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The main objective of the project was to improve the efficacy of some of the already available or the most promising biocontrol microorganisms (such as Fusarium, Trichoderma or Coniothyrium sp.) in vegetable crops, particularly cabbage, tomato, carrots and lettuce, for the biological control of some diseases, such as those caused by Sclerotinia, Fusarium or Pythium spp., or some parasitic and perennial weeds, such as Orobanche sp. and Cirsium arvense.

The studies of the genetic and physiological enhancement strategies, the ecological fitness of the agents, the production, formulation and application methods, the integration with other organisms and with control methods, and assessing their quality and the risk of release into the environment, have given a contribution to improve the efficacy of fungal biocontrol agents, and to use them more widely at the European level, giving new important tools to support the production of safer and healthier foods. 
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State of the art

The problem: Among all the living organisms that can attack crops causing qualitative and quantitative reduction of production, those living in the soil, such us plant pathogens and weeds are among the worst and the more difficult to control by traditional tools and strategies. It is thus necessary to use pesticides, raising issues of food safety and the need to find alternatives. Soil borne plant pathogens responsible for damping off, crown and root rots, and wilts represent a major problem of plant protection in many open field and greenhouse vegetable crops. Parasitic weeds such as Orobanche species attack nearly all vegetables, legumes, and sunflowers in southern Europe to the Balkans and Russia, the Middle East and North Africa. Perennials weeds are among the most troublesome weeds to manage. For example, Cirsium arvense is considered one of the world’s worst weeds. Control strategies for the above pest problems include the application of soil fumigants such as methyl bromide, which is one of the most effective and widespread (but extremely expensive) practices used to control soil pests. Recent regulations have phased out it totally by 2005 due to negative environmental effects. In many crops no real alternatives to methyl bromide have been found. Other fumigants are expensive and generally less effective than methyl bromide for conventional agriculture and cannot be used in organic farming. Other control strategies such as soil solarization could be possible, but have environmental and temporal constraints. Seed treatments with conventional fungicides provide some initial protection to soil pathogens but this is not effective for a long enough period in heavily infested soils. None of the fungicides allowable in organic agriculture are very effective on soil borne pathogens. No traditional control methods have been effective for Orobanche spp., which are not usually amenable to control by persistent selective herbicides. Furthermore, as these weeds attach to crop roots they cannot be controlled mechanically. Perennial weeds are difficult to control using traditional methods, because they usually cannot be removed mechanically and because often require repetitive chemical treatments. None of the few herbicides allowable in organic agriculture control perennial or parasitic weeds. 

Biological control – a potential solution. Examples of biocontrol agents are given below, as it is these examples that will be targets for enhancement in this project. 

Coniothyrium minitans is an efficient mycoparasite of important plant pathogenic fungi, including Sclerotinia and Sclerotium. This organism has been used successfully in glasshouse and field experiments to control Sclerotinia diseases of a number of crop plants and a commercial product has been registered in seven European countries, the USA, and Mexico. The major constraints of its wider use in agricultural practice are the limited knowledge of its ecology, and the scanty information on its physiology and genetics, preventing attempts at strain improvement. Fungi of the genus Trichoderma are among the bio-more effective pesticides and are applied against fungal diseases. Regardless of the obvious potential, there are some problems that limit the development and application of these biopesticides, such as the lack of strains for every disease, very effective and correctly formulated preparations, a limited availability of basic information needed for further product registration, including a sufficient knowledge of the mechanisms of action and interaction with other biocontrol agents, enough efficacy tests for the geographic areas in the countries where the product has to be registered, methods for monitoring the production of possibly mammalian toxic metabolites produced by some of these fungi. Non-pathogenic F. oxysporum strains were developed as biocontrol agents, showing several modes of action contributing to their biocontrol capacity, such as competition for nutrients in the soil, competition for infection sites on the root, trigger plant defence reactions, inducing systemic resistance. Several strains of non-pathogenic F. oxysporum have good efficacy in many trials, but as with other biocontrol agents, there is a lack of consistency. Despite isolation of many promising pathogenic organisms that could be useful for control of parasitic weeds, none has received continual widespread use. Two very promising strains: F. arthrosporioides and F. oxysporum were isolated in Israel from juvenile O. aegyptiaca plants, and also attacked O. ramosa and O. cernua, and very promising strains were isolated also in Italy. Perennial weeds in arable farming are ideal targets for biological control. In organic farming systems, biological control of perennials, especially Cirsium arvense, would reduce the number of time consuming and expensive mechanical treatments. Phomopsis cirsii, Ramularia circii and Septoria cirsii  were chosen as promising candidates in systematic field surveys. Several virulent pathogens have been isolated by the partners but their efficacy has to be better evaluated and improved.

General project organization

Considerable effort during the last few decades has been dedicated to biological control of weeds and plant diseases, and many interesting and potential microorganisms were found, but their use is still very limited. This is due to many constraints, including: biological (virulence, stability, defence mechanisms of the target pest, interaction with other microorganisms); technological (scarcity of sporulation, lost of aggressiveness, special growth requirements); environmental (interaction with water, physical characteristics of the soil, physical and chemical barriers) and commercial (limited market, costs of production and registration). 

The main project objective is to improve the efficacy of some of the already available or the most promising biocontrol microorganisms (such as Fusarium, Trichoderma or Coniothyrium sp.) in vegetable crops, particularly tomato for controlling biologically some diseases, such as those caused by Sclerotinia, Fusarium or Pythium spp., or some noxious plants, such as parasitic (e.g. Orobanche sp.) and perennial (e.g. Cirsium arvense) weeds.

Taking in account that many microorganisms were considered into the project, many different biotechnological, molecular, physiological, and applicative approaches were chosen. Nine work-packages were defined, each dealing with the solving of the overall problem on a continuum, from bettering the organisms while elucidating the genetic and physiological underpinnings of virulence (and lack thereof), to perfecting the culture, formulation and application technologies, to finally testing efficacy and food quality, following logical phases.  
This multiplicity of expertise, tasks, microorganisms and approaches has allowed to plan a very interactive project, that gave a substantial contribute to the enhancement and application of biocontrol agents. Each group has worked not only on the organisms on which it has already accumulated a high level of knowledge, but also his expertise was made available for the enhancement of other’s microorganisms. Each partner has worked in collaboration with several partners, in more than one task, and on more than one organism. Considered the microbes studied in the project, it is possible to note that four partners were involved with Coniothyrium studies, five on Trichoderma, four on antagonistic Fusarium, six on perennial or parasitic plants. Considering the different WPs, from 2 to 6 partners (mostly 4 or 5) were involved in each work-package. 

Each working group involved experts in mycology, physiology, biotechnologies, molecular biology, chemistry, weed and crop science, allowing a highly multifaceted work-plans. A continuous flow and exchange of materials, strains, technologies and protocols was created within sub-packages, making possible an organic and integrated work, that has allowed to reach most of the planned objectives.

Potential impact

Growing concern over the presence of chemical residues in the food chain, the evolution of fungicide-resistant strains of plant pathogens and herbicide resistant weeds, the loss of registration of some of the more effective pesticides or their phasing out, have generated an interest in the development of alternatives to synthetic agro-chemicals that are both effective and economically feasible. Sales of organic products have increased dramatically in recent years in Europe, and organic farming is the fastest growing sector of agriculture and an important point in the EU agri-food policy. There is an increasing interest in biological control of plant diseases, pests and weeds as an environmentally friendly practice to be used in conventional, low-input agriculture and organic farming. However, there are some disadvantages for the use of biological control over chemical control that must be overcome to increase its use on horticultural, forest and field crops, in diverse habitats. Research has pointed out that the results of biological control are sometime inconsistent and less satisfactory than chemical control. In many cases, biocontrol agents are too specific or, under some environmental conditions, slow acting. The overall objective of the project was the enhancement of the performance of biocontrol agents to offer a reliable alternative to chemical control of plant diseases and weeds. 
The public opinion, even if open to organic farming practices and desires healthy and safe methods for food production, may be worried about the risk of the release in the environment of microbes, that could have side environmental effects on non target organisms. An important part of the project was dedicated to develop methodologies for the assessment of the environmental impact of biocontrol agents, by producing specific primers to recognize them after the release into the soil, constructing methods for labelling biocontrol agents for tracking their movement, assessing the impact on microbial populations of biocontrol agents introduced into soil, and by designing methods for containment and mitigation.

Commercialization of biocontrol agents has been slow due to the lack of consistency and efficacy of the microroganisms used. An important part of the project has been devoted to the synergistic integrated use of more than one microorganism, or their integration with microbial bioactive metabolites. This part of the project has supplied innovative data on: the production of mixtures of cell-wall degrading enzymes by Trichoderma strains optimized for synergistic antimicrobial activity in combination with living biocontrol agents and chemical fungicides; the determination of the compatibility of two major biocontrol agents for control of Sclerotinia in lettuce and protocols for joint application; the ecological fitness and biocontrol efficacy of wild strains of biocontrol agents resistant to inhibitory metabolites produced by other biocontrol agents

Companies, local authorities, end-users require consistent efficacy of products when they are used, and the endpoint of the project was to help in producing effective biocontrol agents. A whole package has been devoted to the assessment of the field efficacy, evaluating the best methods of application to experimental fields in different environmental conditions. The methodologies and the knowledge developed during the project could be easily adapted to other needs, further widening the public and the scientific interest. Considering that the agents studied in the project could potentially be applied on several other crops with respect to those considered into the project, the supplying of microbes to other vegetable’s growers could enlarge the information on the efficacy of biocontrol agent treatments, and would wider the consumers’ audience and their confidence in strategies of microbial biocontrol.

Work performed and main results achieved 

Workpackage 1:  Efficacy enhancement through the  knowledge of genetic characters 

This WP aimed at characterising genes and gene products associated with biological control to enable better prediction and reliability of activity of these agents in the environment. In particular the following sub-WPs were organized, aimed at: 

- 
Identify changes in enzyme production and gene expression by biocontrol agents during infection of the host

- 
Characterise biocontrol agents at the molecular level for identification and environmental monitoring

- 
Genetic modification of biocontrol agents to identify pathogenicity genes and to optimise activity 

- 
Characterise and utilise mating type genes in biocontrol strains to improve mycoherbicide efficacy

- 
Select and manipulate potentially hypervirulent strains for mycoherbicide use

Fungi of the genus Trichoderma are among the bio-more effective pesticides and are applied against fungal diseases but the mechanism by which Trichoderma acts against the pathogens is not completely understood. 
Considering it is known that the antagonistic mechanism of Trichoderma requires the degradation of cell wall of the fungal host by various fungal cell wall degrading enzymes, the examination of changes in gene expression during the interaction with the pathogenic fungus Sclerotinia sclerotiorum was started by building cDNA libraries from Trichoderma grown on cell walls or sclerotia of the pathogen.  
In Trichoderma several genes are known to be associated to pathogenicity antifungal hosts, such as genes encoding for cell-wall-degrading enzymes (CWDEs), antibiotics, coiling etc. The interest was focused on novel pathogenicity genes or genes involved in plant pathogen control, such as cell genes controlling signal transduction of fungus-fungus interaction, genes encoding for detoxifying agents (i.e. ABC transporters), genes stimulating plant induced systemic resistance (ISR) (i.e. avr genes).

In order to study the role of specific genes in biocontrol, Trichoderma knocked out mutants for ABC transporters and genes involved in signal transduction were obtained. 
In vitro and in vivo assays against the pathogenic fungi Pythium ultimum, Rhizoctonia solani and Botrytis cinerea revealed a reduced biocontrol ability of these mutant strains suggesting a role of the silenced genes in the biocontrol process.

To identify the complete enzyme spectrum of Trichoderma, a proteomic approach was used, and studies were extended also to other Trichoderma strains isolated from different locations and widely used against various plant pathogens. Some strains showed a biocontrol ability similar to the local P1 strain, whereas other strains showed improved or reduced biocontrol ability if compared to the wild type. The proteome of other Trichoderma strains was analysed to find possible differences with P1, using both qualitative and quantitative analysis. Qualitative analysis considered spots (proteins) that are present in one gel but not in another; in the other words spots that have been turned “ON” or “OFF in comparison to the sample control. This test detects a protein that is expressed under experimental conditions but is not expressed in the control sample or vice versa. Quantitative analysis included spots whose quantity has increased or decreased by 2 fold. It means that spot quantity has increased or decreased above 2 fold. Spots “conserved” are all those spots whose quantity did not change significantly. 

To estimate the effect of the presence of Avr4 in Trichoderma  spp., T. atroviride strain P1 was transformed with Cladosporium fulvum avr4 gene. A molecular characterization of the transformants was performed and in vitro and in vivo tests to assess their ability to induce resistance against C. fulvum in tomato plants susceptible to the disease so as their antagonistic ability against foliar and soilborne pathogens. 

Trichoderma GOX transformants were obtained and studied for evaluating their resistance to environmental toxicants produced either by soil micro-flora or introduced by human activity (e.g. fungicides, heavy metal pollutants); and for the secretion of factors (mycotoxins and cell wall degrading enzymes) necessary for the establishment of a compatible interaction with a host fungus or for creation of a favourable microenvironment. 

To identify changes in gene expression by the biocontrol agent Coniothyrium minitans during the infection of its host Sclerotinia sclerotiorum, a subtracted cDNA library from a simulated mycoparasitic stage of C. minitans attacking autoclaved sclerotia of S. sclerotiorum has been produced. To identify pathogenicity genes, REMI (restriction enzyme - mediated integration) and ATMT (Agrobacterium tumefaciens - mediated transformation) of C. minitans were developed. A total of 672 clones containing cDNA transcripts of C. minitans genes putatively upregulated were sequenced and 251 unisequences identified.
Sequencing of all remaining 490 clones was carried out and sequences were specifically checked for any hybrid cDNA molecules. Similarity searches, bioinformatic analysis and function assignment of C. minitans ESTs were carried out using the following databases: non-redundant GenBank and COGEME using tBlastX; Aspergillus nidulans and Neurospora crassa databases, SGD, Interpro for protein motifs, for hydrolytic enzymes, MEROPS database for proteases, and for transporters. 
A number of enabling technologies for mutant complementation, gene silencing and gene knock-out, were examined for C. minitans. Complementation of the PIF gene resulted in both restored growth morphology and pathogenicity in mutant R2427. Gene silencing involving RNAi was also achieved with expression of the hairpin construct although no change in phenotype was observed.

To further prove the functionality of genes related to signal transduction proteins, and to elucidate the role of the respective pathway involved in mycoparasitism, disruptant strains were generated to further determine the effect of the mutations on biocontrol activity of Trichoderma by in vivo and in vitro assays. The in vitro interaction was studied against the pathogens Pythium ultimum, Sclerotinia sclerotiorum and Rhizoctonia solani. The results indicated that, with the exception of one strain, the inactivated mutants partially lacked biocontrol ability of the wild type against P. ultimum, R. solani and S. sclerotiorum.

To obtain strains that are hypervirulent towards Orobanche due to the insufficient virulence of all organisms isolated, the Nep1 gene was engineered into Fusarium arthrosporioides. Furthermore, the construction of a universal high expression cassette based on the highly successful cassette used with NEP1 was started. 

To generate strains that are hypervirulent towards Orobanche to overcome the insufficient virulence of all organisms isolated, the following genes were co-transformed with hygromycin resistance as the primary selectable marker, and gus as a reporter into the F. arthrosporioides: CP  encoding a phytotoxin cerato-platanin; GR-Exp1 encoding a cell wall affecting expansin; GDPG1 encoding a pectinase; Cel Y encoding a cellulase; OahA encoding for oxaloacetate acetylhydrolase. The virulence of the Colletotrichum coccodes transformants did not change. Thus the soft gene expansin was co-transformed with the hard gene encoding cerato-platanin to further enhance the virulence. The results showed an increase  of the virulence against Abutilon seedlings. The C. coccodes CP (cerato-platanin) + expansin transformants had increased in virulence compare to expansin transformants, but were not hypervirulent compared to CP transformants. The OahA gene was inserted into F. oxysporum to ascertain whether there too is a positive correlation between callose synthesis and hypervirulence induced by oxalic acid.  Early research demonstrated that callose was not observed in Orobanche tissues infected or non-infected by F. oxysporum and Fusarium sp. CNCM I-1621. The F. oxysporum OahA transformants were not hypervirulent compared to the wild type as expected.  The cerato-platanin transformants had enhanced virulence to C. coccodes and Fusarium oxysporum, but it did not improve the virulence in the FARTH system. 

To study the determinism of the biocontrol capacity of the non pathogenic strains of Fusarium oxysporum, the fungal gene expression during the interaction with the host-plant has been considered. The two fungal strains chosen are: an effective wild type strain (Fom24) and its mutant (rev 157) having lost its capacity to protect the plant. The procedure consists in confronting tomato cell cultures with germinated conidia of the fungi and to take samples during the first hours of the interaction. The method chosen to study the differential gene expression is the rapid subtractive hybridization technique (RaSH). 

During the first year of the contract a cDNA library has been created. Both combinations were used: the wild type strain as the driver and the mutant as the tester and reciprocally the mutant as the driver and the wild type strain as the tester. More than 400 clones were obtained, which have been characterized during the second year of the project. 232 clones were isolated when Fom24 was the tester and 193 clones when rev.157 was the tester. After analysis 85 clones, showing a hybridization signal clearly stronger in one of the interactions, were selected for sequencing. The 85 sequences corresponded to 39 different genes that were analyzed for homology with known genes in the Gen Bank database. Among these 400 clones, 32 presented an insertion of an over-expressed gene which has been characterized by sequencing. These sequences were compared with gene or EST sequences deposited in data libraries. Genes involved in plant defence reaction seemed repressed during the interaction leading to biological control. These results fits with other results obtained when studying the expression of PR genes in tomato plants inoculated with the pathogenic strain Fol8 or the biocontrol strain Fo47. Several gene of interest have been selected. 

Twelve of the 15 genes expressed differentially when tomato cells were protected by Fom24 had fungal origin. Only 3 sequences corresponded to fungal genes of known functions, involved in metabolism (polyphenol oxydase and enolase) and protein synthesis (ribosomal precursor protein). Two sequences were correlated to unknown proteins of Giberella zeae and Neurospora crassa and 7 genes were identified as ESTs of F. oxysporum and Giberella spp. Among the 3 sequences of plant origin, 2 were involved in protein synthesis and one was a transport protein. 

Twenty-four proteins were expressed differentially when tomato cells interacted with the mutant rev.157. Four genes corresponded to unknown proteins of G. zeae and Magnaporthe grisea and an EST of Giberella moniliformis. The 19 sequences of plant origin showed various homologies to proteins involved in defence mechanisms (chitinase, RPM1-interacting protein 4), but also to stress, signal transduction, and finally to nucleic acid and protein synthesis, metabolism, housekeeping and endocytosis. Three sequences resulted in unknown plant proteins, and one cDNA corresponded to an EST of tomato.

To develop a SCAR maker able to identify the biocontrol F. oxysporum strain Fo47, a specific fragment of 441 bp was identified in its genome and internal primers P47C and P47D were designed. Tested in PCR assays with several strains of F. oxysporum these primers revealed a fragment of 210 bp for Fo47 but no PCR product for all the other strains of F. oxysporum tested. Thus, the PCR assay based on conventional PCR with primers P47C and P47D allowed the specific identification of the strain Fo47.

The primers P47C and P47D were used to develop a real time PCR assay for the detection and quantification of Fo47 in environmental samples, using the fluorescent dye SYBR green. The real time PCR assay was tested with genomic DNA of different strains of F. oxysporum and other species of Fusarium, and only the strain Fo47 yielded a PCR product. It allowed the specific detection and quantification of the strain in environmental samples. 

In order to characterise and utilise mating type genes in biocontrol strains to improve mycoherbicide activity, primers were used to identify the mating type gene occurring in several strains of F. oxysporum and crosses between strains of opposite mating types were performed. Strains of opposite mating types belonging to F. oxysporum from Orobanche were crossed using different cultural and environmental conditions. 

Workpackage 2:  Physiological enhancement

This WP is devoted to improving the biocontrol ability and the usefulness of biocontrol agents by stimulating the biocontrol process, selecting strains overproducing compounds toxic to the target pests and having enhanced sporulation/aggressiveness. 
In particular, the following sub-WPs were organized: 

· To identify molecules involved in the activation and stimulation of biocontrol process in Trichoderma and other mycoparasitic fungi
· Use of essential amino acids to enhance the virulence of mycoherbicides, and inducing hypervirulence by reducing free calcium available to weed defense
· Selection of more efficacious pathogens of perennials and production of toxic metabolites with herbicidal properties
During the antagonist-pathogen and antagonist-plant interactions specific genes are activated. A fungal biocontrol agent ‘detects’ the production of inducers of mycoparasitism released from the pathogen or the plant. The identification and the characterization of both proteins and small molecules produced during the complex interactions antagonistic fungi-plant and antagonistic fungi-pathogenic fungi were started. 
In order to identify and characterize molecules involved in the interactions between Trichoderma and others pathogens, different culture filtrates (CFs) were obtained growing strain P1 in Salt Medium containing cell walls or biomass of the pathogenic fungi P. ultimum, R. solani and S. sclerotiorum. Enzymatic assays were performed to study the biological activity of these CFs, and in vitro and in vivo assays of their fractions bigger and smaller than 3kDa. CFs were also obtained by the interaction between Trichoderma and plant (tomato) that identified an enhanced inducing activity on endochitinase and N-acetyl-glucaminidase. 

To identify the molecules involved in the activation and stimulation of biocontrol, the attention  has been focused on the ‘inducers molecules’ produced by the antagonist during the interaction with the plant and/or the pathogens. The putative biocontrol inducers obtained in different growth conditions were able to promote mycelial growth of Trichoderma, to inhibit or delay Alternaria and Botrytis spore germinations and to induce ech42 and nag1, biocontrol-related promoters. The in vivo assays on tomato plants showed that, when co-inoculated with wild-type spores, these molecules induced a strongly enhanced biocontrol activity of Trichoderma against Botrytis. The same inducers molecules induced local and systemic acquired resistance against Botrytis. Biochemical analysis on the biocontrol inducers obtained by enzymatic digestion of Botrytis cell walls revealed the presence of oligomers like cellobiose. 

The proteome of Trichoderma grown in the presence of plant (lettuce and tomato) and pathogens (Botrytis, Rhizoctonia, Sclerotinia and Pythium) was also analysed and some differentially expressed proteins were identified.
In order to obtain a collection of new stable and virulent strains that are suitable for mass production, four Phomopsis cirsii strains having different virulence and 88 progeny strains have been compared for growth, virulence and spore production variability when grown on different C-sources, and analyzed for their AFLP fingerprinting pattern. 

Phomopsis spp produce two types of conidia, α and ß. α-conidia are able to germinate and infect the respective host plants. In P. cirsii and in most other Phomopsis spp. ß-conidia are produced before α -conidia in the same pycnidia. Our present investigations surprisingly unveiled that pycnidia formation and maturity as well as succession of conidial type is substrate dependent influenced by the available C-source.

Most of the single spore isolates were found to have an identical fingerprinting pattern to its parent P. cirsii isolate. That the polymorphic bands found were proved to be reproducible when the AFLP procedure were repeated, indicate that these bands represent true genetic differences between the single spore isolates and cannot be a result of incomplete restriction cleavage or different loadings of DNA in the original reaction or in the loadings on the gel. This findings show that the original parent isolates might have been polynucleate. 

The aggressiveness of several strains of Ramularia cirsii, a leaf pathogen potential mycoherbicide for the control of C. arvense was examined in abscised leaf assays and in greenhouse experiments. 

Phomopsis cirsii often become avirulent through up scaling in submerged culture. The loss of aggressiveness observed over time when isolates of P. cirsii were grown in large volumes, might be explained by a genetic variation originally existing in each fungal isolate or alternatively could be caused by genetic variations introduced during the culturing of the fungus. P. cirsii was investigated by mapping growth rate and virulence of single-spore isolates and comparing them to the parent isolates. Genetic analysis of the P. cirsii single-spore isolates was also performed. 

Four isolates have been tested for virulence, one avirulent, one medium virulent and two highly virulent. Eighty-eight single spore isolates were derived from these four parent isolates. The G1 single-spore strains were compared for growth rate and virulence in leaf bioassays. To study if the observed traits were stable and inheritable, new G2 single-spores were prepared from the virulent G1-single spore strains, and the variation in virulence and growth rate was studied.
Studies on the production of toxic metabolites were carried our on strains of potential phytotoxic microorganisms, in particular: Septoria cirsium, Phyllosticta cirsii, Ascochyta sonchii and Phomopsis cirsii, pathogens of Cirsium arvense and Soncus arvensis. Optimization of growth condition, preliminary extraction and purification of metabolites, and biological assays to evaluate the herbicidal potential were carried out. 

The content of ascosonchine in the culture filtrates of Ascochyta sonchi strains has been quantified and the best conditions for its production have been identified. 

A new phytotoxic non selective nonenolide was isolated from culture filtrate of Stagonospora cirsii, a foliar pathogen of C. arvense. 

The biological properties of the compounds obtained from the purification of the culture filtrates of the new fungi and to optimize their production. In particular, the best cultural conditions for the production of toxins by Phyllosticta cirsii have been determined by studying their biosynthesis; four metabolites were purified and chemically and biologically characterized, by performing bioassays on leaves, protoplasts, fungi, bacteria and marine organisms. 
To enhance the virulence and the efficacy of bioherbicides by selecting variants of the weed pathogen that overproduce and excrete the amino acids that are inhibitor to the target plant, determination of amino acids or combinations of amino acids that are most inhibitory to the growth and development of the target weed was carried out on parasitic weeds. 

In order to obtain a comprehensive culture collection of fungal pathogens perennial weeds for further development as biocontrol agents field surveys were undertaken in different regions of Russia. Seventy new isolates have been added to the existing culture collection, that now contains more than 470 fungal strains isolated from the perennial weeds. A number of strains belonging to Phoma exigua var. exigua (9 strains), Alternaria tenuissima (73), Fusarium spp. (87) and Stagonospora cirsii (13) were characterized by virulence and phytotoxicity tests. 

Preservation of microbes which are producers of biologically active substances is an important task for biotechnology. It is known that during storage, microorganisms quite often lose ability to produce useful secondary metabolites. The stability of 4 mycoherbicidal strains from various groups of mitosporic fungi during long-term storage was studied. Phytotoxic activity and virulence of the strains were being tested during their maintenance with routine techniques of microorganisms preservation. The fungi had a significant decrease in the production of phytotoxic metabolites within 6 months being preserved by inexpensive techniques, whereas the virulence proved to be a more stable feature.
The variability in phenotypic (virulence, morphology) and genetic traits (e.g., AFLP patterns) of  two bioherbicidal fungi, Septoria cirsii and Stagonospora cirsii was evaluated. The latter species was found to more variable because of the existence of sexual stage. The teleomorph of Stagonospora cirsii was found for the first time and the relation the developmental stages was proved by molecular tools. Selection strategies were proposed to search highly aggressive strains. Stably virulent strains of Septoria cirsii were found.

The potential of Alternaria sonchi to be developed as a bioherbicide against Sonchus arvensis was evaluated. The fungus was highly virulent to the host plant under a range of conditions. Nine of twenty Alternaria strains isolated from sow thistle were identified as A. tenuissima, 7 as A. sonchi and 4 strains were defined as members of A. infectoria species-group.

Workpackage 3:  Ecological fitness
The main aim of this WP is to assess the ecological fitness of the biocontrol agents, that is the population dynamics of biocontrol agents in different soil types under different conditions of temperature and water content, and the rhizosphere competence of these biocontrol agents. The following sub-WPs were managed:
· Population dynamics of biocontrol agents in different soil types

· Effect of environmental factors on population dynamics of biocontrol agents in soil

· Population dynamics of biocontrol agents in the rhizosphere

· Ecological fitness under field conditions

The study of the population dynamics of a Fusarium oxysporum mutant was completed in several soils of different physic-chemical properties, showing that the strain established very well in the 4 different soil types when introduced at high concentration. 

To assess if and how soil type influences the population dynamics of selected biocontrol agents, experiments were carried out in parallel with either non-sterile and steam disinfected soil in order to investigate the roles of abiotic factors vs. soil microflora in population dynamics of BCAs. The differences in physical and chemical features of soils did not result in major differences in population dynamics. On the contrary, a major role in the survival of biocontrol strains is played by the biotic factors. 

The population dynamics of the BCA Fo47 (the marked strain Fo47b10 resistant to Benomyl) has been studied in two soils disinfected or not for one year. In the disinfected soils the population density at the plateau was the same and was maintained at the same level for one year regardless the initial concentration. In the non disinfested soils, the population densities established at concentrations slightly lower than the initial concentrations at time of inoculation. Fo47 survived very well in both soils for one year. This experiment was repeated with the same fungal strain and the same soils but incubated at different temperatures and different moisture contents. Results clearly showed that Fo47 established as well in soil incubated at 5°C, 15°C or 25°C. Similarly it established as well in soil incubated at -0.1 bar and -15 bars. These results demonstrated that a soil-borne biocontrol fungus such as F. oxysporum is very well adapted to establishment in soil regardless the soil characteristics and environmental conditions.

To study the rhizosphere competence of the biocontrol strain of F. oxysporum a strain transformed with the marker gene GFP was used. Results showed the good rhizosphere competence of this biocontrol strain. Moreover using a pathogenic strain transformed with another marker (DsRed 2) and confocal laser microscopy the competition between these strains, at the root surface in soil, was studies. The main conclusion was that even if the biocontrol strain is colonizing the root surface more actively than the pathogen it never totally excluded the pathogenic strain. These observations reinforce the hypothesis of induced systemic resistance being a mode of action of this biocontrol strain of  F. oxysporum.

To be effective biocontrol agents applied to soil must establish in the soil and in the rhizosphere of the plant to be protected. Soil-borne antagonists such as strains of Fusarium oxysporum and Trichoderma spp establish in soil for long periods of time. On the contrary the aerial pathogens such as Phomopsis cirsii and Stagonospora cirsii do not establish in natural soils for long periods. 

Four different soils were used to study the rhizosphere competence of the biocontrol strain Fo47 in microcosms. At the same time field experiments were conducted in the fields from which the soil samples were taken. The population level of Fo47 was assessed by soil-plate dilution technique, using a Benomyl resistant mutant of Fo47, to be able to recover the inoculated strain among the native population of F. oxysporum. The population density of Fo47 was estimated in the soil adhering to the root (rhizosphere) and in the root tissues after surface disinfection. 

Results showed that, several months after inoculation, Fo47 was detected in the rhizosphere, but with great variations according to the field in which the strawberries were planted. One year after inoculation, Fo47 was either not detected or detected at a very low density in the rhizosphere of the plants. Fo47 was isolated from the root tissues, but again there were great differences according to the sampling times and the treatments. These results showed that Fo47 has the capacity to establish in field soils, but its population density varies considerably according on the soil type and cultural practices. 

A potent mycoherbcide against C. arvense must be able to grow and infect the host plant under the environmental conditions which prevailes at the time of the year, when the fight against the weed takes place. Realistically this means 10-13o C during the night and 16 hours of dew. A strain of Phomopsis cirsii (PCN 11) fulfils these characteristics as it exerted a growth rate of 100–150 microns/hour at the temperature range 10-13oC. This strain is also the most virulent of the Norwegian isolates and appears to be further promising. Also two Danish strains (PCDK 1 and PCDK 104) are virulent and also grow well at low temperatures. 

It was found Stagonospora cirsii can cause wilt symptoms in C. arvense shoots 7​–14 day after its application at the soil level. In vivo and in vitro observations indicated the susceptibility of weed underground shoots to the pathogen, whereas the root system remained undamaged. The fungus survived in sterile soil at least for 6 months and over-wintered in soil under natural conditions.  

Study of some factors (inoculum type, inoculum concentration, plant age, temperature) affecting infection of C. arvense by S. cirsii showed that mycelial inoculum had higher potential for the weed control than conidia of the fungus. The hypothesis that mycelial inoculum of the fungus fits environment better than conidia was in agreement with the studies in vitro.

In natural conditions, S. cirsii was found to be capable of overwintering beneath and above ground. The fungus was able to produce teleomorph stage at soil level in the beginning of vegetation season, which can be a primary source of infection of the weed. Dual-culture studies showed that S. cirsii is a bad competitor comparing to typical soil microscopic fungi to be applied into the soil against root system of the weed. 

Workpackage 4:  Environmental impact of biocontrol agents  
This WP is devoted to the assessment of the environmental impact of a variety of biocontrol agents by tracking their movement, assaying non-target effects and any changes in host range, especially after genetic or physiological modifications, and determine long term environmental persistence.
· To identify molecular markers to recognize the biocontrol agent strains after their release into the soil
· To study interactions of biocontrol agents with soil microorganisms
· To develop and validate a method to detect non-target effects of microbial application to soil by characterizing the structure of the microbial communities

· To monitor specially labelled Trichoderma strains acting as anti-fungal biocontrol agents, while visualizing the antagonistic interactions with pathogens and other soil microorganisms To determine the effect of the biocontrol agent Coniothyrium minitans on microbial communities following introduction into soil 
· To study interactions of biocontrol agents with plants
· To determine the host range of selected strains of pathogenic fungi on Cirsium arvense to ensure that the potential biocontrol agents have no undesirable off-target effects

· To use transgenic markers to follow the movement of a root-colonizing organism that attacks parasitic Orobanche spp and ascertain its persistence in soil, especially when the organism is applied at a point source as an asporogenic mutant, with or without mitigator genes tandemly-linked to hypervirulence genes 
In order to identify molecular markers to recognize biocontrol agent strains after their release into the soil, genetic studies on one strain of F. oxysporum promising for biological control of Orobanche sp. was started using AFLP techniques. The AFLPs have been used as tools for obtaining markers of fungal populations and for detecting polymorphisms between the target and non-target species, to provide maximal flexibility for subsequent primer design. A number of bands considered to be unique for the studied strain were obtained. The UPGMA dendrogram constructed using AFLP data revealed low similarity of banding patterns between the F. oxysporum strains examined. However, fingerprints of the strain were distinct for each of the six primer pairs. The primer pair named FT2-4B was specific and it amplified a 270 bp DNA fragment of the F. oxysporum  isolate. 
In addition to investigating the genomic region flanking the FT2-4B fragment, the PCR in vitro Cloning Kit was used to amplify this long unknown region. A 3339 pb fragment was obtained. Sequence similarity searches, using the BLASTn program, revealed that a small region had 79% identity with mRNA for Esterase STE1 (ste1 gene) of the fungus Metarhizium anisopliae var. anisopliae. 
The FT2-4B primers were used to monitor the presence of the strain in the soil. None of the primer sets amplified DNA from sterile soil not infected with the strain, while amplicons were detected from all the soil samples artificially infected using known amounts of the fungal inoculum. 
In preliminary experiments F. oxysporum (strain Fo47) and Pseudomonas fluorescens (strain A6) were added to two different soils, studying the populations dynamics of the introduced BCAs and the effect of their introduction on the structure of the microbial communities. 

To study the non target effects of BCAs application on the soil microbial communities, the bacteria physiological activities were assessed by using the Biolog technique, and the structure of the bacterial and fungal communities using a molecular approach based on the t-RFLP technique. The fungal BCA Fo47 and the bacterial BCA A6 were introduced in microcosms of two soils. The results obtained showed that both methods enable to clearly distinguish the two soils based on the bacterial physiological profiling and the structures of the microbial communities. Introduction of the BCAs modified these microbial parameters, but differences were not always significant. The same methodology was used to detect the effects of BCAs application on non target soil organisms in connection with the population dynamics study.  

Introduction of biocontrol agents (BCA) might have non target effects on the autochthonous microflora. For registration purposes, a method to address this question of environmental impact of BCA is needed. A method was developed for the extraction of soil DNA and assessment of bacterial and fungal community structures by terminal restriction fragment length polymorphism (T-RFLP) analysis. This method allowed assessing the response of microbial communities to agricultural disturbances. 

The procedure of soil DNA extraction and purification was improved in order to obtain DNA pure enough for further PCR amplifications from any type of soil. With the new procedure, PCR amplification of 16S and 18S ribosomal DNA sequences, belonging to bacteria and fungi respectively, was successfully performed from all soil samples tested, and the microbial community structures could be then assessed by T-RFLP analysis. Then this procedure was used to assess the effect of the strain Fo47 on the microbial community structures. Results demonstrated that this methodology can be used routinely to detect the non-target effects of soil inoculation of BCAS on the soil microflora. 

Mixtures of cell wall degrading enzymes (CWDEs) were produced in large amount and were in vitro and in vivo assayed. Very good results were obtained by the in vivo assays on tomato and lettuce plants to contrast diseases induced by the foliar pathogen Botrytis and the soil borne pathogen Rhizoctonia. 

In order to understand the impact of added Trichoderma on the microbial communities of the soil Trichoderma mutant strains transformed with constructs containing the goxA gene or the gfp gene under the control of biocontrol related promoters nag1 and ech42 were obtained. The obtained mutant strains proved to be very good markers to monitor the added Trichoderma to a soil with a natural population of Trichoderma. In particular, the effect of Trichoderma added into the soil on the population of resident Sclerotinia was tested. 
In order to deeper understand the impact of added Trichoderma on resident microbial communities, mutants of T. atroviride P1 and T. harzianum T22 strains were obtained, using constructs containing the glucose-oxidase encoding goxA gene. To obtain a reporter system to study biocontrol mechanism in vivo, in both fungi a mutant gene of green fluorescent protein (GFP) was placed under the inducible nag1and ech42 promoters. Both fungi did not produce fluorescence during growth on glucose, while evident fluorescence was produced during growth on Botrytis cinerea cell walls. 

C. minitans has been shown to survive in 3 soil types for 6 months with little decrease in population. DNA has been extracted from soil at intervals after incorporation of C. minitans and impact of incorporation on both bacterial and fungal populations will be examined by DGGE in due course.

To introduce C. minitans into soil and determine the effect on the soil microbial population over time a genetically modified strain of C. minitans was used. The introduction of C. minitans into a sandy-clay-loam soil had no discernable effect on the bacterial or fungal populations in this study. Levels of C. minitans remained constant over the course of the 6 month period. C. minitans appears to survive well for extended periods in the soil in the absence of its host, with no significant effect on the rest of the soil microbial community.

Studies on the morphological character, molecular fingerprinting and physiological specialization/host range of different strains of Phomopsis spp. were carried out, in order to determine that no undesirable off-target effects could arise after introduction in the environment of those strains for biological control of Cirsium arvense. 

The pathogenicity of the isolates varied considerably and so did the susceptibility of the clones. The results clearly indicate that P. cirsii is physiologically specialised as the compatibility between host clones and pathogen isolates differs significantly. 

Phomopsis isolates from Artemisia vulgaris and Cirsium palustre did not infect the C. arvense clones. Phomopsis isolates from these and other species were studied to provide more evidence for host specificity. The ITS regions of the ribosomal RNA genes of different Phomopsis species were amplified by PCR and the DNA sequence determined and compared each other and to DNA sequences already present in the GeneBank. Furthermore, the variability in 44 monoconidial isolates of Septoria cirsii was studied with the amplified fragment length polymorphism (AFLP) technique. 
Host range studies of three Phomopsis cirsii strains was carried out on different thistles species belonging to the Cardueae tribe, showing their specificity. 

Formulated strains of F. oxysporum (FOXY) transformed with gus or gfp and hygB, and F. arthrosporioides (FARTH) with gus and hygB were used to study the pathogen spread in soil, the interactions with other soil microbes, and the effect on emergent Orobanche shoots. The density of the transformed FARTH increased 2-3 fold from 2 to 10 weeks, whereas both the modified FOXY remained unchanged for the same period. 

Workpackage 5:  Production and formulation

This WP has the important aim of developing appropriate technologies for the production and formulation of cfu of the fungal biocontrol agents, by selection of suitable culture media, evaluate growth and formulation conditions. The following WPs were organized: 
· Selection of a suitable culture medium for the production of the fungal cfu using an appropriate fermentation technology
· Evaluation of the most suitable growth conditions
· Selection of the best technology to separate the cfu from the fermentation product
· Evaluation of the most suitable methods and conditions for the formulation of the produced cfu
· Determination of the shelf life of the formulated products

Eleven fungal strains provided by partners were used for the assessment of the best solid media for their growth. in order to optimize the inoculum production and determine the best conditions for production of the highest possible concentration of conidia, modifying the culture substrate, light, or temperature. 

Ten different growth media were tested, using rye, wheat or rice as main ingredient. 
Some strains showed a very intensive conidia development, being able to produce a number of conidia per gram of dry weight as high as an internal standard strain, or even higher. 

Further studies were carried out on an antagonistic F. oxysporum strain in order to show if the amendment of cheap nutrient supplements could additionally increase the conidia yield respect to a standard substrate, and millet was used as optimal basic standard substrate. Preliminary experiments showed that some additives could provide about 25% higher conidia production. 

A test was carried out to investigate whether the selected strains, which are difficult to be grown, can be mass produced by using a solid-state fermentation technique. At this stage, it seems that only F. oxysporum FT2, F. solani ET4 and F. oxysporum FOXY showed yields that could be regarded as economically feasible, on condition the rate needed is rather low. 

Shelf life of conidia was studied. Two different drying methods were used to formulate the product. The spores were dried either by using the fluidized bed drying technology or by freezing. In the fluidized bed drying process, the prepared conidia slurry was sprayed into a so-called fluidized bed consisting of glucose, lactose or small clay granules. By doing so, the sugar crystals or clay granules got coated with the conidia of the fungus. 
The solid-state fermentation system proved to be applicable for the production of different biocontrol agents. In the case of the biocontrol agent T. harzianum, strain T22 and P1 a very high spore yield (1 x 1010 spores per gram culture substrate) can be reached. A spore yield like this would make the manufacturing of a product based on T. harzianum highly profitable. 
Furthermore, the most stable formulation of Fusarium solani has been obtained by fluidized bed drying of the conidia onto clay granules. Although the formulation has still to be improved it might be an interesting approach since a product based on clay granules could be applied together with the seeds at sowing. 

Strains of Ascochyta tussilginis, Septoria cirsii, Stagonospora cirsii seemed not suitable to be developed as a biological herbicide, at least with the technology used. 

Workpackage 6:  Application  methods  

The main objective of the WP is to determine the best methods of application of the biocontrol agents. The following WPs were organized: 
· To evaluate the compatibility of irrigation systems with the application of living microbial agents
· To compare / optimize application technologies of wild type and modified Fusarium mycelial formulations in laboratory and greenhouse for control of Orobanche
· To compare application technologies of mycoherbicide for control of Cirsium sp. in laboratory and greenhouse 

· Evaluate the  ability of phytotoxins to prevent irrigator clog by weed roots
· To develop application technologies of biocontrol agents to seeds

To verify the efficiency of distribution of microbial particles by the irrigation systems, and evaluate their potential as biocontrol agents suppliers, an experimental drip irrigation system has been realized in a greenhouse. Nine different dripper lines, chosen among the more suitable for irrigating vegetable crops, with filters and valves were used, with a dosing pump to supply the desired amount of conidia in the pipe, and with a general controller that allows to manage any phase of the experiments, in terms of amount of water supplied, amount of microbes injected in the system, or duration of irrigation. 

Tests were carried out using the pilot irrigation system to evaluate the possibility to apply different BCAs. The amounts of spore suspension collected from drippers along each dripper line were very homogeneous. Conidia were uniformly distributed along all dripper lines for all the strain tested. No filter or dripper clogs were observed. The irrigation system set up worked perfectly with all the spore suspensions used, regardless the size of the spores and the concentration used. The system could be arranged for field treatments of biocontrol agents to be applied at the soil level. The system could be easily managed to carry different treatments, such as  different microorganisms, longer lasting treatments with more diluted spore suspensions, fertirrigation, etc. 

To select the best kind of application of potential mycoherbicides of Cirsium arvense, studies were carried out comparing the efficacy of soil and leaf application of different inoculum types of F. oxysporum and Stagonospora cirsii, and evaluating the virulence of the latter in field conditions using different conidial and mycelial inoculum. 

The methods of inoculum production of S. cirsii and its application were improved to obtain a high mortality of C. arvense plants in greenhouse conditions.

Foliar application of Stagonospora cirsii C-163 mycelium produced by solid state fermentation and formulated as a water emulsion was found to very aggressive to Cirsium arvense. However it was able to cause some symptoms also to some crops tested (cucumber, radish, zinnia). A liquid fermentation method was developed to produce highly virulent mycelium of the fungus.

Considering that mycelium fragments of Phomopsis cirsii are infective, the relationship between blending time and fragment length and survival of the fragments was assessed, in order to evaluate the potential of applying the cut mycelium through nozzle or irrigation equipments, but avoiding clogging. 

Conidia of C. minitans, F. oxysporum and T. harzianum have been successfully applied to carrot and onion seeds using a drum priming process, achieving a concentration > 105 cfu g-1 dry seed.

Conidia solutions of C. minitans, T. harzianum T22 and Fusarium oxysporum 47 were thin-film coated onto carrot, onion, lettuce and tomato seed. The effect of using an adhesive solution in the conidia suspension to aid coating was also explored. When a sticker was used in the initial trials to coat carrot seed with T. harzianum T22 and F. oxysporum 47, very poor survival ensued. Repeating the trials without the sticker resulted in an order of magnitude increase in the final inoculum concentration. The successful application of biological control agents to seeds through film coating reflects previous work done in this workpackage using drum priming to successfully apply conidia suspensions of C. minitans, T. harzianum T22 and F. oxysporum 47 to carrot and onion seed. 

Experiments using two Orobanche specific gus Hyg B labeled, Fusarium spp. isolates (Fusarium oxysporum CNCM I-1622 (FOXY) and Fusarium sp. CNCM I-1621) were conducted under greenhouse conditions to test the possibility of their release as chopped mycelia applied as a drench, to examine their persistence in the presence of broomrape and crop, and to test the feasibility of using drip irrigation as a transport system for the mycelia. The fungus reduced the number of Orobanche shoots and the biomass (both fresh and dry) of Orobanche shoots compared to the controls. Transgenic Fusarium sp. CNCM I-1621 significantly reduced the biomass of the Orobanche shoots and only a small number of large shoots formed on transplants treated with the fungi in the first experiment. The feasibility of using a commercial and widely used drip irrigation system as a transport system for the mycelia was tested under greenhouse conditions.
Workpackage 7: Field efficacy

The overall objective of WP7 is to test and optimise the field application of various biocontrol agents. Also integration with other control methods is an important objective. Then, activities were carried out within the following sub-WPs: 
· To obtain consistent and reliable effects from the selected microbial control organisms on clones of Cirsium arvense and Sonchus arvensis under field conditions in different parts of Europe
· To ascertain the best application technologies for pathogens of weeds with different irrigation methods as a new option for applying the mycoherbicides to the soil
· Ascertain best application technologies for Fusarium mycelial based mycoherbicides in a small scale field experiment. Establish whether physiologically and genetically enhanced mycoherbicidal preparations perform better than the wild type. Evaluate persistence of the wild type mycelial and transgenic strains in field soils
· Ascertain best application technologies to enhance the efficacy under field conditions of novel fungal biocontrol agent and bioactive molecules on major plant pathogens on lettuce and tomato
Three P. cirsii strains, PCD1, PCN11 and PCD17, were tested for individual tolerance to the herbicide clopyralid. They proved to be tolerated and this result shows that it is quite safe to mix mycelium of P. cirsii with relevant amount of clopyralid. 

In field experiment S. cirsii showed low efficacy for control of C. arvense, in opposite to the very good results previously obtained. A main reason of this failure could be the unusual low average temperature (about 16°C) during the period of experiment. It suggested the importance of weather prediction to choose the appropriate application time.

To ascertain the best application technologies for pathogens of weeds with different irrigation methods as a new option for applying the mycoherbicides to the soil. One Stagonospora cirsii strain from partner 9 was compared with some Norwegian and Danish Phomopsis cirsii strains in greenhouse and field trials. Four greenhouse experiments were carried out in order to find the best two Phomopsis strains; to compare the S. cirsii strains with our Phomopsis strains with uniform spraying technique and additive; to evaluate the effect of mixtures of the herbicide clopyralid with the fungal strains. The strain PCN11 worked better than PCD31-III, both used alone and in combination with clopyralid. The combination of the fungus with clopyralid was better than the fungus alone, whereas the difference between the highest and lowest mycelium concentration was not significant.  S. cirsii performed much better than both the Phomopsis strains. 
The herbicide clopyralid was found to be compatible with the bioherbicidal fungus, Stagonospora cirsii. In the field experiment, foliar application of the fungus in a mixture with sublethal dose of clopyralid against Cirsium arvense and Sonchus arvensis proved to have an efficacy comparable to the full dose of the herbicide. However, side effects were observed in lettuce and radish. 

Workpackage 8: Integration

The main objective of the WP is the enhancement of biocontrol efficacy by combining living biocontrol agents with other biocontrol agents, natural substances with specific enzymatic or toxic action that assert improved biocontrol activity against crop-pathogenic fungi or weeds. The following sub-WPs were organized: 
· To use mixtures of cell wall degrading enzymes produced by biocontrol strains of Trichoderma to increase efficacy of various biocontrol agents and the effect of chemical fungicides
· To determine the compatibility of Coniothyrium minitans and Trichoderma for control of Sclerotinia sclerotiorum in lettuce, and perform glasshouse trials of integrated use of these two major biocontrol agents

· To assess the compatibility and efficacy of weed pathogen-phytotoxin mixtures for enhanced biocontrol 

· To test the biocontrol efficacy of microbial-inoculant combinations against soil-borne pathogens of vegetable crops, and enhance the compatibility of strains of Trichoderma, non-pathogenic F.oxysporum and Pseudomonas spp. 

In Trichoderma several genes are known to be associated to pathogenicity on host fungi such as genes encoding for Cell Wall Degrading Enzymes; these enzymes are strongly synergistic with synthetic fungicides of different classes and our purpose was to obtain mixtures of powerful CWDEs produced by Trichoderma. Different growth conditions were tested, in which Trichoderma grew in various liquid substrates with different carbon and nitrogen sources, and the enzyme profiles of the culture to select specific enzyme mixtures with enhanced biocontrol activity were tested.

Synergistic effects of CWDEs mixtures and fungicides were studied. In particular, the interest was focused on three fungicides commonly used against important pathogens. To evaluate the synergistic effect of Trichoderma CWDEs and fungicides on Botrytis spore germination, combinations of both were used. The single fungicides were added simultaneously with CWDEs at different concentrations. The relative level of synergism was determined. The combination of fungicide and Trichoderma CWDEs reduced significantly the dimension of disease areas both on tomato and lettuce plants. The results demonstrate the possibility to produce new formulates composed in part by chemical fungicides and in part by CWDEs mixtures: these formulates can be easily produced and widely applied to prevent and cure plant diseases. The advantages are that these formulates could be efficacious and not expensive, they can enable the plants to response quickly to pathogen attack for the induction of resistance.

The glasshouse system and biocontrol culturing method were modified to study degrees of control of Sclerotinia sclerotiorum infection in lettuce crops, using different biocontrol treatments. The treatments involved C. minitans, two T. harzianum strains, and the two combinations C. minitans + T. harzianum. The fungicide iprodione was applied as a control. C. minitans reduced sclerotinia disease in protected lettuce over three crops running from spring to winter, and reduced sclerotia numbers in the soil, thus reducing sclerotinia inoculum potential for future crops. 

The production of antifungal metabolites by the biocontrol strains T. harzianum ITEM 908, F. oxysporum Fo47 and F. oxysporum FT2 was investigated. They all produced not yet identified metabolites with inhibitory activity towards other fungi, as shown by the growth inhibition of G. candidum. In all cases, antifungal activity was found only in the organic extracts, while the exhausted culture broths were inactive. 

To obtain UV-mutants, a 75-80 % kill of spores was achieved, which correspond to a sufficiently long irradiation to determine mutations and provide enough mutated spores for the following selection of resistant mutants. Satisfactory levels of kill were found with 30 to 180 sec. exposures of T. harzianum ITEM 908 conidia to UV-C rays. 

Use of multiple biocontrol agents may increase efficacy and reliability of biocontrol. Combinations of microrganisms must be fully compatible, to ensure that the components of the microbial inoculant consortium express their antagonistic activity against the target organism but not against each other. In particular, biocontrol agents may produce secondary metabolites with antifungal and/or antibacterial activities. Therefore, it is necessary that metabolites produced by a component of the consortium do not interfere with growth and biocontrol activity of other components, but possibly act synergistically with metabolites produced by these latter. AUV-mutagenesis protocol was extensively applied to the biocontrol agent T. harzianum CFA16 and a number of mutants putatively tolerant or resistant to toxic compounds produced by F. oxysporum were isolated. Mutants were assessed for their antagonistic activity to F. oxyxporum both in vitro and in planta using tomato seedlings as a test model.

An increased production of indole-3-acetic acid (IAA) by transgenic Fusarium, transformed with the iaaM and/or iaaH genes of Pseudomonas savastanoi pv. savastanoi, had as a result an improved effectiveness of those transgenic lines in controlling Orobanche in comparison to wild-type isolates. Since P. s. pv. savastanoi itself produces IAA as well as cytokinins, experimental trials were carried out to evaluate the effects of co-inoculation of this bacterium together with two fungal isolates on their mycoherbicidal activity. 

Workpackage 9: Assessment of crop quality

The main objective of the whole WP is to ascertain if the soil application of microbial agents can have an influence on the yield of picked berries and the quality of the product in terms of biochemical/nutritional characteristics, compared to control tomato plants. 
First, it was necessary to set up or to adapt some procedures for evaluate the main biochemical parameters characterizing the nutritional quality of tomato. 
This has allowed to compare the content of antioxidant components (vitamin C, lycopene and phenolic compounds), sugars, organic acids and mineral content of tomato berries obtained using biocontrol methods vs. those obtained using traditional methods of crop protection. 

A greenhouse experiments was carried out, growing tomato plants in pots supplemented with biocontrol agents. Several quality properties of the berries were evaluated. The results showed that the use of BCA agents did not influence the yield and quality of tomato plants grown in the experimental conditions. 

Plans for using and disseminating the knowledge TC "Plans for using and disseminating the knowledge" \f C \l "2" 
Research papers. During the three years of the project 16 research papers in which the EU contribution was acknowledged were published, almost all of them appeared in International Journals.

Book Chapters. Four book chapters related to, and acknowledging the project, were prepared.
Posters. Thirteen posters showing the activities carried out within the project were displayed at International Conferences.

Conference presentations. Twenty-eight oral presentations were held at International and National congresses, during which the research activities carried out by partners in the project or the general aims of the project were presented. 
Project web-site. The World Wide Web has become a major information channel and it has become indispensable for producers of information, particularly in the scientific and technical domains, to publish on the web. The official web-site of the project has been realized and published on the net a few months after the beginning of the project, with the following address: http://www.2E-BCAs.org. It contains details on aim of the project, background on the partners involved, programme, activities, results obtained, etc. It has been updated on a regular basis.

Project brochure. A brochure of project has been prepared in 5,000 copies and distributed to each partner. It worked as a calling card for presentation to influential readers, such as European policy-makers, national and local authorities, potential partners, investors, industrial end-users, technology licensees, media representatives. It has provided an overview of the consortium, highlighting the reputation/strengths of individual partners; it reviewed the background and technological rationale for undertaking the initiative and indicated the planned results, emphasising the scale of breakthrough/innovation expected to be achieved.
