, Bagsvaerd, Denmark. 

1University of Bochum, Germany. 

2Imperial College at Wye, UK.

Our research aims at analyzing the molecular basis for activation of resistance responses in non-host plants. A primary challenge to the innate immune response of plants is the discrimination of a large number of potential pathogens from self, with a restricted number of receptors. This challenge has been met by the evolution of a variety of receptors that recognize conserved motifs on pathogens. Such motifs are expected to have essential roles in the biology of the invading pathogens, and may therefore be evolutionarily conserved. We have identified a calcium-dependent cell wall transglutaminase (TGase, EC 2.3.2.13) from Phytophthora sojae, which serves as a recognition determinant for the activation of non-host resistance in parsley. Transcripts encoding TGase were expressed and enzyme activity was detectable in 10 Phytophthora species analyzed. A surface-exposed fragment (Pep-13) of this protein, which was previously found to be sufficient for receptor-mediated activation of pathogen defense is fully conserved in all Phytophthora TGases. Mutational analysis within the Pep-13 sequence revealed amino acid residues indispensible for both transglutaminase activity and activation of plant defense. Thus, receptors recognizing conserved “epitope-like” motifs essential for the biological function of pathogen-derived molecules, appear to be present in plants. 

A 100-kDa monomeric plasma membrane protein constitutes the Pep-13 receptor, which  mediates transcriptional activation of pathogenesis-related genes and phytoalexin production in parsley. Ligand-induced receptor activation results in rise of cytoplasmic [Ca2+] via influx through plasma membrane [Ca2+] channels. [Ca2+]-dependent rapid production of superoxide anions and activation of at least two MAP kinase cascades are implicated in activation of pathogen defense by Pep-13. A 24-kD cell wall protein (NPP1) present in various phytopathogenic Phytophthora species was identified, which triggers phytoalexin production and cell death in parsley cells as well as hypersensitive cell death-like lesion formation in parsley leaves. NPP1 did not compete for binding of [125I]Pep-13 to its binding site. Rapidly induced elevation of cytoplasmic [Ca2+] in elicitor-treated parsley cells, formation of an oxidative burst, and activation of MAP kinase cascades by either elicitor suggests initiation of the same signaling cascade via distinct receptors. 

NPP1 simulated pathogen infection in Arabidopsis thaliana Col-0. Plants infiltrated with 1 µM NPP1 developed lesions reminiscent of the hypersensitive response, apposition of callose and transcriptional activation of PR1. NPP1 also induced ethylene production in Arabidopsis cells. Intriguingly, NPP1-induced PR gene expression was suppressed in the ethylene-insensitive mutant, ein2. Currently, a conditional lethal screen for Arabidopsis mutants resistant to NPP1 is performed.

The hrp gene clusters of plant pathogenic bacteria control pathogenicity on their host plants and the ability to elicit the hypersensitive reaction in resistant plants. HrpZ from the bean halo-blight pathogen, Pseudomonas syringae pv. phaseolicola (harpinPsph), is secreted in a hrp-dependent manner in Psph and exported by the type III secretion system in the mammalian pathogen, Yersinia enterocolitica. Structural properties of harpinPsph resemble those of proteins assumed to interact with membranes, such as Y. enterocolitica YopB. Although hrpZPsph failed to restore pathogenicity of a yopB-deficient Y.enterocolitica strain, harpinPsph was found to stably associate with liposomes and synthetic bilayer membranes. Under symmetric ionic conditions, addition of 2nM purified recombinant harpinPsph to planar lipid bilayers provoked an ion current of large unitary conductivity (207pS). HarpinPsph-related proteins from P. s. pv. tomato or syringae triggered ion currents similar to those stimulated by harpinPsph. The harpinPsph-mediated ion-conducting pore was permeable for cations but did not mediate Cl- fluxes. We propose, that harpins may either mediate nutrient release from host cells or assist delivery of virulence factors into the plant cell. 

Tobacco plasma membranes harbor a binding site for harpinPsph, which mediates activation of plant defense responses in a receptor-like manner. Binding of [125I]harpinPsph to tobacco microsomal membranes (KD=425 nM) and protoplasts (KD=380 nM) was specific, reversible, and saturable. A close correlation between the abilities of harpinPsph fragments to elicit expression of the defense-related tobacco gene, HIN1, and to compete for binding of [125I]harpinPsph to its binding site was found. The harpinPsph binding site was insensitive to protease treatment, and could not be visualized by chemical crosslinking/autoradiography. Thus, binding of harpinPsph to specific lipid or other non-proteinaceous constituents of plant membranes is likely. HarpinPsph-induced salicylic acid-responsive MAP kinase activity and HIN1 transcript accumulation was independent of extracellular [Ca2+]. However, use of the MAP kinase kinase inhibitor, U0126, revealed that MAPK activity was essential for HIN1 expression in harpinPsph-treated tobacco cells. Thus, a receptor-mediated MAPK-dependent signaling pathway may mediate activation of plant defense responses induced by harpinPsph.
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