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I. Introduction

Agriculture has always been essential for the survival of the human species, not only for food but also for dressing (cotton and flax fibers) and heating (straw). Furthermore, the farming and agricultural industry still employ a large part of global human population, estimated at 49 % of the world human active population (approximately 1.3 billion people) in 2010 (FAO, 2010;Federico, 2008). As the human population is expected to reach at least 10 billion people around 2100, it will trigger a multitude of social and economic consequences including of course, agriculture activities as reported in Figure 1 [START_REF] Gerland | World population stabilization unlikely this century[END_REF]United Nations 2019). The first modern pesticide, dichlorodiphenyl-trichloroethane (DDT), was synthesised by Paul Muller in 1939 [START_REF] George | Pesticides and cancer: Insights into toxicoproteomic-based findings[END_REF]Abubakar et al 2020). This marked the beginning of the huge utilisation of chemical pesticides around the world, which peaked after the Second World War, when modern synthetic organic chemistry started to grow. This chemical area of research greatly contributed to the increasing quantity and quality of the harvest and to the accomplishment of the green revolution [START_REF] Smith | Role of modern chemistry in sustainable arable crop protection[END_REF].

To increase quality and quantity of crop production, farmers used huge amounts of pesticides that led to harmful effects and shown to be very dangerous for the environment and human health (Dallaire Currently, the status of the problem caused by pesticides can be determined by analysing the methods of their usage in four of the largest agricultural producers in the world: United States of America (USA), European Union (EU), Brazil and China. Generally, governments have different rules and regulatory agencies that govern the banning and/or elimination of these harmful substances. However, this analysis can provide a glimpse into the global effectiveness of the pesticide regulatory laws [START_REF] Donley | The USA lags behind other agricultural nations in banning harmful pesticides[END_REF]). Among the top four largest agricultural producers, USA still uses approximately 100 pesticides in quantities of millions of kilos per year that are prohibited in the other three producers (Figure 3). Therefore, the French government decided to update the plan and name it as "plan Ecophyto II." In this new plan, decrease in the use, the risks and the impacts of agrochemical products was encouraged.
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This plan also highlights that the existing alternative solutions are not sufficiently set up. Magnaporthe oryzae is the first of the top ten because its target is the rice that is the most cultivated crop in the world [START_REF] Khush | What it will take to Feed 5.0 Billion Rice consumers in 2030[END_REF][START_REF] Fernandez | Rise of a Cereal Killer: The Biology of Magnaporthe oryzae Biotrophic Growth[END_REF]. B. cinerea is ranked in second place because it induces the grey mold or rot that affects plants and their fruits. Furthermore, this fungus infects more than 200 crops, including wild plants (such as the Rosacee family) and cultivated plants (such as Vitaceae, Solanacea and Fabaceae) [START_REF] Keller | Botrytis cinerea infection in grape flowers: Defense reaction, latency, and disease expression[END_REF][START_REF] Williamson | Botrytis cinerea: the cause of grey mold disease[END_REF][START_REF] Elad | Cultural and Integrated Control of Botrytis spp[END_REF]. is mainly used among the mycologists and phytopathologists even though the scientific names of fungi are mainly given by their sexual form (Table 3).
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I.2.1. Taxonomy of

B. cinerea classification

Super kingdom Eukaryota

Kingdom Fungi

Subkingdom Dikarya

Phylum Ascomycota Subphylum Pezizomycotina

Class Leotiomycetes

Order Helotiales

Family Sclerotiniaceae

Genus Botrytis

Table 3: B. cinerea classification.

Due to its capacity to infect a large range of hosts and because even one single strain can cause infections in many plants and organs in vitro, B. cinerea was considered for a long time to not be specialized, which is the opposite for the other species of the genus. B. cinerea is divided into two sympatric sibling species; transposa, and vacuma [START_REF] Diolez | Boty, a long-terminal-repeat retroelement in the phytopathogenic fungus Botrytis cinerea[END_REF][START_REF] Fortini | Two sibling species of the Botrytis cinerea complex, transposa and vacuma, are found in sympatry on numerous host plants[END_REF][START_REF] Martinez | Phenotypic differences between vacuma and transposa subpopulations of Botrytis cinerea[END_REF]. Transposa possesses two transposable elements named Boty and Flipper. Vacuma does not contain either of the transposable elements.

Transposable elements are divided into two classes: class I and class II [START_REF] Kidwell | Perspective: transposable elements, parasitic DNA, and genome evolution[END_REF].

Boty belongs to class I that consists of elements that transpose by reverse transcription of an intermediate RNA. The first transposable element Boty is characterized by a long terminal repeat present in multiple copies in different regions of the genome [START_REF] Diolez | Boty, a long-terminal-repeat retroelement in the phytopathogenic fungus Botrytis cinerea[END_REF][START_REF] Fortini | Two sibling species of the Botrytis cinerea complex, transposa and vacuma, are found in sympatry on numerous host plants[END_REF]. these two sibling species of B. cinerea. Instead of naming the groups transposa and vacuma, the first group (Group 1) contains only vacuma strains whereas, the second group (Group 2) contains vacuma and transposa strains [START_REF] Fournier | Characterization of nine polymorphic microsatellite loci in the fungus Botrytis cinerea (Ascomycota)[END_REF][START_REF] Fournier | Partition of the Botrytis cinerea complex in France using multiple gene genealogies[END_REF][START_REF] Fournier | Sympatric genetic differentiation of a generalist pathogenic fungus, Botrytis cinerea, on two different host plants, grapevine and bramble[END_REF]. Recently, genome sequencing provided more data about B. cinerea [START_REF] Amselem | Genomic analysis of the necrotrophic fungal pathogens Sclerotinia sclerotiorum and Botrytis cinerea[END_REF][START_REF] Hahn | The genome of Botrytis cinerea, a ubiquitous broad host range necrotroph[END_REF][START_REF] Van Kan | A gapless genome sequence of the fungus Botrytis cinerea[END_REF].
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I.2.2. Life cycle of Botrytis cinerea

During the life cycle of B. cinerea, the fungus produces mycelium, macroconidia, microconidia, sclerotia and fruiting bodies called apothecia (Figure 6). Mycelium, macroconidia and sclerotia are part of the asexual reproduction whereas the rest are involved in the sexual reproduction (Razak and van Kan 2014).

The mycelium is comprised of an ensemble of grey or olive coloured branched filaments called hyphae, the diameter of which varies greatly depending on the growth conditions. Generally, when the mycelium is mature at the fruiting stage, it is able to produce conidia (asexual spores) on many different substrates. Conidia are approximately 10 μm in length and 5 μm in width that are dispersed by wind, rainfall, or insects [START_REF] Barnett | Illustrated genera of imperfect fungi[END_REF]Holz et al 2004;[START_REF] Schumacher | Morphogenesis and infection in Botrytis cinerea[END_REF]. Conidia are produced by conidiophores that looks as arbuscule (Figure 6) (Holz et al 2004).

Mycelium and conidia are able to induce the host infection when environmental conditions are favourable.

However, in unfavourable conditions, the fungus is able to create sclerotia [START_REF] Jarvis | Epidemiology[END_REF]. The structure of sclerotia consists of mycelial branches fused together to produce a globular mass, that at the beginning is hyaline, then it turns to a brown colour due to deposition of melanine pigments in the external protection layer. This external coat keeps the fungus protected for a long period from the UV radiation and to the other external hazardous factors [START_REF] Williamson | Botrytis cinerea: the cause of grey mold disease[END_REF].

When climatic conditions are favourable, the sclerotium generates conidia or mycelium. However, it is also possible that sclerotium can induce the formation of the apothecium containing asci with ascospores (not frequently observed in nature) (Coley- [START_REF] Coley-Smith | Survival and germination of fungal sclerotia[END_REF][START_REF] Faretra | Sexual behaviour and mating system of Botryotinia fuckeliana, teleomorph of Botrytis cinerea[END_REF][START_REF] Beever | Taxonomic and genetic variation of Botrytis and Botryotinia[END_REF]. The ascospores are the product of meiosis and their role is to act as a source of inoculum for disease development. they may fertilise sclerotia, that likely serves as the female gamete [START_REF] Faretra | Sexual behaviour and mating system of Botryotinia fuckeliana, teleomorph of Botrytis cinerea[END_REF]Williamson et al 2007;[START_REF] Veloso | Many Shades of Grey in Botrytis-Host Plant Interactions[END_REF]. However, sexual reproduction is a very rare event and thus the mechanism has been poorly described. 

I.2.3. The infection process of Botrytis cinerea

The infection can occur when three factors are pooled concomitantly: the pathogen, the host and environment (Francl 2001). B. cinerea can survive in the vegetable debris in the form of mycelium, conidia and sclerotia that are the only form able to survive for a long time in the ground [START_REF] Klaus | Morphology and cellular organisation in Botrytis Interactions with plants in: Mechanisms involved in the biological control of Botrytis cinerea incited diseases[END_REF].

When the environmental conditions become favourable, conidia are produced, dispersed and they land on leaves where they can germinate in the presence of water [START_REF] Muvunyi | Induction de la résistance des carottes aux maladies post-récoltes par un traitement pré entreposage au moyen des rayons ultraviolets (UV-C): orientation des carottes au cours du traitement et nature de la résistance induite[END_REF]. Moreover, the sclerotia that are attached to nearby leaves on the ground, can also produce mycelium that will lead to an infection. The conidia and mycelium need to have an exogenous source of energy for their developments. For the development of the appressoria, specialized cells used for infecting the host plant, an exogenous source of energy is also needed (Figure 6) [START_REF] Kosuge | Exudates of grape berries and their effect on germination of conidia of Botrytis cinerea[END_REF][START_REF] Yoder | Factors affecting postharvest infection of stored cabbage tissue by Botrytis cinerea[END_REF][START_REF] Li | Biological control of blossom blight of alfalfa caused by Botrytis cinerea under environmentally controlled and field conditions[END_REF].

The germination of the conidia is more favoured in a nutrient medium than in water (Clark and Lorbeer 1977). In water, the germinate filament stops growing immediately after the appearance of the conidia's germ tube. However, this is not the case when conidia are in the presence of nutrients like glucose, fructose, galactose, because in these conditions, even the old conidia can also germinate [START_REF] Kosuge | Exudates of grape berries and their effect on germination of conidia of Botrytis cinerea[END_REF]Hewitt 1964, Clark andLorbeer 1977;Shiraishi et al 1970a, Edwards and[START_REF] Edwards | Selective media for the specific isolation and enumeration of Botrytis cinerea conidia[END_REF].

Another important factor favouring the infection of B. cinerea, is that the germ tube of conidia and mycelium are capable of penetrating the plant's surface, due to the secretion of hydrolytic enzymes, that cause cuticle lysis, or due to a pre-existing lesion (injury) in the plant host. The pathogen is then able to kill epidermal and underlying dermal cells [START_REF] Jarvis | Managing diseases in greenhouse crops[END_REF][START_REF] Muvunyi | Induction de la résistance des carottes aux maladies post-récoltes par un traitement pré entreposage au moyen des rayons ultraviolets (UV-C): orientation des carottes au cours du traitement et nature de la résistance induite[END_REF]. B. cinerea starts the infection on the quiescent leaves and is then able to expand up to the aerial parts of the plant and the fruits. The primary infection is defined by collapsing brown-coloured tissue and defined margins.

The infection progresses and the fungus becomes able to overcome the host's defence. In particular, the hyphae grow in a protrusive way and, as a secondary infection, induces the destruction of the plant tissue. The hypersensitive response of the plants to the invasion of the pathogen induces the death of the plant cells near the fungus infection. The problem with this kind of response is that it favours the development of B. cinerea because it is a necrotrophic fungus [START_REF] Govrin | The hypersensitive response facilitates plant infection by the necrotrophic pathogen Botrytis cinerea[END_REF].

Upon the death of the plant's cells, numerous compounds are secreted by the fungus: proteins, toxins, oxalic acid and reactive oxygen species (ROS). It has been proved that ROS are produced by both the fungus and the plant [START_REF] Temme | Does Botrytis cinerea ignore H2O2-induced oxidative stress during infection? Characterization of Botrytis activator protein 1[END_REF]. In particular, the generation of H2O2 (one kind of ROS) was observed in and around the cell wall of the penetrated host. Even if the plant is able to induce oxidative stress, the fungus is immune to it. When the lesion induced from the fungus causes tissue maceration, sporulation is also induced [START_REF] Van Kan | Licensed to kill: the lifestyle of a necrotrophic plant pathogen[END_REF].

The last factor to discuss that influences the fungus' infection is climatic and microclimatic conditions [START_REF] Latorre | Gray mold caused by Botrytis cinerea limits grape production in Chile Cien[END_REF]. In particular, humidity and temperature play an important role in the plant's infection and for the development of the disease. It was shown that at a temperature range between 15 and 25 °C that germination can occur [START_REF] Sirry | The effect of relative humidity on the germination of Botrytis spores and on the severity of Botrytis cinerea pers on lettuce[END_REF]Shiraishi et al 1970a;Shiraishi et al 1970b; [START_REF] Maygar | Botrytized wines[END_REF]. The development of noble rot starts when the fungus penetrates the ripe berries without any alteration of the fruit skin. Subsequently, the fungus decomposes the fruit skin that becomes porous with high water evaporation. This leads to an enzymatic maceration and an important increase in sugar concentration in the berries (the pourri rôti stage). This increasing sugar content stops the fungal development resulting in the berries of noble mold having the desirable aroma of the resulting sweet wine [START_REF] Negri | The Induction of Noble Rot (Botrytis cinerea) Infection during Postharvest Withering Changes the Metabolome of Grapevine Berries (Vitis vinifera L., cv. Garganega)[END_REF].

The production of these particular liquorous wines started in Hungary or Slovakia (Tokaj or Tokaji Moreover, as saprophyte it can survive on the seeds or on plant matter in the soil for long periods [START_REF] Bardin | Striking Similarities Between Botrytis cinerea From Non-agricultural and From Agricultural Habitats[END_REF]. Furthermore, B. cinerea is also dangerous because it infects crops pre-and postharvest. The fungal infection can even start before the harvest and can stay in a quiescent status for a long time, until the environmental conditions and changes in the host's physiology become favourable for fungal development and growth [START_REF] Droby | Post-Harvest Botrytis Infection: Etiology, Development and Management[END_REF][START_REF] Romanazzi | Botrytis cinerea (Gray Mold)[END_REF][START_REF] Hua | Pathogenic mechanisms and control strategies of Botrytis cinerea causing post-harvest decay in fruits and vegetables[END_REF] This pathogen is able to infect a lot of vegetables and small fruit crops such as tomato, apple, grape, potato and many others (Figure 7) [START_REF] Droby | Post-Harvest Botrytis Infection: Etiology, Development and Management[END_REF][START_REF] Romanazzi | Botrytis cinerea (Gray Mold)[END_REF]. The infection starts on the soft parts of the fruit tissue with the appearance of a dark spot. Depending on the light quantity, sporification can then develop from the site of infection. The infection can occur before harvest and can survive at a low storage temperature (0-5°C). A recent study from the FAO estimated that, with respect to the total amounts of fruits and vegetables produced worldwide, between 15 and 50% are lost at the postharvest stage, mainly because of B. cinerea.
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Moreover, it is also very complicated to estimate precisely the real cost of the loss due to this pathogen's infection. Fungicides and biocontrol treatments that have been designed to fight against 

I.3.1. Grapevine plantlets

Grapevine is one of the most cultivated fruit species in the world with a large economic impact and the main target of B. cinerea during its vegetative and fruit developments. Around the world, grapevine is mostly used for the production of wine but also for the production of juice, as well as fresh and dried fruit [START_REF] Torregrosa | Grapevine (Vitis vinifera L.)[END_REF]Figure 8). Among the multitude of grapevine varieties (around 6000 across the world and those listed in Table 5), three widely grown grapevine varieties: Sauvignon, Chardonnay and Merlot were chosen and investigated (clones grown in vitro) in our study. The Chardonnay and Sauvignon backgrounds are highly susceptible to the infection of B. cinerea whereas the Merlot variety is more resistant [START_REF] Galet | Les maladies et les parasites de la vigne Tome 1[END_REF][START_REF] Dry | Grapevine varieties[END_REF][START_REF] Marois | Bunch rots[END_REF][START_REF] Kogan | Integrated Pest Management: Historical Perspectives and Contemporary Devel-opments[END_REF][START_REF] Dubos | Maladies cryptogamiques de la vigne. Champignons parasites des organes herbaces et du bois de la vigne[END_REF][START_REF] Fermaud | Actualisation des connaissances sur la pourriture grise de la vigne : Nuisibilité et épidémiologie[END_REF].

Furthermore, these grapevine varieties are listed in the top 10 most cultivated and famous grapevines for wine production in the world (Anderson 2013).

I.3.2. Potato plant and culture

The other plant considered in this work is the potato plant (Solanum tuberosum). This plant species was chosen because it is one of the most important food crops in the world. Furthermore, it is a member of Solanaceae family as tomato (Solanum esculentum), already studied in the PEREINE laboratory (Guillaumot et al 2016). Nevertheless, in contrast to tomato plants, potato plants are not the favourite B. cinerea host.

Potato constitutes, grown in more than 100 countries that have a large range of climate conditions [START_REF] Hawkes | Origins of cultivated potatoes and species relationships[END_REF]. The total world potato production was estimated around 388,191,000 tonnes in 2017 (Figure 9) (FAOSTAT, 2019). The potato originated from Peru where some wild relatives still exist and represent a pool of genetic and morphological diversity [START_REF] Spooner | A single domestication for potato based on multilocus amplified fragment length polymorphism genotyping[END_REF]. 

I.3.2.1. Potato a staple food

The ever-increasing difference between cereal demand due to population growth and the reduction in wheat crop yield, has caused basic food shortages in many places around the globe. Thus, the potato tuber has become one of the main foods to the global population. It is highly nutritious and when it is fresh, the tubers are made up to 20 % of dry matter and 80 % water. Within this dry matter, there is fibre, protein, a small amount of fatty acids and 75 % starch. On top of these food types, the dry matter also contains minerals (magnesium, phosphorus and potassium) and vitamins (C, B1, B3 and B6) (Prokop and Albert 2008;[START_REF] Camire | Potatoes and human health[END_REF].

To guarantee a good yield of potato production, it is important to consider the factors that ensure the quality of this perennial plant. Other than plant infection by pests (see Table 6 and next section), the most important factor for determining a healthy potato growth is the climatic environment [START_REF] Monteith | Fundamental equations for growth in uniform stands of vegetation[END_REF]. In particular, the temperature is reportedly the primary factor that drives the phenotypical and morphological development [START_REF] Hodges | Predicting crop phenology[END_REF]. Another main factor that influences the phenological development of the potato is the temperature of the crop from the sunlight [START_REF] Ewing | Tuber formation in potato: Induction, initiation and growth[END_REF].

Additional factors such as the lack of water and the day-length can slow down the development in some plants. 
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I.4. Disease management

B. cinerea is characterized by its genetic variability that makes the control of the disease very difficult.

Moreover, since it is a saprophyte it can survive on the seeds or on plant matter in the soil for long periods [START_REF] Bardin | Striking Similarities Between Botrytis cinerea From Non-agricultural and From Agricultural Habitats[END_REF]). Many treatments have been used to fight off and control this fungus.

However, they are currently becoming inefficient due to the development of resistances. Some of the most important methods will be described in this section.

I.4.1. Plant prophylaxis to fight Botrytis cinerea

Many chemical and biological treatments are still used to fight off and control B. cinerea. However, they are becoming inefficient due to the development of resistance. Thus, the search for new treatments, respecting the environmental laws, is currently underway. The measures used in order to protect plants before the development of fungal infections are called prophylactic treatments [START_REF] Maloy | Plant Disease Management[END_REF]. Despite preventative treatments (control of temperature and humidity), fungal infection can still occur but in a lesser extent.

Concerning B. cinerea, the greenhouse prophylactic treatment is based on the elimination of quiescent leaves and infected organs. The fungus, being a necrotic plant pathogen, is thus unable to grow and develop a secondary infection [START_REF] Köhl | Competitive ability of the antagonists Ulocladium atrum and Gliocladium roseum at temperatures favourable for Botrytis spp. development[END_REF][START_REF] Dik | Epidemiology of Botrytis cinerea diseases in greenhouses[END_REF].

Other important methods to reduce the B. cinerea infection in greenhouses are the control of the number of plants per square metre and the removal of excess leaves. This can therefore allow optimal air circulation and thus, diminish humidity [START_REF] Daugaard | Effect of plant spacing, nitrogen fertilisation, post-harvest defoliation and finger harrowing in the control of Botrytis cinerea Pers. in strawberry[END_REF][START_REF] Decognet | Rapid change in the genetic diversity of Botrytis cinerea populations after the introduction of strains in a tomato glasshouse[END_REF]. It is also known that fertilization plays an important role limiting the fungal development [START_REF] Volpin | Influence of calcium nutrition on susceptibility of rose flowers to Botrytis blight[END_REF][START_REF] Elad | Reduced development of grey mold (Botrytis cinerea) in bean and tomato plants by calcium nutrition[END_REF][START_REF] Daugaard | Effect of plant spacing, nitrogen fertilisation, post-harvest defoliation and finger harrowing in the control of Botrytis cinerea Pers. in strawberry[END_REF]. Although this kind of treatment can be useful in agriculture, it is not enough to eliminate the diseases linked to B. cinerea. Therefore, other treatments are summarized below. 

I.4.2. Chemical treatments

Chemical treatments encompass the use of fungicides to fight against fungal plant pathogens. To this day, it remains an indispensable tool to ensure plant protection in order to have sufficient food supply for the ever-growing population. Moreover, the overuse of fungicides has led to the development of multi resistance in the fungus, thus rendering these fungicides ineffective [START_REF] Wang | Dicarboximide resistance in Botrytis cinerea in protected lettuce[END_REF][START_REF] Leroux | Mechanisms of resistance to fungicides in field strains of Botrytis cinerea[END_REF][START_REF] Kretschmer | Fungicide-driven evolution and molecular basis of multidrug resistance in field populations of the grey mold fungus Botrytis cinerea[END_REF]. A typical example of resistance to fungicides was observed with dicarboximides (iprodione, vinclozolin) [START_REF] Pommer | Resistance of Botrytis cinerea Pers. to dicarboximide fungicidesa literature review[END_REF]. Fungicides are grouped based on their mode of action: multi-site, oligo-site and uni-site (Figure 10). The action of the former is directly against multiple enzymatic systems (glycolysis enzymes, Krebs cycle enzymes and electron transport chain). Thanks to their large spectrum of action, these class of pesticides, including dithiocarbamates (mancozebe, manebe), phthalimides (captan, folpel) and chloro-nitriles (chlorothalonil), induce a lower risk of developing resistance. The oligo-site and uni-site fungicides are more specific and block one fungal metabolic pathway [START_REF] Brent | Fungicide resistance: the assessment of risk[END_REF]Leroux and Gardan 2003). In particular, they can act on the biosynthesis of the most important living molecules like carbohydrates, lipids, proteins and nucleic acids. Resistant strains are adapted to new environments that have regular treatments by fungicides, thus improving the biological characteristics of this strain [START_REF] Milgroom | Population genetics theory and fungicide resistance[END_REF]. This type of resistance is called acquired resistance and it is different to natural resistance that is already inborn in the fungus before the application of the fungicide [START_REF] Leroux | Patterns of cross-resistance to fungicides in Botryotinia fuckeliana (Botrytis cinerea) isolates from French vineyards[END_REF]Leroux et al 2013a;[START_REF] Zur Wiesch | Population biological principles of drug-resistance evolution in infectious diseases[END_REF].

Natural resistance is generated by the continuous mutations of sensitive strains.

Resistance is induced by the appearance of mutations in the fungus population treated by fungicides. B. cinerea characteristics (sexual and asexual reproduction, large host range, etc.) make it very resistant to fungicides. For this reason, large doses of fungicides are necessary to treat the infection and this causes environmental pollution [START_REF] Brent | Fungicide resistance: the assessment of risk[END_REF].

I.4.3. Biological pest control

To bypass the utilization of fungicides, another treatment to control the fungus' infection is needed.

In this context, a biological pest control that involves an active human management role is used and is a fundamental part of the integrated pest management (IPM) program [START_REF] Barzman | Eight principles of integrated pest management[END_REF].

This method is based, mostly, on the use of a microbial agent that can be in a competitive relationship with the harmful pathogen. Often the microbial agent used is an organism, such as a parasite, or a pathogen itself, which acts as a natural antagonist of the undesired pathogen. However, the biological pest control can show side-effects in biodiversity, particularly if the consequences of introducing another species in a predefined system is not evaluated. In order to determine the best biological pest protection, specific requisites are necessary. Firstly, knowledge of the pathogen's biology and of the microorganism used for the treatment is required. Secondly, the experiment must be repeatable in laboratory and finally, validation in real conditions must be performed. Moreover, such as for other treatments discussed in the next sections, the final objective of this kind of treatment is to reduce the presence of the pathogen or, at the very least, minimize its activity (Cook et Baker 1984). Other biological treatments include the use of mineral agents and plant oils to fight against B. cinerea. [START_REF] Nigro | Control of table grape storage rots by pre-harvest applications of salts[END_REF] showed the potential of nineteen salts on the control of B. cinerea development on post-harvest raisins. Calcium chloride, potassium carbonate, sodium bicarbonate and sodium carbonate were able to reduce the fungus incidence in vivo [START_REF] Nigro | Control of table grape storage rots by pre-harvest applications of salts[END_REF]. In another interesting study (Yildirim and Mericli Yapici 2007), food additives such as potassium sorbate, sodium benzoate, methylparaben, propylparaben and sorbic acid, showed strong inhibition on the mycelial growth and conidia germination in B. cinerea.
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I.4.5. Plant essential oils

Another method associated with biological pest control, in particular at post-harvest, involves the use of plant essential oils. These oils are extracts from plants and they show efficacy against microbial pathogens. The active ingredients are commonly aromatic substances such as flavonoids, phenols, alkaloids, sterols [START_REF] Burt | Essential oils: their antibacterial properties and potential applications in foods -a review[END_REF]. It has been demonstrated that the plant essential oils inhibit the mycelium growth of fungi [START_REF] Manohar | Antifungal activities of origanum oil against Candida albicans[END_REF][START_REF] Marin | Effect of essential oil sonzearalenone and deoxynivalenol production by Fusarium graminearumin non-sterile zedmaizegrain[END_REF][START_REF] Velluti | Impact of essential oils on growth rate, zearale-none and deoxynivalenol production by Fusarium graminearium under different Bibliography Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 147 temperature and water activity conditions in maizegrain[END_REF]Burgiel and Smaglowski 2008;[START_REF] Hadizadeh | Antifungal activity of essential oils from some medicinal plants of Iran against Alternaria alternata[END_REF]. Burgiel and Smaglowski (2008) described complete growth inhibition of B. cinerea on media with a 0.5 % addition of tea tree oil. Banani et al (2018) displayed the efficacy of thyme essential oils against B. cinerea on apple fruit. [START_REF] Hou | Effect of Phenolic Acids Derived from Rice Straw on Botrytis cinerea and Infection on Tomato[END_REF] reported the capacity of phenolic acids extracted from rice straw, to induce a strong inhibitory effect on B. cinerea. In conclusion, because of their reduced environmental toxicity, plant oils can be considered a good alternative to fungicides. However, while the probability to develop resistance in pathogens is reduced, it can still occur and this is a disadvantage of using plant oils against fungal pathogens [START_REF] Daferera | The effectiveness of plant essential oils on the growth of Botrytis cinerea, Fusarium and Clavibacter michiganense subsp[END_REF]. PDT has been successfully used to inactivate microorganisms such as bacteria, yeast and fungi and has thus been named antimicrobial photodynamic therapy (APDT or PDI Photodynamic Treatment Inhibitor). Since the 1990s, resistant Gram-negative bacteria could efficiently be killed by cationic charged PSs [START_REF] Hamblin | Oxygen-Independent Antimicrobial Photoinactivation: Type III Photochemical Mechanism?[END_REF]. Since then, it has been envisaged to be used against multidrug resistant microorganisms because this therapy does not lead to the development of resistance [START_REF] Maisch | A new strategy to destroy antibiotic resistant microorganisms: antimicrobial photodynamic treatment[END_REF][START_REF] Huang | Antimicrobial photodynamic inactivation and photodynamic therapy for infections[END_REF]. For this reason, APDT can be considered an alternative strategy for fighting plant pathogens. Furthermore, APDT applications have already been investigated from the field of medicine to the agricultural industry, including food and water decontamination [START_REF] Jori | Photosensitized inactivation of microorganisms[END_REF][START_REF] Luksiene | New approach to inactivation of harmful and pathogenic microorganisms by photosensitization[END_REF] 

I.5. Looking for an efficient alternative treatment for

I.5.2. Photosensitizers

In order to breakdown APDT and understand the potential of the PS, the mechanism of activation is described herein. This phenomenon was first described and explained by Jablonski and has thus explained by the Jablonski diagram (Figure 12) (Dabrowski et al 2016). Upon irradiation, the PS absorbs a photon and is excited from the ground state (S0) to an excited singlet state (S1). This state is unstable, so the PS can undergo two different pathways. On one hand, it is possible that it returns to its stable ground state, converting the energy into heat or light. The latter known as fluorescence. More specifically, PS can be divided into porphyrinoid and non-porphyrin molecules [START_REF] Issawi | Responses of an adventitious fast-growing plant to photodynamic stress: comparativee study of anionic and cationic porphyrin effect on Arabidopsis thaliana[END_REF].
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The difference between these two categories is that the porphyrinoid compounds consist of a tetrapyrrolic backbone whereas the other groups are represented by a variety of other structures. In this manuscript, only the porphyrinoid PS are taken into consideration: porphyrin and chlorin (Figure 15 and 18).

I.5.2.2. Tetrapyrrolic photosensitizers: porphyrins and chlorins

In this present manuscript, the biological applications of porphyrins and chlorins are developed.

I.5.2.3. Porphyrins

Porphyrin means "purple" in Greek, and these PS are among the most studied and well-known photosensitizers [START_REF] Milgrom | The Colours of Life: An Introduction to the Chemistry of Porphyrins and Related Compounds[END_REF]. They are intensely coloured compounds. The principal characteristic of porphyrins is their particular structure that consists of 4 pyrrole moieties bound together by methine bridges (Figure 13). These macrocycles are capable of binding metals in the center of the ring, via the nitrogen atoms.

When the porphyrin is metalated, the photophysical, photochemical and photobiological proprieties change. Porphyrins are characterized by a specific UV-Vis spectrum (from 400 nm to 800 nm). All porphyrins show a spectrum where a large intense band, the Soret band, is detected around 400 nm.

In the free base porphyrin, the Soret band is accompanied by four smaller band called Q-bands whereas the metalated derivatives only have two Q bands (Valicsek and Horvath 2013) (Figures 14). Sourced from [START_REF] Abrahamse | New photosensitizers for photodynamic therapy[END_REF].

The reason why bacteriochlorin is not commonly used is due to its tendency to undergo oxidation rapidly. The chlorin taken into consideration here is chlorophyllin (see structure in Figure 18). This PS is an approved food additive (E140 and E141) and it behaves like a typical PS; after light- Na + is the counter-ion
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I.5.2.5. Natural porphyrins and tetrapyrrolic pathway

Tetrapyrrolic pathways play an important role in biological systems. Products of these pathways are naturally occurring heme and chlorophyll. These two structures consist of a porphyrin and a porphyrin-type molecule (chlorin) in the active centre, respectively [START_REF] Battersby | Biosynthesis of the pigments of life: formation of the macrocycle[END_REF][START_REF] Senge | Conformational control of cofactors in naturethe influence of protein-induced macrocycle 490 distortion on the biological function of tetrapyrroles[END_REF]. Heme and chlorophyll also differ by the metal that they have in the centre. Chlorophyll has a Mg 2+ metal, whereas heme has a Fe 2+ (Figure 19).

The tetrapyrrolic pathway, that allows for the formation of heme and chlorophylls, is highly regulated.

This pathway and a part of this regulation is discussed in the publication below (Ambrosini et al.

2019 "How protoporphyrinogen IX oxidase inhibitors and transgenesis contribute to elucidate plant tetrapyrrole pathway"). In the third chapter, the response of B. cinerea to exogenous TPPS and Chl treatments was investigated under a 16-hour photoperiod and dark conditions. TPPS was chosen because encouraging results were already obtained on Arabidopsis and tomato plantlets (Guillaumot et al 2016; [START_REF] Issawi | Responses of an adventitious fast-growing plant to photodynamic stress: comparativee study of anionic and cationic porphyrin effect on Arabidopsis thaliana[END_REF]. More specifically, the anionic porphyrin tetra-4-sulfonatophenylporphyrin tetraammonium(TPPS) did not provoke any harmful effect on both plantlets, even at concentrations as high as 50 μM. However, cationic tetra(N-methylpyridyl) porphyrin, tested at 3.5 μM, inflicted harmful effects on both 14-day-old Arabidopsis and tomato plantlets.

Furthermore, TPPS is a synthetic molecule and we hypothesised that Chl, a natural water-soluble compound, could be a better candidate for future agricultural applications.

In chapter IV, the effect of TPPS was investigated on in vitro clonal grapevine plantlets (Vitis vinifera). Moreover, the experiments were conducted on three different varieties: Sauvignon, Chardonnay and Merlot because of their different susceptibilities to B. cinerea. The overall goal was to reproduce a "pathosystem prototype" in vitro by using a micromolar concentration of TPPS. This pathosystem was developed using detached grapevine leaves in contact with B. cinerea pre-treated

or not with TPPS. The results were reported at the end of chapter IV in the manuscript (submitted paper in Scientific Reports "Photodynamic inactivation of Botrytis cinerea by an anionic porphyrin:

an alternative pest management of grapevine).

However, in chapter V, the response of potato plantlets (Solanum tuberosum) to an exogenous supply of TPPS and Chl was measured. In this case, four different varieties were taken into consideration:

Bintje, Hinga, Grenadine and Laurette. The fact that different varieties of well-known plants were studied represents a milestone for this type of strategy. Furthermore, a pathosystem for potato was not developed in this work as it will be more interesting to investigate the effect of the APDT against a more common potato pest such as Alternaria solani. Both PS are perfectly water-soluble and thus, prepared in sterile and pure water to a final concentration of 1 mM. TPPS can be stored for two weeks and Chl that is unstable in solution, not more than few days. Both stock solutions are kept under dark conditions at 21 °C. TPPS was purchased from the company PorphyChem (Dijon, France) and Chl from the company Carl Roth (Karlsruhe, Germany).

II.2. Fungal material and culture

II.2.1. Botrytis cinerea strain

The strain of B. cinerea (UBOCC-A-117017) was collected and isolated from infected tomato plants.

This was provided by Dr Weill from the UBO Culture Collection, UBOCC-EDSIAB, Plouzané, France.

II.2.2. Botrytis cinerea mycelium growth curve on agar medium

The B. cinerea culture medium was potato dextrose agar (PDA purchased from Difco). After autoclaving (120 o C for 20 min), PDA was supplemented with or without TPPS in the concentration range of 0.5-3.5 µM or with 25 and 50 µM Chl, respectively.

To maintain the fungus growth or to follow PS effect on mycelium growth, a plug of 0.6 cm diameter of two-week old B. cinerea was placed in the middle of Petri dish containing PDA with or without PS at the desired concentration. Measurements of diameter of the circular mycelium growth were performed every day to draw the growth curves. For both PS, the growth was monitored under 16h photoperiod and dark conditions.

II.2.3. Botrytis cinerea spore isolation and germination

The culture medium for maintaining and germinating the spores was Potato Dextrose Broth (PDB), autoclaved at 120 o C for 20 min. 

II.2.3.1. Spore extraction

A plate containing at least two-week old B. cinerea was harvested by gently scraping the gel surface of the culture in the presence of 10-15 ml of 0.05 % solution of Tween 80. Sterile mini glass beads

(2 mm diameter) were added to the suspension that contained mycelium and spores. The suspension was vortexed for 10 seconds, 3 times. Subsequently, the suspension was filtered on a 40 μm nylon filter to remove the mycelium. Spore numeration was performed under Malassez cell and the enriched spore suspension was diluted in order to reach a concentration of 10 3 -10 5 spores.ml -1 .

II.2.3.2. Photodynamic treatment of TPPS on spore germination

To investigate TPPS potential inhibitory effect, the protocol described in Alasmari et al 2017 was followed and slightly modified. The experiment was conducted in vitro under a 4-hour illumination (photon flux density of at least 100 μmol.m -2 .s -1 ) with 3.5, 12.5 and 50 μM TPPS.

The extracted spores were suspended in a phosphate buffer (pH 7) in a small Petri dish (60 mm diameter), at a concentration of at least 10 4 spores.ml -1 , in a 4 ml final volume. Aliquots of 2 ml of spores suspension were mixed with the same volume of TPPS solution acquisition mode for TPPS and Chl localisation (excitation wavelength was 405 nm and the emission was detected at 640 nm) and under the channel mode for examination of mycelium and spores.

II.4.2. Environmental Scanning Electronic Microscopy on mycelium fungus and infected leaves

This experiment was performed to visualise TPPS effect on mycelium structure and/or pathosystem: 

II.5. Determination of enzymatic activities linked to ROS production

II.5.1. Extraction buffer composition A) For Botrytis cinerea

After grinding in liquid nitrogen, the fine powder of mycelium that contains total proteins was dissolved in 1 mL of extraction buffer containing 50 mM phosphate buffer pH 7.8, 1 mM 1,4dithiothreitol (DTT), 1 mM ethylene diamine tetra acetic acid, 1% (w/v) polyvinylpyrrolidone (PVP) and 10% (v/v) glycerol. This solution was centrifuged at 13,000 rpm for 20 minutes at 4°C. The protein concentration of the supernatant was determined according to Bradford (1976).

B) For plantlets

The protocol for the plant protein extraction was the same with the exception of extraction buffer that contains polyvinylpolypyrrolidone (PVPP) instead of PVP. PVPP inhibits interference between plant phenolic compounds and Bradford solution (Bio-Rad, France).

II.5.2. Superoxide Dismutase

The superoxide dismutase (SOD) activity protocol was performed for fungus and plants, in the absence of bathocuproine sulfonate (Guillaumot et al 2016). The standard curve was set so that the increase in absorbance at 560 nm was between 0.02 and 0.03 absorbance units per minute and was monitored for 5 min. One unit of SOD was defined as the amount of enzyme required for a 50 % inhibition of NBT reduction. Five μL of the enzyme extract were used and the SOD specific enzyme activity was determined according to the protein concentration of each sample.

II.5.3. Catalase

The measurement of catalase (Cat) was performed for fungus and plants, according to the protocol described by Guillaumot et al 2016. Rapidly, 20 μg of total soluble proteins were transferred to a 50 mM phosphate potassium buffer (pH 7.0). To start the reaction, H2O2 was added to a final concentration of 20 mM and the final volume was 1 mL. The measurement of absorbance at 240 nm was monitored for 3 minutes and the H2O2 disappearance was calculated using the slope of the linear portion of the resulting curve using a molar extinction coefficient of 43.6 M -1 .cm -1 .

II.5.4. Guaiacol Peroxidase

As this enzyme activity is only described for plants, it was conducted on in vitro plants roots or aerial parts, according to the protocol described by Guillaumot et al 2016. The guaiacol peroxidase activity (GPX) was monitored at 436 nm. The increase in the absorbance is due to the formation of tetraguaiacol. For each sample, 10 μg of total soluble proteins were transferred to 50 mM phosphate potassium buffer (pH 7) and supplemented with 0.25% guaiacol (5% stock solution in 95% ethanol w/v). To start the reaction, H2O2 was added to a final concentration of 2.5 mM and the absorbance was monitored for 2 minutes. Molar extinction coefficient used for the calculation is of 25.5 mM -1 .cm -1 .

II.6. Hydrogen peroxide quantification

The measurement of hydrogen peroxide (H2O2) was always performed on fresh samples according to Guillaumot et al (2016). Fresh mycelium or plants (roots or aerial parts) are grounded in liquid nitrogen. 1 mL of extraction buffer was then added to the samples and the homogenates were centrifuged at 13,000 rpm at 4 °C for 20 min. As H2O2 reacts with an acidic solution of titanium (III) sulfate (Ti2(SO4)3) to form pertitanic acid (TiO(H2O2) 2+ ), 335 μL of 0.1% titanium III sulfate (v/v) in a solution of 20% (w/v) H2SO4, was added to the mixture. The absorbance was then read at 415 nm.

H2O2 amounts were expressed as nM.g -1 protein.
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II.7. Lipid peroxidation and MDA assay

This test was based on the determination of malondialdehyde (MDA) content. Approximately, 150 mg of fresh or frozen fungus or plants (roots or aerial parts), were grounded in liquid nitrogen. 1.5 mL of 20% (w/v) TCA was added to the powder. The mixture was centrifuged for 20 min at 13,000

rpm at 4 °C. The following procedure was performed in haemolysis tubes. For each sample, 0.5 ml was added to either 0.5 ml 20% TCA (-TBA) or 20% of TCA supplemented with 0.5% thiobarbituric acid (+TBA). These samples were transferred into a water bath for 30 minutes at 95 °C. Afterwards, the samples moved on ice to cool. Optical densities were determined at three wavelengths: 440, 532 and 600 nm, respectively. The peak at 400 nm is due to the possible presence of porphyrin in the extract and subsequent interference with absorbance readings (Guillaumot et al 2016)

1) [(Abs 532+TBA-Abs 600+TBA) -(Abs 532-TBA-Abs600-TBA)] =A.

2) {[(Abs 440+TBA -Abs 600+TBA) -(Abs 440-TBA -Abs 600-TBA)] 0.0571} = B.

3) MDA equivalents (nmol.ml -1 ) = [(A -B)/157,000].10 6

II.8. Proline content determination

250 mg of the mycelium were grounded at 4 o C in 1.5 mL of 5% (w/v) 5-sulfosalicylic acid (SSA).

After centrifugation at 13,000 rpm for 15 min at 4 o C, 0.2 ml of the supernatant was mixed with 0.8 ml of 1% (w/v) ninhydrin in 60% (v/v) acetic acid. The samples were incubated at 100 o C for 20 min and were allowed to cool to room temperature before the addition of 1 mL toluene. After a 4 h incubation at room temperature, the upper organic phase was isolated, collected and the absorbance was read at 520 nm. A standard curve was established with proline and the content was expressed in μmol g -1 fresh weigh.

II.9. Total thiol Assay

After liquid nitrogen grinding, 1 ml of 0.2 N HCl was added to 100 mg of mycelium powder or plants (roots or aerial parts), the mixture was vigorously vortexed and kept on ice. A centrifugation at 13,000

rpm at 4 °C for 20 minutes was then performed. Afterward 500 μL of the extract solution were neutralized with 400 μL NaOH (0.2 M) and 50 μL NaH2PO4 (0.2 M). 700 μL of 0.12 M NaH2PO4, 6 mM EDTA and 0.1 mL of 6 mM Dithiobis 2 nitro benzoic acid (DTNB) were added to 200 μL extract.

For standards, the extract was replaced by 0, 5, 10, 25 and 50 μg.mL -1 glutathione (total volume 1 mL). The absorbance at 412 nm was read 5 minutes after the addition of standard or extract.

II.10. Cellular leakage of Botrytis cinerea

The protocol was modified from Lunde and Kubo, 2000. Cellular leakage is determined by quantifying the intracellular component's release to the medium from washed cells by a simple spectrophotometry method. Four plugs of 4-day-old mycelium were transferred into 40 ml of PDB solution for at least one week to grow. 1.5 g of fresh fungus were then weighed, washed 3 times with PBS solution and incubated with a fresh solution of 20 mL PDB solution, containing two different concentrations of TPPS (1.5 and 3.5 μM). The new tubes were incubated in agitation at least for one hour under dark conditions. Subsequently, the fungus in solution was removed by centrifugation (10 min, 10,000 rpm) and absorbance of supernatant was read at 260 and 280 nm.

II.11. Modification of pH medium by Botrytis cinerea extracellular secretion

Aqueous stock solutions of 1 mM TPPS were prepared in two different pH ranges: 5.5 and 10.8. From The pH of the different mixtures (control, 1.5 and 50 μM TPPS) was measured before and after adding the fungus plugs. After incubation, the fungus plugs were removed prior to UV-Vis spectrum determination.

II.12. Statistical Analysis

All biological experiments were performed at least three times independently. Results were expressed as a mean ± SD (Standard Deviation). The data were analysed by t-student test and one-way ANOVA using the PAST free software.
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Chapter III. Photoactivation and inhibitory effect of TPPS and Chl on Botrytis cinerea

In this chapter, the effects of TPPS and Chl on B. cinerea were studied. Both PS were tested on the growth of B. cinerea myceliun under a 16 h photoperiod and dark conditions. Moreover, the TPPS efficacy was also investigated on spore germination. This is considered as a sine qua non step to develop our strategy.

III.1. Results

III.1.1. TPPS and Chl effect on Botrytis cinerea mycelium growth

The growth curve of B. cinerea was constructed using three different concentrations of TPPS (0.5, 1.5 and 3.5 μM) under a 16 h photoperiod and dark conditions.

A low concentration of photoactivated TPPS (0.5 µM) induced a delay in the mycelium growth, whereas 1.5 μM of photoactivated TPPS completely inhibited the growth of the B. cinerea mycelium (Figure 23). Therefore, this concentration represents the minimum fungicidal concentration (MFC).

Furthermore, under dark conditions, the growth of the treated mycelium and control were identical.

This thus suggests that TPPS, under dark, did not interfere with the growth and was not cyto-or genotoxic for fungal cells. Overall, TPPS, tested at 1.5 µM, seems to be a very efficient fungicide.

According to our previous works on Arabidopsis and tomato plantlets that are insensitive to 50 µM TPPS, this was very encouraging to defend the PDT strategy against fungus without alteration of plant growth (Guillaumot et al 2016;[START_REF] Issawi | Responses of an adventitious fast-growing plant to photodynamic stress: comparativee study of anionic and cationic porphyrin effect on Arabidopsis thaliana[END_REF]. Thus, it was decided to continue to work with TPPS to validate our approach even if it is not a natural PS.

The same test procedure was carried out for a natural PS, Chl, at 25 and 50 μM. Surprisingly, in presence of 25 μM Chl, the growth of the fungus slowed down and after the four day culture, it restarted to grow suggesting a degradation of photoactivated Chl in the medium (Figures 2324).

Furthermore, Chl tested at 50 µM was able to inhibit the fungus growth (Figures 2223). Even if this was a very high concentration compared to the MCF of TPPS, it was considered that the photoactivated Chl was very promising. This is because of its ability to inhibit fungus growth and the fact that it is a naturally occurring PS. Moreover, it was observed that under dark conditions, the fungal growth was very slightly slowed down in both 25 and 50 µM Chl (Figure 24) Plugs isolated from a 14-day-old culture were placed in the centre of the Petri dish containing or not the PS. Petri dishes were placed under a 16h photoperiod (light) or under dark conditions.

Different concentrations of TPPS (0.5, 1.5 and 3.5 μM) (left) and Chl (25 and 50 μM) (right) were tested. Petri dishes were photographed after 4 day-culture.

In order to construct the growth curve, the diameter of the fungus was measured daily, starting from 0.6 cm. As shown by the growth curve of the control under light and even under dark conditions (Figure 22), the fourth day corresponded to the end of the exponential growth phase. Therefore, all further investigations were conducted with 4-day-old B. cinerea mycelium. 

In mycelium

The two PS had effects on the growth of B. cinerea. TPPS induced a dramatic effect on the mycelium's growth curve whereas Chl slows down the growth. Therefore, it was decided to visualise the PS in the B. cinerea mycelium and spores by confocal microscopy. In previous work on tobacco plant cells (TBY-2 cells), where TPPS was the most efficient cell killer, it was mainly found in plant cell walls [START_REF] Issawi | Crossing the First Threshold: New Insights into the Influence of the Chemical Structure of Anionic Porphyrins on Plant Cell Wall Interactions and Photodynamic Cell Death Induction[END_REF]. From these findings, a similar localisation of TPPS was expected in the fungal cell wall even if the cell wall composition is completely different to that of the plant cell wall.

The samples used for the mycelium were a culture of B. cinerea cultivated on PDA containing 3.5 μM TPPS or 50 μM Chl. Surprisingly, TPPS and Chl were found in the cytoplasm of four-day-old mycelium cells without any specific cytoplasmic localisation (Figure 24). Scale bar is 20 μm.

III.1.2.2. In spores

According to literature, after 4-6 h of inoculation, the spores were swelling and after approximately 10 hours, the germ tube appeared (Figure 25; [START_REF] Gull | Fine Structure of Spore Germination in Botrytis cinerea[END_REF]).). from [START_REF] Gull | Fine Structure of Spore Germination in Botrytis cinerea[END_REF].

The isolated and counted spores (~10 3 -10 5 spores.ml -1 ) were incubated under dark conditions in 10 µM of both PS. The incubation with PS was performed for at least 16 hours (cf mat and meth). TPPS was located in cell wall and inside cell whereas Chl was mainly localized in the spore cell wall (Figure 26). It was hypothesised that the charge of the PS : negative for TPPS and Chl at physiological pH, determines the localisation of the PS in the fungal cells.

Ph

Spore labelling was followed up by the study of germinating spores in PDB and confirmed dormant spore labelling for both PS (Figure 27). This is particularly true for Chl that is not localised inside the cell wall of young hyphae generating by germinating spores (Figure 27). The mycelium treated with TPPS, under a 16 h photoperiod, is stressed thus producing spores and characterised by different hyphae widths (Table 7). In presence of TPPS, the hyphae shows a reduced width. For the mycelium treated with 1.5 μM TPPS, there is a 71 % reduction in width whereas the mycelium treated with 3.5 μM TPPS displays a 69 % reduction. Furthermore, the hyphae appear less organized in terms of structure and produce spores (see submitted paper). Control 1.5 μM TPPS 3.5 μM TPPS 4.7 + 0.9 µm 1.36 + 0.4 µm 1.45 + 0.2 µm

Table 7: Widths of B. cinerea hyphae in control and TPPS conditions.

Results are the average widths from three independent experiments ± sd.

III.1.3.2 PDT with TPPS on spores germination

Preliminary germination test: development of the system

Three increasing concentrations of TPPS: 3.5, 12.5 and 50 μM TPPS; were taken in consideration for evaluating the capacity of TPPS to inhibit the germination of spores. As seen previously, the MFC is 1.5 µM TPPS for mycelium. However, this concentration is not reported as it does not exhibit any show effect on the spore germination. The extracted spores were then suspended in phosphate buffer and left for 4 hours under light conditions (cf mat and meth for further details).

After 4 hours of incubation with TPPS (or without in the control), 100 μl samples from each condition were transferred and streaked on PDA-Petri dishes. The spore colony appearance and their number (CFU) were determined and evaluated related to control. Only 7 % colony reduction was determined for sample treated by 3.5 μM TPPS, a significant reduction was observed for the two other TPPS treated samples: 12.5 % reduction for 12.5 µM TPPS and 50 % for 50 μM TPPS, respectively suggesting a strong TPPS stress interfering with germination (Figure 29). This latest result is of interest for the proposed APDT strategy because of the inhibitory effect of TPPS on B. cinerea spore germination.

Chapter CFU were determined as described in mat and meth. The number of spore colonies was determined for 3.5 ,12.5 and 50 μM TPPS under illumination. Results are the mean of three independent experiment ± sd.

III.1.4. ROS production and mycelium response at biochemical level conducted on the mycelium of Botrytis cinerea under light conditions

The first test carried out was the determination of the proline content. Proline can act as a singlet oxygen quencher as well as a free radical scavenger (Guillaumot et al 2016). The proline content was assayed as an indicator of general stress response in living cells and as a marker of oxidative stress too. As expected, in response to stress induced by photoactivated TPPS, the proline content increased (Figure 30a).

To gain insight of the fungal response to photodynamic treatment in presence to TPPS, total thiol assay was performed. Even after a 0.5 µM TPPS treatment, a dramatic total thiol content decrease was noticed, suggesting at a biochemical level, a strong stress not observed at phenotypical level (Figures 30a andb). As both assays (proline and thiol contents) demonstrated a strong stress undergone by TPPS treatment on B. cinerea mycelium, it was decided to deeply explore the response induced by photodynamic stress generated by photoactivated TPPS.

MDA assay was conducted to investigate lipid peroxidation due to TPPS photoactivation. The decline in cellular function was greatly linked to lipid peroxidation that significantly increased after treatment with 1.5 µM TPPS. This could also explain why mycelium growth alteration was not observed for 0.5 µM TPPS treated mycelium whereas thiol content decreased (Figures 30b and31b).

As photoactivation of TPPS implied ROS production and especially H2O2 production, the production of this specific ROS species was quantified in the fungus' mycelium. The choice to measure H2O2 production is due to its stability, compared to other ROS, and its ability to diffuse into cells. The increasing amount of H2O2 in treated B. cinerea indicates that TPPS undergoes type 1 reaction to form H2O2 (Figure 31a).

Another side of the fungal ROS defence arsenal against oxidative burst concerns the enzymes such as catalase (Cat) and superoxide dismutase (SOD). A Cat activity was detected in 0.5 µM TPPS treated mycelium but not in that of 1.5 µM TPPS (data not shown). SOD, enzymes that catalyse the dismutation of the superoxide radical anion to produce molecular oxygen (O2) and H2O2, SOD enzyme activity never changed either in the control or in TPPS-treated mycelium (Figure 31c). Thus, it appears that there was no production of the superoxide radical anion. 

III.2. TPPS effect on Botrytis cinerea mycelium under dark conditions

TPPS did not seem to influence mycelium growth under dark conditions. Indeed, the treated fungus in the presence of TPPS (0.5-3.5 μM) grew as the control (Figures 21 and22). However, some unexpected results were obtained on TPPS treated mycelium under dark conditions that were developed in this section.

III.2.1. Mycelium phenotype analysis under dark conditions

The 4-day-old fungus was observed under ESEM and the fungus structure appeared modified even from low TPPS concentrations (Figure 32, table 8). In contrast to light conditions, the hyphae width increased under dark conditions (Table 8).

Surprisingly, no photo-activated TPPS induced a stress that caused changes in the structure of the fungus hyphae. The effect did not seem to depend on the concentration of TPPS, but rather on its presence. Further experiments are required to confirm the hypothesis that TPPS can alter the form of the B. cinerea hyphae.

Control

1.5 µM TPPS 3.5 µM TPPS 10 µM TPPS 4.4 + 0.8 µm 6.03 + 1.3 µm 5.9 + 1.12 µm 6.0 + 1.6 µm 

III.2.2. The fungus mycelium grown in darkstress or not?

In order to evaluate the stress that caused these structural variations, biochemical assays were conducted. To monitor the general response of the fungus to abiotic stress, proline and total thiol contents of 4-day-old B. cinerea mycelium under dark conditions were measured (Figure 33). 

III.2.2.1. Cellular leakage of Botrytis cinerea

To further investigate this stress, it was decided to measure the cellular leakage. The hypothesis from this experiment was that the fungus, after a 1-hour incubation with 1.5 and 3.5 µM TPPS, became stressed. Thus, releases nucleotides mainly detected at Abs 260 nm and proteins at Abs 280 nm into the medium (Figure 34). The fungus secreted in medium both nucleotides and proteins suggesting a leak from cells in response to TPPS presence. 

III.2.3. TPPS and Botrytis cinereaan investigation of different pH levels in dark conditions

Accidentally, it was observed that when the mycelium plugs were in contact with a diluted TPPS solution, the solution changed colour from brown to green suggesting an acidification of the medium.

From previous work, it was known that the colour of the TPPS solution depends on pH and becomes green (protonated form) at acidic pH (Leroy-Lhez et al 2019; [START_REF] Issawi | Crossing the First Threshold: New Insights into the Influence of the Chemical Structure of Anionic Porphyrins on Plant Cell Wall Interactions and Photodynamic Cell Death Induction[END_REF].

After cultivating B. cinerea for 4 days and at least 15 days under dark, 4 plugs of 0.6 cm were collected from the Petri dishes and discarded into diluted TPPS solutions. More specifically, these solutions were prepared by diluting the acidic (pH 5.5) and basic (pH 10.8) TPPS stock solution (1 mM)

Behaviour of Botrytis cinerea mycelium in acidic pH

Four plugs of 4-day or 15-day-old B. cinerea were added into the diluted acidic solutions of TPPS.

The solutions changed from dark brown to two different colours: lime green (4-day-old) and purple (15-day-old) (Figure 36). These colour changes were linked to the acidification of the medium which led to the protonation of TPPS for 4-day-old mycelium (Figure 36). However, an unexpected result was obtained for the 15-day-old mycelium where the fungus was able to slightly increase the pH of the solution (Figure 35-36, Table 9). pH was measured before and after fungus addition in medium containing two TPPS concentrations (1.5 and 50 µM).

According to Leroy-Lhez et al 2019, the UV-vis spectra were monitored for both the lowest and highest concentrations of TPPS. Prior to measuring the UV-Vis spectra, the fungi plugs were removed (Figure 37). In the case of the 4-day-old fungus, a shift of the Soret band of the TPPS that suggests its protonation was observed for both concentrations (1.5 and 50 μM) (Figure 37). However, this was not the case in the 15-day-old B. cinerea where a slight protonation was observed in the 50 μM TPPS acidic solution (Figure 37, table 9).

In conclusion, an acidification of the medium was observed by 4-day-old B. cinerea but not in the case of 15-day-old fungus. This specific result of the 15-day-old fungus has never been reported in the literature and need to be further explored in the future.

a b c d

Behaviour of Botrytis cinerea mycelium in basic pH

The pH of the porphyrin stock solution was adjusted by adding a drop of 1 M NaOH solution to achieve a pH of 10.8. From here, the dilutions shown in Figure 37, were made. Four plugs of 4-day-old or 15-day-old B. cinerea were added into the dilutions of the basic solution of TPPS (pH 10.8). These solutions changed colour from purple to lime green when 4-day-old mycelium plugs were added to the solution (Figure 37b). Nevertheless, with 15-day-old mycelium, the colour of the solution stayed purple as the control without mycelium (Figure 37a and c, Table 10). pH was measured before and after fungus addition in medium containing two TPPS concentrations (1.5 and 50 µM). Four plugs from 4-day or 15-day-old B. cinerea grown under dark conditions were added to the solution for 1 hour.

Also, in this case, the UV-vis spectra were measured from the lowest to the highest concentration of TPPS. The highest concentration had to be diluted by a factor of 10 and prior to measuring the UV-Vis spectra, the fungi plugs were removed (Figure 39). 

III.3. Discussion

As discussed in the introduction, there are many different biological and chemical methods used to fight against B. cinerea. None of them are 100 % efficient and some generate fungus multiresistance. Moreover, all these measures are a burden for the agronomical economy costing more than €1 billion ever year [START_REF] Dean | The top 10 fungal pathogens in molecular plant pathology[END_REF][START_REF] Hahn | The genome of Botrytis cinerea, a ubiquitous broad host range necrotroph[END_REF][START_REF] Romanazzi | Botrytis cinerea (Gray Mold)[END_REF].

Therefore, in the fight against B.cinerea, a new more cost-effective treatment is needed. In this context, APDT is thought to be a new and valuable strategy that should not induce multiresistance of fungus.

APDT and studies on other fungi

APDT against fungi has already been reported in literature. For instance, a porphyrin and potassium iodide adjuvant co-encapsulated in micelles, methylene blue psoralen and riboflavin were able to efficiently inactivate fungi like Candida albicans [START_REF] Sousa | Photodynamic Inactivation of Candida albicans in Blood Plasma and Whole Blood[END_REF][START_REF] Castro | Efficient photodynamic inactivation of Candida albicans by porphyrin and potassium iodide co-encapsulation in micelles[END_REF]. Before this, an aluminium phtalocyanine chloride nano-emulsion was investigated for its effectiveness against Candida albicans and Candida tropicalis [START_REF] Rodrigues | Photodynamic inactivation of Candida albicans and Candida tropicalis with aluminum phthalocyanine chloride nanoemulsion[END_REF]. In another study concerning methylene blue by itself, it was able to kill the Colletotrichum abscissum fungus and proved to be harmless against plant organs; in addition, this treatment did not induce any secondary resistance [START_REF] Gonzales | Photodynamic inactivation of conidia of the fungus Colletotrichum abscissum on Citrus sinensis plants with methylene blue under solar radiation[END_REF]. Also, Colletrichum acuratum and Aspergillus nidulans were inactivated photodynamically by coumarins, furocoumarins and phenothiazinium [START_REF] De Menezes | In vitro photodynamic inactivation of plant-pathogenic fungi Colletotrichum acutatum and Colletotrichum Gloeosporioides with novel phenothiazinium photosensitizers[END_REF][START_REF] Heilig | Consequences of rapid population growth[END_REF][START_REF] Fracarolli | Inactivation of plantpathogenic fungus Colletotrichum acutatum with natural plant-produced photosensitizers under solar radiation[END_REF].

TPPS as a good candidate to fight against Botrytis cinerea

As seen above and until now, very few studies including APDT and B. cinerea have been performed [START_REF] Imada | Antifungal effect of 405-nm light on B. cinerea[END_REF]. As a first and key step, an efficient PS able to kill fungus, without altering plant development, must be identified. According to our results on the B. cinerea strain, this PS is the anionic porphyrin TPPS that inhibits mycelium growth with a MFC of 1. The only inherent defect of TPPS remains its chemical origin which explains the interest towards a natural PS: chlorophyllin that is also presented in this work. However, the concentration that inhibits the fungus growth is 50 µM which is far more than the MCF of TPPS. It was hypothesized that it could be due to the rapid degradation of Chl in the fungus growth medium. This hypothesis was considered because experiments determining the photostability of Chl in water and in PDB were conducted (data not shown). After 24 hours, Chl is almost completely photodegraded.

Effect of light on Botrytis cinerea growth

APDT is based on the use of UV-visible light. Therefore, it is of importance to take into account the general effect of light on B. cinerea growth. Fungi can sense light and use it to prepare themselves against stressful conditions in its environment [START_REF] Schumacher | How light affects the life of Botrytis[END_REF][START_REF] Dias | Outcome of blue, green, red, and white light on Metarhizium robertsii during mycelial growth on conidial stress tolerance and gene expression[END_REF].

Previous studies showed that B. cinerea has a large absorption spectrum, spanning from the near-UV to the far IR region [START_REF] Kumagai | Blue and near ultraviolet reversible photoreaction in conidial development of the fungus, Alternaria tomato[END_REF][START_REF] Tan | Effect of light on growth and sporulation of Botrytis cinerea[END_REF][START_REF] Tan | Ultraviolet-absorbing compounds associated with sporulation in Botrytis 1383 cinerea[END_REF][START_REF] Tan | Interaction of near-ultraviolet, blue, red, and far-red light in sporulation of Botrytis cinerea[END_REF][START_REF] Suzuki | Locus of blue and near ultraviolet reversible photoreaction in the stages of conidial development in Botrytis cinerea[END_REF][START_REF] Suzuki | Inhibitory loci of both blue and near ultraviolet lights on lateraltype sclerotial development in Botrytis cinerea[END_REF]. Asexual and sexual reproduction are also regulated by light and the presence of light favours conidia formation whereas the absence (dark conditions), favours sclerotia development. However, rather surprisingly, a larger number of conidia is formed in cultures that are cultivated in light-dark cycles, than in constant light. This phenomenon shows that also the dark has an importance for the conidiation.

However, the dark-pigmented sclerotia do not seem to induce a switch between the two types of reproduction whereas sclerotia is able to generate mycelium and conidia. The latter can produce microconidia and when these conidia have the female gametes, they encounter the male gametes of sclerotia. Upon illumination, these two gametes undergo sexual reproduction to form apothecia [START_REF] Faretra | Sexual behaviour and mating system of Botryotinia fuckeliana, teleomorph of Botrytis cinerea[END_REF].

The effect described herein is generated after exposure to daylight or white light, but it is interesting to also understand the power that a specific wavelength can have on the pathogen and in particular, on the conidia development [START_REF] Tan | Red-far/ red reversible photoreaction in recovery from blue light inhibition of sporulation in Botrytis cinerea[END_REF][START_REF] Tan | Ultraviolet-absorbing compounds associated with sporulation in Botrytis 1383 cinerea[END_REF]. Specifically, UV light alone allows conidia development, and this is not the case under blue light irradiation.

Under this type of light, the formation of sclerotia does not occur [START_REF] Suzuki | Locus of blue and near ultraviolet reversible photoreaction in the stages of conidial development in Botrytis cinerea[END_REF][START_REF] Suzuki | Inhibitory loci of both blue and near ultraviolet lights on lateraltype sclerotial development in Botrytis cinerea[END_REF]. However, if B. cinerea is exposed to far-red light after being exposed to blue light, the conidia can start to develop once again (Figure 40). Whereas, if blue light illumination is followed by red light exposure, conidiation does not occur [START_REF] Tan | Red-far/ red reversible photoreaction in recovery from blue light inhibition of sporulation in Botrytis cinerea[END_REF][START_REF] Tan | Interaction of near-ultraviolet, blue, red, and far-red light in sporulation of Botrytis cinerea[END_REF]. Despite this, green light can prevent mycelial growth and conidial germination [START_REF] Zhu | Exploitable regulatory effects of light on growth and development of Botrytis cinerea[END_REF]. 

Effect of TPPS under dark conditions

Surprisingly, TPPS did not delay mycelium growth under dark conditions. However, the structure of the TPPS treated fungus was altered and larger than the control under ESEM analysis. The width of the control was 4.4 µm and 6 µm for the treated. Overall, it appeared that the effect does not depend on the concentration of TPPS, but rather on the presence of this porphyrin. Under dark conditions, TPPS becomes protonated in its inner core because of medium acidification by mycelium cells. Moreover, the presence of the porphyrin induces an increased production of proline and total thiols and an increase in nucleotide and proteins secretion into the medium (called cell leakage). All of this data confirm that the fungus is under stress. It has been reported that fungal pathogens have the capability to modulate their environmental pH in order to escape the immune responses of their host and in an effort to destroy their host (Manteau et al 2004). In particular, at pH 5.5, multiple organic molecules such as oxalic acid and polysaccharides, or enzymes such as polygalacturonase and laccases are secreted by the fungus and can change the extracellular pH medium [START_REF] Manteau | Differential regulation by ambient pH of putative virulence factor secretion by the phytopathogenic fungus Botrytis cinerea[END_REF][START_REF] Vylkova | Environmental pH modulation by pathogenic fungi as a strategy to conquer the host[END_REF]. B. cinerea, in particular, uses a defence strategy based on the acidification of its environment with the production of organic acids, such as oxalic acid or citric acid [START_REF] Rolland | pH controls both transcription and post-translational processing of the protease BcACP1 in the phytopathogenic fungus Botrytis cinerea[END_REF]. This can explain why the anionic porphyrin TPPS was protonated and showed a different structure, highlighted by its UV-Visible spectrum. From the colour changes, pH measurements and UV-vis spectroscopy, it appears that the 15-day-old fungus can somehow deprotonate the porphyrin in acidic solution. To our knowledge, this is the first reported scenario where a fungus can deprotonate the porphyrin in acidic media. B. cinerea changes its environment from an acidic pH to basic one.

Chlorophyllina natural PS with lots of promises for the future

According to previous results presented above, the study of Chl on B. cinerea must be carefully continued. Furthermore, as shown by confocal microscopy analysis, Chl is only localised and retained in the spore cell wall and not found in hyphae. It was hypothesised that this could be one of the reasons why Chl (25 μM) only limits mycelium growth under illumination. Thus, Chl is a very promising and interesting PS that will be able to limit the fungal infection. To clarify the real power of Chl further investigations are planned.

III.4. Conclusion

So far, these promising results, in particular under light conditions, have been obtained in vitro.

Also, the experiments discussed in this chapter should be done in a greenhouse and in fields to determine the real potential and efficacy of PS against B. cinerea. On one hand, it was impressive that at a low µM concentration of TPPS, was so effective against our strain of B. practices. On the other hand, it was so interesting the capability of the natural PS to limit the growth of the strain. From here, it should be envisaged to use the other kinds of PS to fight against this pathogen. To conclude, it would also be interesting to further investigate the potential of TPPS under dark conditions. The results obtained give hope to be able to find the right balance between PS and light to moderate the aggressiveness caused by B. cinerea on plants.
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Chapter IV: Photoactivated TPPS effect on grapevine varieties: Chardonnay, Merlot and Sauvignon

In chapter III, the potential of photoactivated TPPS against the mycelium and spores of B. cinerea was demonstrated, suggesting that TPPS was a very good candidate for a potential APDT application.

An important preliminary result was the effect of a low micromolar TPPS concentration (MFC = 1.5 µM) on mycelium growth. This was an excellent start for a future APDT in agriculture. Thus, we decided to study a woody and perennial plant species: grapevine (Vitis vinifera) that represents one of the major targets of B. cinerea. In this chapter, we worked on three widely grown grapevine varieties: Sauvignon, Chardonnay and Merlot (clones grown in vitro, cf mat and meth). As previously mentioned in the introduction (section I.3.1.3.), Chardonnay and Sauvignon backgrounds could be considered highly susceptible to the infection of B. cinerea which is contrary to the Merlot variety [START_REF] Galet | Les maladies et les parasites de la vigne Tome 1[END_REF][START_REF] Dry | Grapevine varieties[END_REF][START_REF] Marois | Bunch rots[END_REF][START_REF] Kogan | Integrated Pest Management: Historical Perspectives and Contemporary Devel-opments[END_REF][START_REF] Dubos | Maladies cryptogamiques de la vigne. Champignons parasites des organes herbaces et du bois de la vigne[END_REF][START_REF] Fermaud | Actualisation des connaissances sur la pourriture grise de la vigne : Nuisibilité et épidémiologie[END_REF]. Furthermore, one of the aims of this work was to focus on the notion of variety and their response to the same TPPS treatment.

Therefore, this chapter is divided into three main parts: the first one targets the basic study of the three clonal varieties at the phenotypical and biochemical level, the second part concerns how they react to the presence of TPPS under a 16 h photoperiod and the third part, the development of the desired pathosystem (detached grapevine leaves/B. cinerea mycelium treated or not by TPPS). This last part is in the form of the submitted paper "Photodynamic inactivation of Botrytis cinerea by an anionic porphyrin: an alternative pest management of grapevine". At the time that this thesis was written, this paper was currently under revision in Scientific Reports.

Finally, it is important to note that in the beginning of this PhD work, the Chardonnay clone was the only available in the laboratory and more assays were conducted on it and presented in the last part of this chapter as supplementary results.
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IV.1. Chardonnay, Merlot and Sauvignon phenotypical analysis

As a first step of the grapevine work, the growth and development of the three varieties were studied under normal conditions without TPPS. Intermodal dissections of two-month-old clonal plantlets were performed and each internode (approximately 5 per plantlet), without leaf, was deposited on new medium in tubes or jars as described in mat and meth.

No obvious differences in terms of growth or phenotype were noticed (Figure 40). A nice growth was clearly observed after one month for the three varieties with well-developed root and aerial parts (Figure 40). For each variety, plantlets produced around two sets of well-expanded pairs of leaves.

However, some plantlets generated from the same "parent" or clonal plantlets were stressed with a shorter stem and fewer leaves, suggesting somaclonal variations and/or external factor incidence.

Moreover, some internodes never generated plantlets. Even if in vitro culture with clonal explants represents the highest control conditions (light, temperature, humidity, culture medium), explant cultures still show variations (seasonal for example) that could not be explained. It was considered that after 3 months, development of plantlets even in jars was no longer optimal due to physical and medium limits. For instance, leaves were twisted and appeared less green suggesting an early senescence process especially for Merlot and Chardonnay clones (Figure 40). 

IV.1.1. Total thiol content in the three grapevine varieties

Even if grapevines did not seem to be affected at the phenotypical level by in vitro culture, this result had to be confirmed at the biochemical level. It is known in literature that measuring the thiol content measurement is a good indicator of stress (Ulrich and Jakob, 2019). Thus, the total thiol contents were determined in isolated roots (R) and aerial parts (A.P) of each variety aged 1-3 months.

The one-month-old plantlets from each variety produced high and very similar amounts of total thiols in both roots and aerial parts (around 100 nmol g -1 FW) (Figure 41a). After one-month culture, a low reduction of total thiol content was measured in the roots whereas it significantly doubled in the aerial parts of the Merlot and Sauvignon varieties (up to 200 nmol g -1 FW ) (Figure 41b andc). The exception came from Chardonnay's aerial parts where the thiol content remained relatively constant around 100 nmol g -1 FW after 2-and 3-month-old cultures (Figure 41b andc). To conclude, the aerial 

IV.1.2. TPPS photodynamic treatment on grapevine varieties

As already mentioned, all pre-tests with photoactivated TPPS tested at various concentrations were monitored on Chardonnay plantlets and the results are given in supplementary data at the end of this chapter. As Chardonnay explants supported the presence of 12.5 µM TPPS under a 16 h photoperiod, it was decided that 12.5 µM TPPS will be the working concentration for all studies on grapevine for the three backgrounds.

IV.1.3. TPPS effect on grapevine phenotype

For the three grapevine varieties, photoactivated TPPS tested at 12.5 µM induced a slowdown of their growth and development with shorter roots and stem length for one-month-old plantlets (Figure 42). Plantlets were grown in vitro under a 16 h photoperiod. The name of each variety is reported on the pictures. For the Sauvignon clone, two treated plantlets were photographed.

Differences blurred after one-month culture. The two-month-old plantlets phenotype from each variety treated or not with TPPS looked very similar suggesting that TPPS no longer had any ulterior effect (Figure 43). 

. Total thiols assays

Monitoring the thiol production in one-month-old plantlets in the presence of photoactivated TPPS was very informative for two reasons: thiols are involved in the general stress response and they constitute a pool of antioxidant molecules that act as a primary defence against biotic and abiotic stress. Thus, upon TPPS illumination in the 2-and 3-month culture, the total thiols contents were determined in organs (roots and aerial parts) isolated from plantlets of the three backgrounds (Figures 44-and5).

As a first result, no significant difference in thiol content was determined in aerial parts for the three varieties whether after two-or three-month culture suggesting a limited stress (Figure 44). The situation was quite different for roots that were directly in contact with photoactivated TPPS. After a 2-month culture, Sauvignon-and Merlot-treated roots showed a significant increase in thiol content whereas the same treatment did not seem to disturb the Chardonnay root apparatus (Figure 44). According to the conclusions inferred from Figure 42, Sauvignon and Merlot varieties seemed to be more sensitive to tissue culture when treated with TPPS. Thus, it was not surprising that both background responses were stronger than the one determined for Chardonnay roots after 2 monthculture. However, the Merlot response, at the root level, seemed to be boosted compared to that of the Sauvignon (Figure 44). Surprisingly after a 3-month culture, Sauvignon roots treated or not with TPPS were similar in terms of thiol content suggesting that TPPS no longer had an effect. Additionally, the same situation was observed for Merlot 3-month-old treated roots with a significant decrease in thiol content compared to the huge amount in 2-month-old treated roots: from around 350 to 100 nmol g -1 FW (Figures 44 and45). In the control roots, the GPX activity was very different for the three varieties (Figure 46). While it was approximately 200 µmol.mg -1 .prot.min -1 or less in Sauvignon and Chardonnay roots, respectively, it increased until 600 µmol.mg -1 .prot.min -1 in Merlot roots (Figure 46). Moreover, while GPX remained very similar in the root and aerial parts of Sauvignon, it greatly decreased in Chardonnay and Merlot aerial parts (Figure 46). The GPX activity became less obviously marked on 3-month-old organs from the three varieties (Figure 47). It was thought that monitoring GPX in organs of the three backgrounds could contribute to their characterization.

Sauvignon Chardonnay Merlot

The oxidative burst induced by photoactivated TPPS reflected a stable GPX activity, which remained undetectable after 2-month culture in Sauvignon, Chardonnay roots and aerial parts as well as in the Merlot roots (Figure 46). This activity only increased in Merlot's aerial parts although the thiol content remained constant (Figure 44 and 45). This increase in GPX activity was also observed in the 3-month-old Sauvignon and Merlot varieties but remained constant in Chardonnay aerial part (Figure 47). shown by phenotype and biochemical assays. Thus, towards the goal of APDT, a preliminary experiment was developed using detached leaves, B. cinerea mycelium plugs and TPPS. The results were reported in the submitted paper in the next section.

Sauvignon Chardonnay Merlot
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IV.3. Supplementary results

IV.3.1. Additional result from the last part of the submitted paper

To complete results exposed in figure 5 and Table 2 from the submitted paper, the GPX activity was measured in the detached leaf, detached leaf + B. cinerea and detached leaf + B. cinerea pre-treated with 50 µM TPPS from the three varieties (Figure 48).

Sauvignon Chardonnay

Merlot According to the H2O2 contents in table 2 of the submitted paper, an increase in GPX activity was expected in Chardonnay and Sauvignon grapevine varieties especially in the leaves infected with B.

cinerea, pre-treated or not (Table 2 of submitted paper, Figure 48). Unexpectedly, no GPX increase was observed for the Merlot infected leaf nor the pre-treated with TPPS, which may explain why this background is less sensitive to the attack of B. cinerea (Figure 48, Figure 5 of submitted paper ). More investigations can be envisaged because the GPX enzyme is not the only enzyme capable of scavenging H2O2. It was possible that other enzymes, such as catalase or ascorbate peroxidase, are involved. At least, we need to remark here that enzymatic activities in grapevine isolated organs were very difficult to determine with robustness due to important heterogeneity of the plantlet growth under both control and TPPS treatments. This was particularly true for the Chardonnay variety that was the most heterogeneous. Thus, the enzymatic tests were repeated more than 10 times independently for Chardonnay. Fortunately, this was not the case for Sauvignon and Merlot varieties, but, usually, 5 independent tests were performed anyway.

IV.3.2. Miscellaneous results from Chardonnay plantlets

It is important to state that various concentrations of TPPS were tested on the grapevine varieties.

The first concentration tested on Chardonnay was 50 µM, which almost inhibited the grapevine growth (data not shown). 25 µM TPPS was then tested on the Chardonnay variety. This concentration did not largely alter the phenotypical growth and development of this variety whereas it did for the Merlot variety (Figure 49). Thus, 25 µM TPPS was not tested on Sauvignon. For Chardonnay, the roots and aerial part measurements were conducted in the control and the plant treated with 12.5 μM TPPS (Figure 50). Measurements confirmed no real phenotypic effect of photoactivated TPPS tested at 12.5 µM on the growth of the plant. However, in order to confirm this at a molecular level, biochemical tests were conducted.
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IV.3.2.1. Biochemical tests on two-and three-month-old Chardonnay plantlets

The following biochemical assays were performed: H2O2, superoxide dismutase (SOD) and catalase (Cat) on two-and three-month-old Chardonnay (roots and aerial parts separately) tested on 12.5 µM TPPS under 16h photoperiod. From biochemical assays performed on 2 and 3-month-old plantlets, no significant difference was pointed out between control or TPPS treated conditions (Figures 51 and52). This strongly suggested that the anionic porphyrin under illumination did not affect the Chardonnay growth and development at phenotypical and biochemical levels (Figures 42,43,51 and 52). As it was also shown for Sauvignon and Merlot, it was clear that the photoactivated TPPS is rather safe for grapevine varieties and in a greater extent for several plant species. 

IV.4. Discussion

Grapevine (Vitis vinifera) is a fruit extensively grown worldwide and is of great economic significance throughout the world (Laucou et al 2018). The French economy, concerning vineyards, is world renown particularly for the exportation of wine. 17% of the total wine available worldwide is produced in France (OIV 2016;LARVF 2017). The French wine and spirits sector is essential to preserve and further develop, with respect to the environment.

Clearly, one way to achieve this is to manage the diseases that affect the grapevine plants with safer practices. Furthermore, pathogens (virus, bacteria and especially fungi) that lead to these diseases can reduce the overall yield of grapevine production [START_REF] Armijo | Grapevine Pathogenic Microorganisms: Understanding Infection Strategies and Host Response Scenarios[END_REF]. Among fungi, B. cinerea is one of the most dangerous for grapevine. As already discussed, this fungus is able to infect grapevine by direct penetration via pores, or injury present in the plant or through conidia that can remain latent until berry maturity [START_REF] Viret | Botrytis cinerea Infection of Grape Flowers: Light and Electron Microscopical Studies of Infection Sites[END_REF].

The new strategy to fight against B. cinerea, proposed in this manuscript, is APDT based on the use of an anionic porphyrin (TPPS) and sunlight. It has been shown and discussed in chapter III, the power of photoactivated TPPS against B. cinerea. Furthermore, in this chapter, the harmlessness of TPPS has been demonstrated on three grapevine varieties: Sauvignon, Chardonnay and Merlot. The choice of these varieties was made because of their differing sensitivities to B. cinerea. However, before combining the pathogen and the plants to form a pathosystem, it was important to test the plantlet's responses to TPPS under a 16 h photoperiod.

Thus, Sauvignon, Chardonnay and Merlot plantlets, growing in the presence of 12.5 µM TPPS for 3 months, were phenotypically very similar to the controls that grew without TPPS. One of the hypotheses to explain the lack of phenotypic alterations in the grapevine varieties, was linked to TPPS photodegradation. Guillaumot et al (2016) reported that only 8 % of TPPS remained in the medium after 15 days under light. Thus, in 2-month and 3-month-old grapevine varieties, TPPS was supposed to be completely photodegraded explaining why the phenotype was similar to untreated plantlets.

However, the TPPS concentration used for grapevine (12.5 µM) was lower than that used in still show variations that we could not explain. However, the results obtained on the grapevine varieties were very encouraging because of the MFC of B. cinerea (1.5 µM).

Therefore, the next step was to prove TPPS efficiency against B. cinerea in two-month-old infected grapevine leaves in the hopes of mimicking a pathosystem. Three different biochemical tests: H2O2, total thiols and GPX, were conducted on the two-month-old and three-month-old leaves infected with B. cinerea mycelium. The first two tests were already discussed in the submitted publication. However, the GPX activity in Sauvignon and Chardonnay increased upon addition of the B. cinerea mycelium treated with TPPS whereas H2O2 content decreased in these conditions. More investigations are required to diagnose the reason for this result.

Finally, in the near future, the overall goal to confirm our preliminary data will be to conduct spraying solutions on vegetative and reproductive developments of grapevine infected by B. cinerea in greenhouse.

IV.5. Conclusion

To conclude, TPPS did not cause any drastic biochemical nor phenotypical changes in the grapevine varieties grown in vitro. 

Chapter V. TPPS and Chl effects on potato plantlets

This chapter constitutes a continuation of the work on the PS and their effects on new plant species to gain insight into future APDT applications. With that idea in mind, potato plant species and some of its varieties were investigated. As already mentioned, one of the aims of this PhD work relative to the plant side was to focus on the notion of variety and their response to the same PS treatment.

Moreover, the susceptibility to a pathogen is rather linked to the notion of varieties rather than species.

In this chapter, the four varieties investigated were: Bintje and Laurette (both commercial varieties), Grenadine and Hinga. As already mentioned, potato is a minor target of B. cinerea, However, as discussed in the third chapter, APDT works against B. cinerea. Therefore, it will be envisaged to use this treatment also against other Ascomycota fungi, like Alternaria solani, that is the principal pathogens of potatoes (Table 6, page 20).

In this last chapter, the growth and development of potato plantlets from the four varieties will be analysed under normal in vitro multiplication medium and in medium that contains photoactivated TPPS or Chl. As concluded, the effects of Chl was very promising in inhibiting B. cinerea mycelium growth (Chapter III), and thus this PS will be studied as a preliminary plant step on the four potato varieties. We must confess that a similar study is currently being conducted for grapevine, but we estimated that it was to preliminary to be presented in chapter IV.

V.1. Bintje, Grenadine, Laurette and Hinga phenotypical analysis

At the beginning of this PhD work, only the Bintje variety was available in the laboratory. One and a half years ago, our potato clone library grew with Laurette, Hinga and Grenadine varieties that were a gift from Grocep. These potato plantlets grew quite rapidly from internode dissections and cultures (see mat and meth). Thus, the results concerning the phenotype study and biochemical assays were performed on 14-day and 1-month-old cultures from the four varieties either with TPPS or Chl.

The first step of this study was to monitor the growth and development of the 14-day-old and 1month-old four potato plantlets varieties without PS. The plantlets seemed to support the in vitro multiplication well and they looked healthy (Figure 53). No growth or development alterations were observed either after a 14 day or a 1-month culture for the four varieties suggesting an absence of stress (Figure 53). However, the Hinga variety grew slower than the three other backgrounds with very short internodes. As the phenotypical evidence was not sufficient to investigate whether plantlets were stressed or not, a total thiols assay on the roots (R) and aerial parts (A.P) of each variety was conducted (Figure 54). The result that arose from Figure 54, was that the four varieties could be characterized by their own total thiol contents in regard to both their roots or aerial parts. For example, Bintje roots showed the lowest thiol content in roots compared to the three other backgrounds (< 50 nmol g -1 FW; Figure 54).

In the roots of the three other varieties taken after 14-day or 1-month culture, thiol contents remained basically constant (approximately 100 nmol g -1 FW) with the exception of Grenadine roots after 1month that doubled (Figure 54). However, in the aerial parts of Bintje and Grenadine, the thiols slightly increased between the 14-day to 1-month culture. For Laurette aerial parts, the thiol content decreased between the 14-day and 1month culture whereas for Hinga, it remained very high (up to 800 nmol mg -1 FW). This suggests a situation of stress due to the culture for Hinga . According to this assay and phenotype, care was taken concerning the PS effects on Hinga plantlets that were already disturbed by the culture itself.

V.2. TPPS effect on phenotypical development of potato plantlets

As seen under a 16 h photoperiod, 12.5 µM TPPS, the same concentration used for grapevine clones, strongly slowed down Bintje growth (Figure 55). Therefore, this concentration was decreased to 10 µM which appeared to be more suitable for the Bintje growth even if the plants still presented a significant delay in global growth (Figure 55). In each picture, the control was on the left and the treated plant, on the right side.

The same situation was also noticed in the Hinga and Laurette varieties. The growth delay was still visible but less pronounced after 1-month culture for the four tested varieties (Figure 56). Whereas, at a concentration of 10 µM TPPS, the potato varieties were still quite sensitive to photoactivated TPPS, it was decided to keep this limit concentration for further investigations on the four potato varieties. In each picture, the control was on the left and the treated plant, on the right side.

V.2.1. Total thiols content assay

To investigate whether there was stress present in the three varieties, due to the addition of TPPS in the artificial growth, the thiol contents were measured (Figure 57).

Laurette Hinga

14-day-old culture 1-month-old culture

Chapter In the 14-day-old potato varieties, there was a significant difference in the production of thiols due to TPPS photoactivation in the roots and aerial parts of every potato variety, except the aerial parts of Grenadine and Hinga (Figure 57). For both varieties, the thiol content was already high in their control aerial parts, suggesting that it could no longer increase after a 10 µM TPPS treatment. After a 1month culture, there was a difference in the total thiol content in the roots and aerial parts of almost every potato variety studied. However, two exceptions were pointed out with Laurette roots and Hinga aerial parts where no significant difference between the control and treated parts with 10 µM TPPS was detected.
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V.4. Discussion

The potato plant species is a member of Solanaceae family as is the tomato plant used in the previous study by Guillaumot et al 2016. The reasons why this work on the potato was conducted are derived from the interest to know whether plants from the same family: potato and tomato (Solanaceae) respond in the same way to an exogenous supply of PS. Furthermore, potato plants are the fourth most important food crop in the world and numerous potato diseases, in particular caused by fungi, can cause significant losses in its production [START_REF] Fiers | Potato soil-borne diseases. A review[END_REF].

The idea to develop a pathosystem including potato/fungus with an efficient PS against fungi would be very interesting and useful.

Firstly, we clearly demonstrated that TPPS even tested at low concentration (10 µM) was not suitable for a normal growth and development of the four potato varieties tested in this work.

This result was also very similar to grapevine varieties: therefore, the suitable concentration for all grapevine varieties was 12.5 µM TPPS under illumination. Therefore, at this point, we were able to state that different plant models support different concentrations of TPPS. We hypothesized that this wide range of responses was due to the starting plant material.

The tomato plant and Arabidopsis models were generated from seeds (Guillaumot et al 2016;

Issawi et al 2018). However, potatoes and grapevine varieties come from clonal explants that, by definition, are genetically very similar or close together. Grapevine or potato internodes constituted of fragment of stem, leaf and bud, are a sum of differentiated tissues that could loss a part of their adaptation ability to TPPS presence. By contrast, seedlings are able to keep the full capacity to response to TPPS even at high concentration. Nevertheless, we can assume that TPPS could be a good candidate because we can bet that grapevine or potato in greenhouse or field could, without any problem, support photoactivated TPPS at higher concentration.

Secondly, the fungus pathogen study in this thesis work is B. cinerea which does not commonly induce a disease or mold in potato [START_REF] Kirk | Botrytis blight is causing problems in Michigan potatoes[END_REF]. However, fungi that belong to the same division of B. cinerea (Ascomycota) are common and dangerous potato pests.

Therefore, it was considered that the experiments conducted on B. cinerea could be enlarged to other Ascomycota fungi such as Alternaria solani in the future.

As just discussed above, TPPS did not seem to be the good PS for potato plants, making an APDT application difficult to develop. Nevertheless, and in contrary to TPPS, it was shown that 50 µM Chl did not interfere with growth and development of potato varieties. Photoactivation of Chl led to ROS production that did not disturb plants meaning that they could defend themselves from Chl induced oxidative burst.

Moreover, 50 µM Chl under a 16 h photoperiod inhibited B. cinerea mycelium growth (Chapter III). Thus, the hypothesis was that Chl could be the good candidate for APDT. It will be interesting to test the potential of the Chl against a pathosystem such as: potato / Alternaria solani. Chl remains an intriguing compound largely used as a food additive E140 (magnesium metaled form) and E141 (copper metaled form). Moreover, it is harmful for pathogens like fungi [START_REF] Luksiene | Inactivation of fungi in vitro by photosensitization: Preliminary results[END_REF][START_REF] Luksiene | New approach to inactivation of harmful and pathogenic microorganisms by photosensitization[END_REF][START_REF] Luksiene | Inactivation of several strains of Listeria monocytogenes attached to the surface of packaging material by Na-Chlorophyllin-based photosensitization[END_REF][START_REF] Luksiene | Antibacterial photosensitization-based treatment for food safety[END_REF]Luksiene, 2014;[START_REF] Glueck | Save the crop: Photodynamic in-activation of plant pathogens I: bacteria[END_REF][START_REF] Luksiene | Impact of chlorophyllin-chitosan coating and visible light on the microbial contamination, shelf life, nutritional and visual quality of strawberries[END_REF][START_REF] Lukseviciute | Inactivation of molds on the surface of wheat sprouts by chlorophyllin-chitosan coating in the presence of visible LED-based light[END_REF]. [START_REF] Zhang | Copper Chlorophyllin Impacts on Growth and Drought Stress Tolerance of Tomato Plants[END_REF] demonstrated that Cu-Chl can be a radical quencher that can protect plants against ROS. The only difference between the two Chl is that the Mg trapped in the tetrapyrrolic core of E140 led to less stability. This could explain why no effect in potato was observed after Chl (E140) treatment under 16 h photoperiod because it was rapidly degraded in the culture medium. Moreover, still from Zhang observations on tomato plants and Chl antioxidant activity, it could also explain the beneficial effect on the growth of Hinga and Grenadine varieties.

V.5. Conclusion

Our work on potato clones is thought as a preliminary study to fix a new pathosystem: potato /Alternaria solani. For the moment, we have not started to work on Alternaria however, this work on potato was very informative. TPPS was indicated as a "harmful" PS for the four tested varieties of potato, grown in vitro: Bintje, Grenadine, Laurette and Hinga. Thus, it decided to open our field of investigations to a natural water-soluble PS: Chl that induced an inhibitory effect on B. cinerea mycelium growth. Surprisingly, whereas Chl did not alter potato growth, it can even stimulate it.

In summary, we are confident that future APDT applications will depend on the use of a natural PS and Chl belongs to this category. Bearing this in mind, we are confident that Chl presents lot of advantages that could largely contribute to its development in future.
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General conclusion and perspectives

In the PEIRENE Laboratory, we are researching a new strategy called antimicrobial photodynamic treatment based (APDT) on improving agriculture. Our hypothesis is that this approach will not present deleterious effects on the environment nor human health.

One of the major problems in agriculture remains the struggle against pathogens, especially fungi. Based on previous work and with the intention of developing this approach on new living systems, the potential of a different PS was investigated. Moreover, an exogenous supply of PS was supplied on two new plant species that are targets of B. cinerea: grapevine and potato. The main PS chosen in this thesis is TPPS and it was chosen because encouraging results were already obtained on Arabidopsis and tomato plantlets (Guillaumot et al 2016;[START_REF] Issawi | Responses of an adventitious fast-growing plant to photodynamic stress: comparativee study of anionic and cationic porphyrin effect on Arabidopsis thaliana[END_REF].

It was confirmed that TPPS remains a good candidate, inhibiting B. cinerea mycelium growth without drastically altering plantlet growth. Nevertheless, because TPPS is a synthetic molecule, we tested a natural PS: a chlorin called Chlorohyllin (Chl). Here, a surprising result was obtained, Chl, like TPPS, was able to inhibit mycelium growth without disturbing potato plantlet growth. It was even noted that Chl was able to stimulate plant growth. This work was completed for the potato plant and presented in this manuscript. A similar study is also on the road for grapevine varieties and seems to give similar results (not shown). Therefore, according to our study on the potato plant and four of its varieties: Bintje, Laurette, Grenadine and Hinga and the B. cinerea response to photoactivated Chl, we claim that this PS is a better candidate than TPPS, full of promises for future agricultural applications.

All results presented in this manuscript constitute the beginning, or the first step of the APDT story. Some specific, numerous and complementary experiments must be carried out to validate the possibility to use APDT in agronomic practices. However, this strategy is very difficult to develop or to coordinate because three factors that interact together must be considered. Two factors are dependent on the living: the pathogen and its plant host and the third factor: the PS, that must "kill" the pathogen without interfering with the plants whilst being eco-friendly.

More experiments should be also monitored on B. cinerea. It was the first time, with the exception of Imada et al 2014, that the potential of a PS was studied on this fungus. This is the reason why basic, fundamental tests were conducted on the fungus after the PS treatment.

Therefore, to complete this analysis at a fundamental level, it would be very interesting to Nevertheless, our attention will be focused on the photoactivation phenomenon but also on the dark effect that was observed in Chapter III. In the dark, it was shown in this study that the mycelium plugs secreted some products than were able to change the pH of the medium. In the literature, it has been shown that B. cinerea, in particular, uses a defence strategy based on the acidification of its environment with the production of organic acids, such as oxalic acid or citric acid [START_REF] Manteau | Differential regulation by ambient pH of putative virulence factor secretion by the phytopathogenic fungus Botrytis cinerea[END_REF][START_REF] Vylkova | Environmental pH modulation by pathogenic fungi as a strategy to conquer the host[END_REF]. However, in our case, acidification was not always observed for the 4-and 14-day-old fungus. It would be very interesting to understand the kind of compounds secreted from the fungus and the mechanism of this secretion.

Moreover, it will be important to determine the cell wall composition of this pathogen to understand fully how drugs can interact with the pathogen. Moreover, the Chl work on B.

cinerea is far from finished. It would be interesting to observe whether Chl has an effect on the spore germination. Additionally, it would be beneficial to observe, via ESEM, the possible changes in the fungal structure that is caused by this PS under light and under dark.

Furthermore, as seen previously, a minor delay in the mycelium growth was observed when treated with Chl under dark conditions.

Finally from the B. cinerea study and its responses to PS treatment that we described in this PhD work, we thought it will be of great interest and very informative to compare the fungus response to PS treatments under light or dark conditions at a global molecular level by a proteomic approach. This will give us a general picture of the response and may be help to discover new pathways.

Until now, all experiments on plants were performed in the laboratory with very young plantlets grown in vitro from clones. This type of study shows its limits in terms of plant physiology, growth and development, PS treatment (supply in the medium instead of spraying) and finally, in terms of inoculation and treatment. We are aware that the experiment showed in the submitted paper was very artificial and only tried to mimic the reality. Indeed, the next step relative to plant work and their response to PS needs to be monitored in a greenhouse. The plants and their response to PS treatment must be studied at the vegetative and reproductive levels. It will be achieved after PS treatment alone, after pathogen inoculation and after pathogen inoculation plus PS spraying. For the PS spraying, PS concentration and formulation must be considered. From the plant side and especially potato species, its pathosystem has to be developed. B. cinerea is not interesting for this species and therefore, it will be of importance to look at a new fungus pathogen such as Alternaria solani and to further study its response to chlorophyllin. 

Study of the effects of photoactivated TPPS and Chlorophyllin on Botrytis cinerea, and on two plant models: grapevine and potato

Nowadays, one of the major problems in agriculture remains the struggle against pathogens, especially fungi. In the last 60 years, the use of large amounts of pesticides to increase crop yield caused environmental pollution, loss of biodiversity, and the development of multi-resistant plant pathogens. Now, more than ever, agriculture practises must become environmentally friendly and thus, new strategies to improve agriculture, without side effects for the environment and human health, need to be developed. Antimicrobial photodynamic treatment (APDT) has emerged as an alternative treatment that can be envisaged in agronomic practices to fight against microorganisms, without harming plants.

To develop this approach on complex living systems such as grapevine and potato, hosts of the fungus pathogen Botrytis cinerea and two photosensitizers were taken into consideration: an anionic porphyrin (TPPS) and a natural chlorin Chlorophyllin (Chl). More specifically, an extensive work was conducted using photoactivated TPPS. TPPS was very effectively inhibit Botrytis cinerea development and it did not cause any phenotypical or biochemical alterations of the grapevine varieties (Merlot, Chardonnay and Sauvignon). In the potato varieties, while there were alterations in its growth and development, the plants were able to defend themselves. Furthermore, in order to find a new eco-friendly solution that is more suitable for a large range of plants we tested a natural PS: the chlorophyllin (Chl). Surprisingly, Chl was able to inhibit Botrytis cinerea mycelium growth without disturbing neither potato nor grapevine plantlet growth. In conclusion, these preliminary studies based on the use of Chl suggest that the development of a safe but efficient APDT approach in agriculture may no longer be a dream Keywords : APDT, photosensitizers, Botrytis cinerea, TPPS, Chlorophyllin, grapevine, potato.
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 11 Figure 1: Effects of the rapid population growth. Sourced and modified from Heilig 2014.

Figure 2 :

 2 Figure 2: Classification of pesticides. Sourced from Donaldson et al 2008.

  al 2012;[START_REF] Henry | A common pesticide decreases foraging success and survival in honey bees[END_REF][START_REF] Tago | Pesticides and health: a review of evidence on health effects, valuation of risks, and benefit-cost analysis[END_REF][START_REF] Donley | The USA lags behind other agricultural nations in banning harmful pesticides[END_REF]. Moreover, these substances can accumulate in the natural habitats (air, water and soil). Consequently, humans (farmers and rural population) are exposed to pesticides to the detriment of their health. The World Health Organization (WHO) reported 3 million pesticide poisoning cases per year, resulting in over 200,000 deaths in developing countries. In particular, these harmful substances can accumulate in the human body and target specific systems including the epithelial, gastrointestinal, neurological, respiratory, reproductive and endocrinal ones. These compounds could also promote cancers. Finally, the efficacy of pesticides has a limited durability and their extensive use has induced the development of multiresistant pathogens. Taking into account these multiple dangers, it becomes urgent to largely reduce the use of pesticides[START_REF] George | Pesticides and cancer: Insights into toxicoproteomic-based findings[END_REF][START_REF] Mahmood | Effects of Pesticides on Environment[END_REF][START_REF] Nicopoulou-Stamati | Chemical Pesticides and Human Health: The Urgent Need for a New Concept in Agriculture[END_REF].

Figure 4 :

 4 Figure 4: The sales of pesticides in European countries. Red circle showing the France as the leader in pesticide sales in the EU. Sourced and modified from Agri-environmental indicator -consumption of pesticides, Eurostat 2018.

Figure 5 : 7 I. 2 .

 572 Figure 5: Percentage of total mass in kilograms of different pesticides in 2016 in the EU. Sourced from Eurostat 2016.

  In 2005,Staats et al. proposed an approach based on genealogy. The genus Botrytis can then be divided into two clades: the first one includes the 4 botrytis species that attach to the dicots and the second one consists of 18 other botrytis, 3 of which attack dicot plants and 15 that attach to monocot plants. Phylogenetic analysis of the plant hosts and the botrytis species suggest that the pathogens evolve by successive infections from host to host obtaining new pathogenic determinants (
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Figure 6 :

 6 Figure 6: Life cycle of B. cinerea.Sourced from[START_REF] Romanazzi | Botrytis cinerea (Gray Mold)[END_REF] 
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Figure 7 :

 7 Figure 7: Grey mold induced by B. cinerea on crops and flowers. The disease symptoms on vegetative organs (grapevine and potato leaves) or rose petals (top panel) or on fruits (bottom panel) grape, strawberry and tomatoes.

  Botrytis cinerea targets: grapevine and potato.

Figure 8 : 1 .

 81 Figure 8: Schematic presentation of the global viticulture situation in 2014.

Figure 9 :

 9 Figure 9: The average world production of potato over the last 30 years. Estimations were done for 2018 and 2019. Sourced from Potato Pro 2020.

  Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 21 (Ascomycete). However, potato varieties show different susceptibilities to different kinds of pathogens. Grenadine and Laurette are very sensitive to downy mildew induced by different oomycetes (European Cultivated Potato Database; Garrigues Freres SAS Rodez (Aveyron, France),Grocep Lauriere (Haute-Vienne, France)). Lastly, the Hinga variety is highly susceptible to the potato virus M.
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Figure 10 :

 10 Figure 10: Action modes of some of the main organic fungicides.Sourced and modified fromLeroux and Gardan 2003 and Lepoivre 2007. 

  DNA mutations could change the gene structure and create a new allele in the treated population (Mc Donald and Linde 2002). The number of resistant strains increases and by opposition, decreases the efficacy of fungicides. This acquired resistance is often determined by a mutation affecting the structure of the target protein of fungicides (Uesugi et al 1993; Leroux et al 2002; Wood and Hollomon 2003).
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Figure 11 :

 11 Figure 11: Effect of chitosan on mycelium of B. cinerea. Scanning electron micrographs of B. cinerea mycelium after 5 days of cultivation at 25°C. (left): control mycelium (right): mycelium treated with chitosan. Scale bars represent 20 µm. Sourced and modified from Oliveira Junior et al. 2012.
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1 .

 1 photodynamic therapyI.5.1. Photodynamic therapy in agriculturePhotodynamic therapy (PDT) is a treatment that involves a photosensitizer (PS), light and oxygen.The PS, if activated by light, will interact with oxygen and induce the formation of reactive oxygen species (ROS), toxic for the living cells(Møller et al 2007;[START_REF] Donnelly | Antifungal photodynamic therapy[END_REF] Benov 2015). PDT has been used in medicine: oncology, ophthalmology and dermatology[START_REF] Dolmans | Photodynamic therapy for cancer[END_REF][START_REF] Konopka | Photodynamic Therapy in Dentistry[END_REF] Goslinski 2007, Robertson et al 2009;[START_REF] Babilas | Photodynamic therapy in dermatology: state-of-the-art[END_REF][START_REF] Darlenski | Photodynamic therapy in dermatology: past, present, and future[END_REF];[START_REF] Dąbrowski | Photodynamic therapy (PDT) of cancer: from local to systemic treatment[END_REF][START_REF] Habermeyer | Some activities of PorphyChem illustrated by the applications of porphyrinoids in PDT, PIT and PDI[END_REF].

  Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 27 On the other hand, the PS can undergo an intersystem crossing that brings the PS to an excited triplet state (T1). In this state, the PS can induce phosphorescence, or it can react with other molecules inducing the formation of ROS. The triplet can form ROS via two possible reactions mechanisms: type I and type II (Foote 1991; Baptista et al 2017, Hamblin and Abrahamse 2020). The type I reaction involves the PS in the excited triplet state giving an electron or a proton to biological substrates. This reaction generates radical anion or cation species (superoxide anion radicals, hydroxyl radicals and hydrogen peroxide). The type II reaction mechanism involves the reaction between the excited triplet state of the PS and molecular oxygen, thus forming cytotoxic singlet oxygen ( 1 O2).

Figure 12 :

 12 Figure 12: Photodynamic reaction pathway of PS with light and oxygen according to Jablonski. Sourced from Dabrowski et al 2016.

Figure 13 :

 13 Figure 13: Basic chemical structure of porphyrin.

  photochemical, photophysical and photobiological properties. The chlorin macrocycle is the skeleton of chlorophyll a and b in plant photosynthesis whereas bacteriochlorins provide the basis for the structure of bacteriochlorophyll a in bacteria. These molecules are almost identical to porphyrins in chemical structure. However, they differ as chlorin loses one double bond in one of the pyrrole moieties and the bacteriochlorin loses two double bonds (see Figure 16; Yoon et al 2013).

Figure 16 :

 16 Figure 16: Basic chemical structure of chlorin and bacteriochlorin. The arrows in red display where the double bond has been lost.

Figure 17 :

 17 Figure 17: Difference between the UV vis spectra of porphyrin, chlorin and bacteriochlorin.

  Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 31 activation, it produces ROS that are harmful for pathogens, bacteria, viruses and fungi (Luksiene et al., 2004; Luksiene, 2005; Luksiene et al 2010; Luksiene and Brovko, 2013; Luksiene, 2014; Glueck et al 2019; Luksiene and Buchovec, 2019; Lukseviciute and Luksiene 2020).

Figure 18 :

 18 Figure 18: Chemical structure of chlorophyllin (E140).

Figure 19 :

 19 Figure 19: Chemical structure of Hemoglobin and chlorophyll.

Figure 20 :

 20 Figure 20: Scheme of APDT mechanism in the context of this manuscript

  Material and methodsVeronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 43 II. Material and methods II.1. Photosensitizers Two photosensitizers are used in this work. The first PS corresponds to a free base porphyrin 5,10,15,20-(tetra-4-sulfonatophenyl) porphyrin tetra-ammonium (named TPPS) and the second one, a chlorin: chlorophyllin (named Chl) (Figure 15 and 18, respectively).
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  (1:1 v/v). The Petri dishes were left under light for at least 4 hours under low stirring (80 rpm). In order to determine the viable spore reduction after 4-hour light exposure, 100 μl of each sample was transferred on PDA and incubated for 4-5 days at 22 o C under dark. The following calculation was used for determining the percentage reduction by counting the colony forming units (CFU): % Reduction = (A-B)/A*100 Where: A: the mean of spore reduction without PS after 4 hours of illumination B: the mean of spore reduction with PS after 4 hours of illumination II.3. Plants material: varieties and cultures II.3.1. Grapevine clone culture Chardonnay (clone 7535) was provided by Pr. Clément (Université de Reims, Champagne-Ardenne, France). Sauvignon (clone 379) and Merlot (clone 373) were provided by the Institut Français de la Vigne et du Vin (Bordeaux, France). Intermodal explants of grapevine were dissected and placed in glass tubes or jars containing half Chée and Pool medium and 2 % (w/v) sucrose, Sobigel solidified medium (pH 5.9) for 1 to 3 months. PS were added to the medium after autoclaving. The cultures were then exposed to an Osram spectrum white lamp (photon flux density of 120 μmol.m -2 .s -1 ) for Material and methods Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 45 16 hours and the temperature was maintained at 24 °C. Chée and Pool medium was purchased from Duchefa Biochemistry (Haarlem, Holland). Roots and aerial parts were rapidly dissected, frozen into liquid nitrogen and stored at -20 o C until use. II.3.2. Infection of two-month-old grapevine leaves with Botrytis cinerea mycelium Two-month-old grapevine detached leaves and four-day-old mycelium plug (0.6 cm diameter) were used to perform the "In vitro infection" experiment. This type of experiment was only performed for grapevine leaves. Mycelium plugs were firstly incubated in 12.5 or 50 µM TPPS and gently stirred for 8 hours at 22 °C under dark conditions. After incubation, fungus discs were placed on the upper leaf epidermis of the grapevine from Chardonnay, Merlot and Sauvignon varieties. The co-cultures were monitored daily and photographed under a Leica stereomicroscope. II.3.3. Potato clone culture Bintje, Hinga, Grenadine and Laurette clones were provided by Grocep, Lauriere (Haute-Vienne, France). Intermodal explants of 1-month-old clonal plantlets were dissected and placed in glass tubes or jars containing Murashige and Skoog (MS) basal medium plus MS vitamins, 2 % (w/v) sucrose and 100 mg.L -1 myo-inositol solidified medium (pH 5.8). Photosensitizers were added to the medium after autoclaving. MS medium including vitamins was purchased from Duchefa Biochemistry (Haarlem, Holland). The cultures were then exposed to white light (photon flux density of 120 μmol.m -2 .s -1 ) under a 16-hour photoperiod at 22 °C for 14 days or 1 month. Roots and aerial parts were quickly dissected before liquid nitrogen freezing and stored at -20 o C until use. confocal microscope (Carl Zeiss France, Marly-le-Roi, France) was used to perform the microscopic analysis on the B. cinerea mycelium and spores. The samples used for the mycelium were a culture of 4 days old B. cinerea grown under dark on PDA containing 3.5 μM TPPS or 50 μM Chl. The spores were incubated in buffer phosphate or in PDB medium with a concentration of 10 μM TPPS or Chl at 22 o C. After incubation, the suspension was centrifuged for 5 minutes at 10,000 rpm. Subsequently, the pellet was resuspended in a new buffer phosphate or PDB medium without photosensitizers. The data was acquired using the spectral Material and methods Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 46
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  these two stock solutions at different pH, several dilutions were made: 1.5, 3.5, 10, 12.5 and 50 μM TPPS. These dilutions were made four times: into two groups of dilutions at pH 5.5 and the other two at pH 10.8. From here, 4 plugs of 0.6 cm 4-day-old or 15-day-old B. cinerea were placed into each 50 ml tube (water control and 1.5-50 μM TPPS) and were incubated for at least 1 hour under dark conditions and low agitation (90 rpm) (Figure21).

Figure 21 :

 21 Figure 21: Diagram of solutions made for investigation of extracellular secretion starting from the stock solution of TPPS (1mM in water).

Figure 22 :

 22 Figure 22: Mycelium growth monitoring under dark and light conditions in presence of TPPS orChl.

Figure

  Figure 23: B. cinerea growth curve. a): Growth curve of B. cinerea under a 16 h photoperiod (left) and dark conditions (right) using TPPS at different concentrations. b): Growth curve of B. cinerea under a 16 h photoperiod and dark conditions using Chl at different concentrations. Results are the mean of three independent experiments ± sd.

Figure 24 :

 24 Figure 24: Cellular localisation of both PS in B. cinerea mycelium by confocal microscopy. Left pictures: localisation of TPPS with its corresponding picture in contrast phase and right panel: Chl localisation with its corresponding picture in contrast phase. Analysis was performed on B. cinerea mycelium cultivated under dark for 4 days on PDA containing 3.5 μM TPPS or 50 μM Chl. For both TPPS and Chl detection, spectral mode was used (cf mat and meth.).

Figure 25 :

 25 Figure 25: Scheme of spore germination.

Figure 26 :

 26 Figure 26: Localisation of TPPS and Chl in non-germinated spores of B. cinerea by confocal microscopy. Dormant spores were incubated in the presence of 10 µM for both PS for 16 h under dark conditions. Left pictures: localisation of TPPS with its corresponding picture in contrast phase and right pictures: Chl localisation with its corresponding picture in contrast phase. Detection was performed as described in mat and meth. Scale bar is 20 μm.

Figure 27 :

 27 Figure 27: Localisation of both PS in germinated spores of B. cinerea by confocal microscopy. Germinated spores were incubated in PDB containing 10 μM TPPS or Chl for 16 hours under dark conditions. Left pictures: localisation of TPP with its corresponding picture in contrast phase and right panel: Chl localisation with its corresponding picture in contrast phase. Spectral mode detection was used for PS localisation (cf mat and meth.). Scale bar is 20 μm.

Figure 28 :

 28 Figure 28: Four-day-old mycelium phenotype grown in presence of photoactivated TPPS. Analyses were performed using ESEM. a) Untreated mycelium (control); b) mycelium treated with 1.5 μM TPPS; c) mycelium treated with TPPS tested at 3.5 µM. Scale bar (µm) is reported on each picture.

Figure 29 :

 29 Figure 29: Effect of TPPS on spore viability.

Figure 30 :

 30 Figure 30: Proline and total thiol contents of TPPS treated mycelium grown under a 16 h photoperiod. a) Proline content and b) Total thiol content of four-day-old mycelium. Results are the mean of three independent experiments ± sd (**: p<0.01; ***: p<0.001; ns: not significant).

Figure 31 :

 31 Figure 31: Biochemical assays in four-day-old TPPS treated mycelium. a): H2O2 assay of four-day-old mycelium of B. cinerea; b): MDA assay of four-day-old mycelium of B. cinerea; c): SOD enzymatic activity of four-day-old mycelium of B. cinerea. All assays were conducted in light conditions (16-hour photoperiod). Results are the mean of three independent experiments ± sd (*: p<0.05; **: p<0.01; ***: p<0.001; ns: not significant).

Figure 32 :

 32 Figure 32: Four-day-old mycelium phenotype grown in presence of TPPS under dark conditions. Analyses were performed using ESEM. a) Control; b) 1.5 μM TPPS; c) 3.5 μM TPPS; d) 10 μM TPPS. Scale Bar is reported on each picture.

Figure 33 :

 33 Figure 33: Proline and thiol contents in TPPS treated mycelium under darkness. a) Proline content and b) Total thiol content in 4-day-old mycelium. Results are the mean of three independent experiments ± sd (**: p<0.01; ***: p<0.001).

Figure 34 :

 34 Figure 34: Cellular leakage assays. Assays were performed as described in mat and meth. Results are the mean of three independent experiments ± sd (*: p<0.05; **: p<0.01).

Figure 35 :

 35 Figure 35: TPPS behaviour in acidic media with young or old mycelium. a) Tubes containing serial concentrations of TPPS stock solution (1 mM, pH 5.5) without fungus plugs; b) 4 plugs of 4 day-old mycelium were added to the different TPPS concentrations and incubated at least 1 h under dark conditions; c) 4 plugs of 15-day-old mycelium were added to the different TPPS concentrations and incubated at least 1 h under dark conditions.

Figure 36 :

 36 Figure 36: UV-Vis spectra of 1.5 and 50 μM TPPS solutions with and without 4-day-old or 15-day-old B. cinerea mycelium. In the 4-day-old fungus, there are overlapped UV-Vis spectra of 1.5 a) and 50 c) µM TPPS in acidic pH solution incubated without (brown) and with (green) 4-day-old fungus for at least an hour. In the 15-day-old fungus, there are overlapped UV-Vis spectra of 1.5 b) and 50 d) µM TPPS in acidic pH solution incubated without (brown) and with (purple) 15-day-old fungus for at least an hour.

Figure 37 :

 37 Figure 37: TPPS behaviour in basic media with young or old mycelium. a) Tubes containing serial concentrations of TPPS stock solution (1 mM, pH 10.8); b) 4 plugs of 4 day-old mycelium were added to the different TPPS concentrations and incubated at least 1 h under dark conditions; c) 4 plugs of 15-day-old mycelium were added to the different TPPS concentrations and incubated at least 1 h under dark conditions.

Figure 38 :

 38 Figure 38: UV-Vis spectra of 1.5 and 50 μM TPPS solutions with and without 4-day-old or 15-day-old B. cinerea mycelium. In the 4-day-old fungus, there are overlapped UV-Vis spectra of 1.5 a) and c) 50 (Bottom) µM TPPS in basic pH solution incubated without (purple) and with (red) 4-day-old fungus for at least an hour. In the 15-day-old fungus, there are overlapped UV-Vis spectra of 1.5 b) and d) 50 (Bottom) µM TPPS in basic pH solution incubated without (green) and with (purple) 15-day-old fungus for at least an hour.

  5 µM after photoactivation. Several points are in favour of further large use of TPPS: 1) TPPS does not show visible effect on the mycelium growth under dark conditions; 2) TPPS does not aggregate in solution and can easily permeate through cell walls and membranes (Leroy-Lhez et al 2019; Issawi et al 2019); 3) it is efficient at a very low concentration against fungus (see submitted paper); 4) it does not alter some species of plant growth in vitro even at high Chapter III Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 73 concentrations (Guillaumot et al 2016; Issawi, 2018, cf chap IV and V of this work); 5) it is able to reduce the sporulation.

Figure 39 :

 39 Figure 39: Different light regions and their effects in life of B. cinerea. Sourced from Schumacher 2017.

  cinerea. These results highlight the potential of the use of TPPS against B. cinerea in agronomic Chapter III Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 76

Figure 40 :

 40 Figure 40: Growth and development of the three studied grapevine varieties: Sauvignon, Chardonnay and Merlot. Dissected internodes were cultivated in jars for 1 month (top), 2 months (middle) and 3 months (bottom).

  Chapter IV Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 80 parts seemed to be more affected than the roots, probably due to the culture conditions in tubes or jars. However, Sauvignon and Merlot plantlets were more sensitive to the in vitro culture conditions than Chardonnay clones. This result was of importance for the rest of the study (comparison of the response of three varieties to APDT) and because it showed how relevant it was to work with different backgrounds.

Figure 41 :

 41 Figure 41: Total thiols assay on the three varieties of grapevine. The filled boxes represent the roots and the dotted boxes to the aerial parts of each variety. S: Sauvignon, C: chardonnay and M: Merlot. The experiment was conducted on 1-(a), 2-(b), and 3month (c) old plantlets culture. Results are the mean of five independent experiments ± sd (*: p<0.05; **: p<0.01; ***: p<0.001; ns: not significant).

Figure 42 :

 42 Figure 42: One-month-old grapevine plantlets grown in the presence of 12.5 μM TPPS.

Figure 43 :

 43 Figure 43: Two-month-old grapevine plantlets grown in the presence of 12.5 μM TPPS or not. Sourced from Ambrosini et al. 2020.

Figure 44 :

 44 Figure 44: Total thiol assay of 2-month-old grapevine plantlets upon TPPS illumination. The black boxes correspond to control roots (R) and aerial parts (A.P) and green boxes to the roots and aerial parts isolated from TPPS treated plantlets. Results are the mean of five independent experiments ± sd (**: p<0.01; ns: not significant).

(Figure 45 :Figure 46 :

 4546 Figure 45: Total thiol assay of 3-month-old grapevine plantlets upon TPPS illumination. The black boxes correspond to control roots (R) and aerial parts (A.P) and green boxes to the roots and aerial parts isolated from TPPS treated plantlets. Results are the mean of five independent experiments ± sd (**: p<0.01; ***:p<0.001; ns: not significant).

Figure 47 :

 47 Figure 47: GPX enzymatic activity in 3-month-old isolated grapevine organs upon TPPS illumination. The black boxes correspond to control roots (R) and aerial parts (A.P) and green boxes to the roots and aerial parts isolated from TPPS treated plantlets. Results are the mean of five independent ± sd (**: p<0.01; ***: p<0.001; ns: not significant).

Figure 48 :

 48 Figure 48: GPX activity in our experimental pathosystem. Results are the mean of five independent experiments ± sd (*: p<0.05; **: p<0.01; ns: not significant).

Figure 49 :

 49 Figure 49: Chardonnay and Merlot phenotype on 25 µM TPPS.

Figure 50 :

 50 Figure 50: Chardonnay plantlets with measure of organ length. Two-and three-month-old culture Chardonnay variety with measure of organ length; The black boxes correspond to control roots (R) and aerial parts (A.P) and green boxes to the roots and aerial parts isolated from TPPS treated plantlets. Results are the mean of ten independent experiments ± sd.

Figure 51 :

 51 Figure 51: Biochemical assays on 2-month-old Chardonnay plantlets. The black boxes correspond to control roots (R) and aerial parts (A.P) and green boxes to the roots and aerial parts isolated from TPPS treated plantlets. a) H2O2 assay; b) SOD activity and c) Catalase (Cat) activity. Results are the mean of five independent experiments ± sd (ns: not significant).

Figure 52 :

 52 Figure 52: Biochemical assays on 3-month-old Chardonnay plantlets. The black boxes correspond to control roots (R) and aerial parts (A.P) and green boxes to the roots and aerial parts isolated from TPPS treated plantlets. a) H2O2 assay; b) SOD activity and c) Catalase (Cat) activity. Results are the mean of five independent experiments ± sd (ns: not significant).

  experiments conducted on Arabidopsis and tomato plantlets, respectively (50 µM TPPS)(Guillaumot et al 2016;[START_REF] Issawi | Responses of an adventitious fast-growing plant to photodynamic stress: comparativee study of anionic and cationic porphyrin effect on Arabidopsis thaliana[END_REF]. The reason can be associated with the fact that the model species were grown from seeds whereas the grapevine varieties were grown from clonal explants. Furthermore, the in vitro culture of clonal explants grown under controlled conditions Chapter IV Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 105

  Thus, it was decided to mimick a pathosystem with this family of plants. Studying different varieties with different susceptibilities to the pathogen B. cinerea allowed us to better understand the effect our treatment can have on large varieties of grapevine. Moreover, the results obtained on the plants show the principle concepts of APDT: selectively kill the pathogen and not harmuff the plant host. Chapter V Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 106

Figure 53 :

 53 Figure 53: Phenotype of potato plantlets generated in vitro. 14-day-old plantlets grown in vitro conditions and generated from internode explant. 2 plantlets per variety were photographed except for Grenadine, (Bottom panel): 1-month-old Bintje, Grenadine, Laurette and Hinga (from left to right) control grown in in vitro conditions.

Figure 54 :

 54 Figure 54: Total thiol assay of the roots and aerial parts of 14-day-old and 1-month-old culture potato variety of Bintje, Grenadine, Laurette and Hinga. B., G., L. and H. represent the four potato varieties, respectively. The filled boxes on the left represent the roots and the dotted boxes on the right represent the aerial parts. Results are the mean of three independent experiments ± sd (*: p<0.05; **: p<0.01; ***: p<0.001).

Figure 55 :

 55 Figure 55: 14-day-old Bintje variety treated with (Left): 12.5 µM TPPS and (Right): 10 µM TPPS.

Figure 56 :

 56 Figure 56: 14 day-old or 1-month-old Laurette and Hinga varieties treated with 10 µM TPPS. The photos shown constitute. Upper panel: 14-day culture and lower panel: 1-month on the right.

Figure 57 :

 57 Figure 57: Total thiol content in roots and aerial parts of 14-day-old and 1-month-old potato varieties treated with 10 µM TPPS. The graph on the left represents the 14-day-old potato plants and the graph on the right represents 1-month-old potato plants. The black boxes correspond to control roots (R) and aerial parts (A.P) and green boxes to the roots (R) and aerial parts (A.P) isolated from TPPS treated plantlets. Results are the mean of three independent results ± sd (*: p<0.05, **: p<0.01, ***: p<0.001; ns: not significant).

  monitor the B. cinerea response to PS treatment by studying the other kind of ROS scavengers General conclusions and perspectives Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 124 such as tocopherol, which should also be monitored for plants. This tocopherol assay is on the road for both B. cinerea and plantlets by LC-MS/MS analysis at the "Service Commun de Recherche et d'Analyse de Biomolécules de Limoges."
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Table

  

Table 1 : List of the major fungi impacting crop yield.

 1 

Sourced and modified from

[START_REF] Dean | The top 10 fungal pathogens in molecular plant pathology[END_REF] 

Table 2 ;

 2 [START_REF] Staats | Molecular phylogeny of the plant pathogenic genus Botrytis and the evolution of host specificity[END_REF][START_REF] Romanazzi | Botrytis cinerea (Gray Mold)[END_REF].

Table 2 : Species described by Hennebert 1973.

 2 

The additional headings represent the common disease names and typical host-plant tissue and species. Sourced and modified from Staats et al 2005. Introduction Veronica Ambrosini | Thèse de doctorat | Université de Limoges | 2020 Licence CC BY-NC-ND 3.0 9 bearing structure) by B. cinerea. This confirmed the systematic link between the B. cinerea and Botryotinia fuckeliana. The name B. cinerea, the asexual form of teleomorph Botryotinia fuckeliana,

2.3.2. The dark side of Botrytis cinerea infection: grey mold B

  . cinerea represents a dramatic health problem for a large panel of plant species causing grey mold.

	region), Germany (Rhine region) and France (Sauternes region) and grew widespread throughout the
	world (Australia, Northern of Italy, USA and South Africa). Examples of these wines are white wines,
	such as Tokaji Aszu, Sauternes and Monbazillac and red wines like Amarone (Maygar 2011; Tosi et
	al 2012; Fournier et al 2013).

I.

  isolated leaves, B. cinerea and TPPS. Environmental Scanning Electronic Microscopy (ESEM) was conducted on B. cinerea mycelium. The fungus grew on plates containing, or not, TPPS for 4 days under 16 h of photoperiod or under dark. These were then examined under Environmental Scanning Electronic Microscope (ESEM Quanta 450, Felmi-ZFE, Graz, Austria). The width of hyphae was measured from the pictures obtained from ESEM. Furthermore, ESEM analysis was conducted on the two-month-old grapevine leaves infected with the 4-day-old B. cinerea mycelium pre-treated or not with TPPS.

Table 8 : Effect of TPPS on widths of B. cinerea hyphae under dark conditions.

 8 

Three increasing TPPS concentrations were tested on 4-day-old B. cinerea. Measurements were conducted via ESEM analysis (figure

33

). Results represent the average widths and the mean of 3 independent experiments ± sd.

Table 9 : pH variations of medium after mycelium incubation under dark conditions.

 9 

	Mycelium		pH before fungus	pH after fungus
			addition	addition
	4-day-old B. cinerea	Control water	7.9 + 0.33	4.45 + 0.051
		1.5 μM TPPS	7.83 + 0.002	4.46 + 0.005
		50 μM TPPS	7.14 + 0.04	4.39 + 0.08
	15-day-old B. cinerea	Control water	7.9 + 0.02	7.9 + 0.72
		1.5 μM TPPS	7.83 + 0.06	8 + 0.5
		50 μM TPPS	7.14 + 0.09	7.4 + 0.25

Table 10 : pH variations of medium after mycelium incubation under dark and basic conditions.

 10 

	cinerea	Control water	7.9 + 0.03	4.49 + 0.18
		1.5 μM TPPS	8.11 + 0.02	3.76 + 0.05
		50 μM TPPS	7.69 + 0.05	3.03 + 0.013
	15-day-old B. cinerea	Control water	7.9 + 0.25	6.41 + 0.03
		1.5 μM TPPS	8.11 + 0.045	6.29 + 0.16
		50 μM TPPS	7.69 + 0.0722	6.30 + 0.045

  To continue towards this goal, it was of interest to demonstrate that TPPS does not induce harmful effects on plant species other than Arabidopsis (Arabidospis thaliana var. Wassilewskija) and tomato (Solanum Lycopersicum var. Bali) (Guillaumot et al 2016; Issawi et al 2018).

des effets de TPPS et Chlorophylline sur Botrytis cinerea et sur deux plantes modèles : vigne et pomme de terre

  Un des problèmes majeurs de l'agriculture reste la lutte contre les agents pathogènes, en particulier les champignons. Depuis les années 60, l'utilisation de quantités phénoménales de pesticides, pour garantir les rendements des cultures, a provoqué́ une pollution désastreuse de l'environnement, une perte de la biodiversité et le développement de pathogènes multi-résistants. Les pratiques agricoles doivent donc devenir plus respectueuses de l'environnement tout en restant optimales. Le traitement photodynamique antimicrobien (APDT) est un traitement alternatif envisagé dans la lutte contre les microorganismes pathogènes, sans effet sur les plantes de culture et sur l'environnement voir la santé humaine. Dans l'intention de développer cette approche, deux photosensibilisateurs (PS) : une porphyrine anionique(TPPS) et une chlorine (la Chlorophylline) ont été testés sur un champignon pathogène (Botrytis cinerea) et deux de ses cibles : la vigne (Vitis vinifera) et la pomme de terre (Solanum tuberosum). Nous avons montré que TPPS même à très faible concentration inhibait la croissance du mycélium de B. cinerea sans pour autant altérer le développement des jeunes plants de vigne cultivés in vitro. Des résultats très similaires ont aussi été obtenus avec la Chlorophylline (Chl), molécule naturelle. TPPS et Chl semblent donc de très bons candidats pour une approche APDT. Cependant, dans le but d'une approche éco-responsable, nous privilégions plutôt Chl molécule naturelle contre TPPS, molécule de synthèse. En conclusion, les résultats obtenus tout au long de ces travaux de thèse sont réellement encourageants et nous permettent de défendre l'APDT comme stratégie agricole d'avenir et surtout écofriendly.
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Sourced from FAO-OIV FOCUS 2016.

According to the International Organization of Wine and Vine (OIV), France is the top wine exporting country in the world, producing 17 % of the total wine produced worldwide (OIV 2019; LARVF 2017). Nevertheless, the total area planted with wine grapes in France represents only the third worldwide place after Spain and China, just before Italy (OIV 2019; Table 4).

The porphyrin taken into consideration in this manuscript is a free base 5,10,15,20-(tetra-4sulfonatophenyl) porphyrin tetra-ammonium (TPPS) (Figure 15). NH4 + is the counter ion.

I.5.2.4. Chlorins

Chlorophyll derivatives from plants and bacteria are known to be good PSs (Alisson and Maghissi 2013). These derivatives are namely, chlorins and bacteriochlorins, and they display different In the 14-day-old potato varieties, there was a statistically significant difference between all organs in the four varieties, with exception to the aerial parts of both Bintje and Hinga. After a 1-month culture, no difference in GPX activity was noticed except three cases: roots of Bintje and both the roots and aerial parts of Hinga (Figure 58).

For the catalase activity, Bintje showed the most various profile after 14-day or 1-month culture with an increase in Cat activity either in treated roots or aerial parts, suggesting this enzyme could help the plantlets to resist to photoactivated TPPS (Figure 59). For the other treated plantlets, the catalase activity was more constant with the exception of 14-day-old Grenadine and Hinga aerial parts that showed a significant increase from 10 (control) to approximately 30 µmol.mg -1 prot.min -1 (treated).

From these enzymatic assays (GPX and Cat) and thiol content determination, plantlets defended themselves to oxidative burst generated by photoactivated TPPS that came over the basic stress generated by tissue culture. 

V.3 Chlorophyllin induced phenotype

As TPPS did not seem to be the ideal PS for potato plantlets generated from the four chosen varieties, Chlorophyllin (Chl) was investigated as a natural PS from the chlorin category. In this section, the same experiments were performed as were performed for TPPS, as shown above. Surprisingly, even at concentrations as high as 50 µM Chl, there were no harmful phenotypic effects on the 14-day-old and 1-month-old Bintje potato variety (Figure 60). 

V.3.1. Total thiol contents in Chl treated plantlets

To confirm that Chl had no harmful effects on the potato varieties, a total thiols assay was conducted on 14-day-old and 1-month-old plantlets. The total thiol contents measured in 14-day-old or 1-month-old Bintje and Laurette varieties did not show any significant differences either in the aerial parts nor the roots nor between the control and treated thus, suggesting no Chl-induced stress (Figure 61). By contrast, the 14-day-old Grenadine aerial parts and roots treated with photoactivated Chl produced a larger amount of thiols than the control, suggesting a potential abiotic stress for the variety. Surprisingly, after 1-month, Grenadinetreated organs showed less thiol contents than the control ones, also noticed for Hinga aerial organs suggesting a beneficial effect induced by Chl.

Bintje
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V.3.2. GPX and Cat activities in response to Chl

To continue the investigation at the biochemical level, GPX and Cat activity assays were monitored.

Interestingly, the GPX activity in each variety was always significantly higher in the control organs than in the treated samples (Figure 62). 

Bintje