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Introduction

Phytopathogenic fungi such as Sclerotium rolfsii, Botrytis cinerea and Sclerotinia sclerotium are capable of infecting numerous plants. The infection by these fungi leads to considerable losses at harvest time. The early stage of infection involves the production and the accumulation of a large amount of oxalic acid (OA) which appears to be one of the essential determinants of the pathogenecity. [START_REF] Noyes | Role of oxalic acid in the sclerotinia wilt of sunflower[END_REF][START_REF] Dutton | Oxalate production by fungi: Its role in pathogenicity and ecology in the soil environment[END_REF][START_REF] Guimaraes | Oxalate production by Sclerotinia sclerotiorum deregulates guard cells during infection[END_REF] Once produced and accumulated, OA plays a key role, provoking some disease-like symptoms independent of pathogen presence. 1, 4 Moreover, Sclerotinia sclerotium mutants deficient in oxalate synthesis are no longer pathogenic [START_REF] Godoy | A tomato cDNA inducible by salt stress and abscisic acid: nucleotide sequence and expression pattern[END_REF] and transgenic plants expressing oxalate decarboxylase show enhanced resistance to phytopathogenic fungus that utilize OA during infection. the evidence that this OA-induced PCD is anion channel dependant. In addition, the authors showed that anion current increase is a necessary upstream event for the synthesis of ethylene which is involved in the induction of PCD. It has also been shown that OA induces increased reactive oxygen species levels in tobacco plants, which correlate to PCD. 9

The activation of PCD during pathogen attack is though to be a defence strategy by which the plants try to stop the development of biotrophic pathogens. This strategy can obviously not be used in the case of necrotrophic fungus-plant interactions in which host cell death is beneficial for the pathogen. However, since the hypersensitive response of plant resistant to microbial pathogens involves a complex form of PCD which is associated with the induction of local and systemic defence responses, [START_REF] Heath | Hypersensitive response-related death[END_REF] we have then studied the possibility of initiating defence mechanisms in plants by pretreating them with non-lethal doses of OA before the infection with S. rolfsii. The induction of defencerelated genes has been analysed by RT-PCR. Pre-treatment with non-lethal dose of OA are able to induce defence mechanisms and considerably limit the development of the fungus.

Treatment with non-lethal concentration of OA does not affect seedlings growth

solid Gamborg medium supplemented with increasing concentrations of OA. Because the induction of PCD by OA is independent of the pH-reducing abilities of this organic acid, which is required for sclerotial development, [START_REF] Kim | Oxalic acid is an elicitor of plant programmed cell death during Sclerotinia sclerotiorum disease development[END_REF] the pH of the OA was adjusted to 5.8. The impact of OA on seedling growth were analysed by measuring the fresh weight of the seedling 3 days after the transfer (Fig. 1). A treatment of the seedlings up to 3 mM had no impact on the growth of the plant (Fig. 1A,B). OA had deleterious effects on seedling growth from a concentration of 6 mM (Fig. 1A). Because 3 mM of OA was the highest concentration which did not have any effect on seedlings growth (Fig. 1A,B) we have decided to use it as the pre-treatment concentration.

Treatment with 3 mM OA up-regulates defence-related genes

Ethylene has been shown to be involved OA-induced cell death 8 , we therefore examined the effects of OA on the regulation of several defense-related gene transcripts and of hypersensitive response related gene transcripts which are known to be regulated by ethylene, PDF1.2, 12 AOX1a/hsr3, coding for the alternative oxidase 1a [START_REF] Ederli | Interaction between nitric oxide and ethylene in the induction of alternative oxidase in ozonetreated tobacco plants[END_REF] and AAA-ATPase/hsr4, putatively encoding for an AAA type ATPase. ) and PR1 (pathogenesis-related) [START_REF] Glazebrook | Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens[END_REF] were analyzed. Because it has also been shown that anion channels activity is one of the early response to OA in A. thaliana cells, [START_REF] Errakhi | Anion channel activity is necessary to induce ethylene synthesis and programmed cell death in response to oxalic acid[END_REF] the regulation of these transcripts has also been analyzed in A. thaliana seedlings treated with 3 mM OA in the presence and absence of anion channel inhibitors.

Transcript levels of PAL1, PR1, PDF1.2, Athsr3 and Athsr4 increased after a treatment with 3 mM OA (Fig. 2, left hand panel). Anion channel inhibitors 9-anthtracen carboxylic acid (9-AC) or niflumic acid (NA) used as a pre-treatment prior to the addition of 3 mM OA, the OA-induced increases in transcript levels of PAL1, PDF1.2 and PR1 were no longer observed (Figure 2, middle and right hand panel). These results suggest that OA is able to induce the activation of ethylene-dependant defense responses and confirmed that the anion effluxes are an upstream event in the OA-induced signaling pathway, as previously shown by Errakhi et al.

8

Pre-treatment with 3 mM OA protects seedlings against S. rolfsii

Fifteen days old seedlings were incubated for 24h on a solid Gamborg medium supplemented with 3 mM OA. They were then infected with S. rolfsii spores. Three days after infection, the effects of the pre-treatment were analyzed by measuring the fresh weight of the seedlings. A 3 days inoculation with S. rolsfii without any pre-treatment resulted in a loss of about 60% of the fresh weight (Fig. 3A). The seedlings were totally submerged by the fungi (Fig. 3B, lower panel). In contrary, neither seedlings that have been pre-treated for 24h with 3 mM OA nor seedlings pre-treated for 24h with 3 mM OA and infected for 72h with S. rolfsii spores show any loss of their fresh weight (Fig. 3A). Moreover, the development of S. rolsfii was considerably delayed when the seedlings were pre-treated with OA (Fig. 3B, upper panel).

Conclusion

It has clearly been shown that OA induces PCD on A. thaliana and on tobacco 8, 9 and that this PCD is anion channel and ethylene dependant. [START_REF] Errakhi | Anion channel activity is necessary to induce ethylene synthesis and programmed cell death in response to oxalic acid[END_REF] The experiments presented in this paper strongly show that a pre-treatment with OA (up to 3 mM) does not affect the development of the plant and induces defense related gene expression and an efficient protection against the proliferation of S. rolsfii. However, OA act differently regarding it concentration: a high concentration of OA (more than 6 mM) induces PCD and facilitates the necrotrophic fungus development while at lower concentration (3 mM) it may act as a protective pre-treatment against the fungus. It has been pointed out that Sclerotinia spp. cause diseases in over 400 species of plant [START_REF] Boland | Index of plant hosts of Sclerotinia sclerotiorum[END_REF] and that the all the management strategies established to control the fungi have been largely ineffective. [START_REF] Kim | Oxalic acid is an elicitor of plant programmed cell death during Sclerotinia sclerotiorum disease development[END_REF] Our results bring new perspectives in the control and the limitation of the development of OA-producing necrotrophic fungi, among them, the isolation and the selection of fungus strains that produce non-lethal doses of OA (enough to induce defense mechanisms in plants) and which may enter in competition with the other fungus naturally present in the soil as it has previously been described for Fusarium oxysporum. 
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 67 New insights regarding the role of OA have been brought in the recent work presented by Errakhi et al. 8 in which the authors investigated the transduction of the signals leading to the death of A. thaliana cells in response to an OA treatment. This study unambiguously shows that OA induces drastic cell death in A. thaliana which fulfils the criteria for PCD: Active gene expression, de novo protein synthesis, cleavage of nuclear DNA and cell shrinkage. Moreover, Errakhi et al. 8 strengthened
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  Other genes classically accumulated during hypersensitive response, PAL1 (encoding for phenyl ammonia-lyase15 

Figure 1 .

 1 Figure 1. Effects of OA on A. thaliana seedling growth. (A) Effects of increasing concentrations of OA on seedling development estimated by the measure of the fresh weight 72h after the treatment. (B) Typical appearance of seedling 72h after being treated (right hand panel) or not (left hand panel) with a 3 mM OA solution. Results correspond to the means ± sd of 5 replicates.

Figure 2 .

 2 Figure 2. RT-PCR analysis of defence-related gene after an OA treatment. Regulation of PDF1.2, PR1, PAL1, AOX1a/hsr3 and AAA-ATPase/hsr4 after an OA (3 mM) treatment and effect of a pretreatment with anion channel inhibitors (9-AC, 200µM and NA, 200 µM) on the transcription of these genes prior to an OA (3 mM) treatment. EF1αA4 is presented as a control. Results presented are representative of 3 experiments.

Figure 3 .

 3 Figure 3. Acquisition of protection mechanism of A. thaliana plants against S. rolfsii after an OA (3 mM) pretreatment. (A) Effects of an infection of the seedling with S. rolsfii seedling development estimated by the measure of the fresh weight 72h after the treatment; C, Control seedlings; S. rolfsii, seedlings infected with S. rolfsii; OA, seedlings treated with a 3 mM solution of OA; OA + S. rolfsii, Seedlings pre treated with 3mM OA and infected with S. rolfsii. (B) Typical appearance of seedling 72h after being infected with S. rolfsii (lower panel). Typical appearance of seedling pretreated with OA (3 mM) 72h after being infected with S. rolfsii (upper panel). Results correspond to the means ± sd of 5 replicates.

Figure 1 OA

 1 Figure 1