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Résumé de la thèse en français 1. Introduction

Le pommier (Malus x domestica) est une plante agricole importante et un arbre fruitier cultivé mondialement.

Cependant, les rendements et les coûts de la production sont considérablement affectés par les infections de divers agents pathogènes. Le feu bactérien, causé par la bactérie Erwinia amylovora, est l'une des maladies les plus dévastatrices et il est responsable de pertes économiques importantes dans le monde entier. Les stratégies courantes de protection des plantes contre le feu bactérien comprennent l'utilisation de pesticides et d'antibiotiques. Cependant, cette pratique représente un fardeau pour l'environnement et favorise également le développement de souches bactériennes résistantes aux antibiotiques. Par conséquent, il est devenu un objectif déclaré de limiter autant que possible l'usage intensif de produits chimiques dans l'agriculture dans l'avenir très proche.

Des méthodes alternatives de protection des cultures sont largement étudiées. Certaines d'entre elles se focalisent sur la stimulation des défenses immunitaires de la plante. De ces stratégies, le développement des génotypes résistants et l'utilisation des stimulateurs de défense des plantes (SDP) sont considérés comme les plus prometteurs. A l'échelle industrielle, l'utilisation des SDP représente une alternative durable aux antibiotiques et pesticides. A cet égard, l'utilisation de l'acibenzolar-S-méthyle (ASM, Figure 1) comme éliciteur des plantes est largement soutenue. Tandis que l'effet d'ASM sur l'expression des gènes a été largement étudié par plusieurs chercheurs, son impact sur la formation induite des métabolites secondaires et sur leur rôle dans la défense immunitaire de la plante est beaucoup moins connu. Ainsi, la formation induite des métabolites végétaux protecteurs (phytoalexines) représente une approche intéressante. Cependant, les mécanismes métaboliques sous-jacents à leur biosynthèse et à leur régulation ainsi qu'à leurs effets protecteurs contre les pathogènes restent encore largement inconnus.

Seulement deux groupes de phytoalexines, les biphényles et les dibenzofuranes, ont jusqu'à présent été décrits comme étant activement impliqués dans la résistance de plantes à E. amylovora 1 .

Dans cet esprit, la recherche doctorale actuelle étudie le profil métabolique de Malus traité par l'ASM et/ou infecté par le feu bactérien (E. amylovora). Cette recherche est la première étude approfondie ciblant le profil chimique global des semis de pommier soumis à différents traitements.

Méthodologie

Matériel végétal

Toutes les expériences sur la pomme (Malus x domestica) ont été effectuées sur des semis de pommiers à pollinisation libre de la variété Golden Delicious, cultivés sur le site de l'Unité Expérimentale Horticole (UEH) à l'INRAE Angers en France. Les plantes étudiées ont été divisées en trois groupes : non infectées et traitées avec de l'eau (groupe 1), infectées avec E. amylovora et traitées avec du Bion ® , un stimulateur de défense des plantes contenant de l'ASM comme composé actif (groupe 2) et les plantes infectées et traitées avec de l'eau (groupe 

Extraction et analyse

Les feuilles et les tiges des plantes ont été prélevées et extraites séparément. La matière végétale a été broyée et homogénéisée dans un mortier et sous azote liquide. Ensuite, la poudre a été successivement extraite par cinq solvants différents, selon la polarité croissante (hexane, dichlorométhane, acétate d'éthyle, méthanol et eau) dans un bain à ultrason. La suspension a ensuite été filtrée à travers un fritté poreux et la matière végétale a encore été réextraite plusieurs fois. Enfin, les extraits du même solvant ont été combinés, filtrés et séchés sous azote gazeux ou en utilisant un évaporateur rotatif.

Les extraits des feuilles et tiges ont été systématiquement étudiés selon deux techniques analytiques différentes : la spectrométrie de masse par désorption ionisation sous laser sans matrice (LDI-SM) ainsi que la chromatographie liquide couplée à la spectrométrie de masse (CL-ESI-SM) avec analyseur électrospray. Suivant une approche métabolomique non-ciblée, les données des analyses LDI-SM et CL-ESI-SM ont été ensuite respectivement traitées statistiquement par l'analyse en composantes principales (ACP) et par l'analyse discriminante partielle des moindres carrés (PLS-DA). En LDI-SM, toutes les données pour les analyses statistiques ont été acquises en mode automatique. De plus, chaque échantillon a été déposé au moins cinq fois.

En CL-ESI-SM, chaque extrait a été injecté quatre fois.

Résultats et discussion

LDI-SM

Tout d'abord, une série d'expériences préliminaires a été effectuée afin de vérifier si le LDI permettait le profilage chimique d'extraits bruts sans purification supplémentaire et si les stimulateurs de défense des plantes avaient un effet significatif sur le métabolisme des plantes. De plus, ces expériences ont permis l'optimisation des paramètres expérimentaux généraux afin de mettre en place l'analyse automatisée des échantillons. Plus d'information sur cette partie peut être trouvée dans le manuscrit car seulement les résultats des principales expériences seront directement discutés dans ce résumé.

Concernant les trois expériences principales, les spectres de masse obtenus par LDI-SM ont révélé plusieurs, mais plutôt mineures, différences dans les intensités relatives des signaux m/z détectés, entre les groupes des plantes différemment traités. Par exemple, les spectres LDI-SM d'extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (Figure 3) montrent le même pic majeur (m/z = 271.08) pour les trois groupes mais des intensités relatives différentes pour les autres signaux du spectre (données de l'Expérience 1).

Cependant, les différences étaient beaucoup plus visibles après un traitement statistique ultérieur. A cet égard, les ACP utilisant soit la matrice de covariance, soit de corrélation ont abouti à une séparation distincte des trois groupes de plantes dans la plupart des expériences. Ces résultats indiquent que certains signaux importants pour la division des groupes ne peuvent pas être observés par une simple évaluation visuelle et qu'un traitement statistique supplémentaire est indispensable pour une interprétation correcte des données. Par exemple, l'ACP (matrice de covariance) réalisée sur les spectres LDI-SM d'extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (Figure 4) montre une division claire des trois groupes en fonction du traitement des plantes (données de l'Expérience 1). Cependant, tous les groupes, analysés en quintuples (cinq points du dépôt d'échantillon différents), apparaissent dans les ellipses de confiance à 95%. Cela indique égale ment une bonne répétabilité de la méthode. Des résultats similaires ont également été obtenus par l'ACP utilisant la matrice de corrélation (Figure 5). En général, la division des groupes dans l'ACP a semblé être la meilleure dans l'Expérience 1. Contrairement aux Expériences 2 et 3, les groupes étaient les plus distants dans le graphique d'ACP et n'ont montré aucune superposition de leurs ellipses de confiance (95%). Cette observation est conforme aux résultats de CL-ESI-SM, où la meilleure séparation a également été observée pour l'Expérience 1. Ces résultats seront discutés dans la partie 3.2.

De plus, l'ACP a permis de déterminer les ions responsables de la séparation statistique. A cet égard, tous les signaux montrant sin 2 /cos 2 > 0,5 dans le cercle de corrélation d'ACP (matrice de corrélation) ont été considérés comme significatifs pour la séparation observée des groupes. Ces signaux discriminants (marqueurs) des trois expériences ont été résumés dans la liste des marqueurs pour une comparaison biologique. Dans l'ensemble, 107 (pour les feuilles) et 90 (pour les tiges) marqueurs de la séparation statistique ont été déterminés par l'ACP sur les données LDI-SM. Par exemple, le cercle de corrélation sur la Figure 6 montre les marqueurs de la séparation statistique pour les extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (données de l'Expérience 1). Tous les marqueurs sont également résumés dans la table juste à côté. 

CL-ESI-SM

De manière similaire à la LDI-SM, les chromatogrammes obtenus en CL-ESI-SM diffèrent principalement par l'intensité des pics élués (Figure 7). Cependant, plusieurs pics supplémentaires élués seulement dans un ou deux des groupes ont également été observés. Pour visualiser clairement ces différences, les données acquises ont aussi été traitées statistiquement. A cet égard, une analyse discriminante partielle des moindres carrés (PLS-DA) a conduit à une division très distincte de groupes de plantes traités différemment, confirmant les résultant obtenus précédemment par LDI-SM. Comme il a déjà été dit, la meilleure séparation statistique a été observée pour l'Expérience 1 (meilleur regroupement de tous les jeux de données à partir de quatre répétitions expérimentales). Par exemple, la Figure 8A montre une PLS-DA réalisée sur les extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (données de l'Expérience 1). Les groupes sont correctement divisés selon le type de traitement, sans aucune superposition.

La sélection des signaux marqueurs significatifs pour la séparation statistique était basée sur l'analyse discriminante des projections orthogonales sur les structures latentes (OPLS-DA), qui comparait toujours deux groupes de plantes différents. Par exemple, les marqueurs pour les extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (données de l'Expérience 1) sont résumés dans la Figure 8B.

Une liste de marqueurs a été créée en mettant ensemble des ions marqueurs de toutes les combinaisons de groupes. Les signaux les plus importants ont également été étudiés par MS 2 .

A) B)

Figure 8 : A) Analyse discriminante partielle des moindres carrés (PLS-DA, Progenesis QI 3.0.3.) exécutée sur les spectres CL-ESI-SM d'extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (données de l'Expérience 1). B) Tableau des marqueurs.

Identification putative des composés clés

En LDI-SM, quelques échantillons sélectionnés ont aussi été analysés par un spectromètre de masse à haute résolution (HR) pour obtenir les masses exactes des signaux détectés. Ces expériences HR ont ensuite facilité l'attribution des formules moléculaires aux marqueurs les plus importants des expériences ACP. Basé sur ces informations et aussi sur une recherche bibliographique, plusieurs composés ont pu être putativement identifiés : les acides malique, caféique et quinique, la phlorétine, la lutéoline, la catéchine, l'avicularine, la phloridzine et la quercitrine. Tous ces composés ont été signalés dans la littérature scientifique comme des constituants majeurs du pommier.

De même, dans les expériences CL-ESI-SM, certains des signaux d'intérêt étaient liés à des structures potentielles, en fonction de leurs masses exactes (HR-SM) et en comparant leurs spectres de fragmentation avec la base de données Progenesis-ChemSpider. Les composés putativement identifiés en CL-ESI-SM étaient les suivants : l'apiforol, le 3-carbéthoxypsoralène, la testololactone, la 6-prénylnaringénine, la phloridzine, la taxifoline-3-arabinoside, la quercitrine, l'isoquercétine, la myricitrine, l'acide quillayique et l'acide glabrique.

Pour certains composés, c'est la première fois qu'ils sont détectés dans le pommier. Cependant, il ne faut pas oublier que cette identification n'est que putative, donc une vérification avec les témoins analytiques correspondantes est nécessaire pour confirmer leur présence dans les extraits analysés.

Les caractéristiques, les activités biologiques et les rôles respectifs dans l'immunité des plantes de tous les composés identifiés sont discutés en détail dans le manuscrit.

Comparaison des deux méthodes analytiques

Les résultats spécifiques obtenus par les deux méthodes ont été discutés précédemment alors que cette section mettra en évidence les avantages et les inconvénients des deux méthodes par rapport à ces résultats.

Ce qui est le plus important, c'est que les analyses statistiques basées sur les données des deux techniques ont conduit à la même séparation distincte des tous les groupes de plantes. Néanmoins, il faut souligner un aspect Ce sujet est discuté plus en détail dans le manuscrit.

Autres applications de la LDI-SM

Outre l'analyse phytochimique d'extraits des pommiers, du matériel végétal supplémentaire a été étudié par LDI-SM. Ces expériences supplémentaires comprennent l'analyse des alcaloïdes de l'opium de Papaver somniferum et l'étude sur divers jus de fruits.

La première étude a évalué le potentiel de la LDI-SM pour la détection directe des alcaloïdes de types morphinane et benzylisoquinoléine dans des extraits bruts méthanoliques des capsules de P. somniferum. Suivant la même approche méthodologique que pour Malus, les échantillons ont été analysés par LDI-SM et CL-UV-ESI-SM. Au total, dix alcaloïdes de l'opium, dont la morphine, l'oripavine, la codéine, la thébaïne, la corytubérine, la réticuline, la papavérine, la codamine, la laudanosine et la noscapine ont été détectés. L'analyse en composantes principales, exécutée sur les spectres LDI-SM obtenus, a permis un regroupement de tous les échantillons en fonction de la plante d'origine respective. De plus, à l'exception de l'alcaloïde mineur noscapine, et des traces de laudanosine, la LDI-SM a détecté tous les composés observés par CL-SM.

Conclusions

Bien que les deux méthodes aient révélé des profils chimiques différents, une séparation de groupes identique a été observée par l'analyse statistique (ACP, PLS-DA) pour tous les échantillons analysés. A cet égard, la LDI-SM pourrait représenter un complément ou même une alternative intéressante à la CL-ESI-SM car elle ne nécessite que très peu de préparation d'échantillons et donne des résultats instantanés. De plus, l'analyse statistique a permis de déterminer les marqueurs responsables de la séparation des groupes de plantes traités différemment.

Les formules moléculaires de certains d'entre eux ont pu être proposées, basées sur la haute résolution (HR-SM), les spectres de fragmentation et leur comparaison avec les bases de données.
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Introduction

Apple (Malus x domestica) is an important agricultural plant and globally cultivated fruit tree. However, crop yields and production costs are significantly affected by infections of various pathogens. Fire blight, caused by the bacterium Erwinia amylovora, is one of the most devastating diseases, and responsible for considerable economic losses all over the world. Common strategies of plant protection against fire blight comprise the use of pesticides and antibiotics. However, this practice not only poses a heavy burden on the environment but also promotes the development of antibiotic-resistant bacterial strains. Therefore, it has become a declared goal to limit the extensive use of chemicals in plant agriculture as much as possible in the very near future.

Accordingly, alternative methods of crop protection are being widely explored, some of them focusing on the stimulation of the plant's immune defense. From these strategies, the development of resistant genotypes and the use of plant resistance inducers (PRIs) are considered most promising. On an industrial scale, the use of PRIs represents a sustainable alternative to antibiotics and pesticides. In this respect, the use of acibenzolar-S-methyl (ASM) as a plant elicitor is being widely supported. While the effect of ASM on gene expression has been extensively studied by several authors, far less is known about its impact on the induced formation of secondary metabolites and their role in the plant's immune defense. In this respect, the induced formation of protective plant metabolites (phytoalexins) represents an interesting approach. However, the metabolic mechanisms underlying their biosynthesis and regulation as well as their protective effects against pathogens still remain largely unknown. Only two groups of phytoalexins, biphenyls and dibenzofurans, have been so far described as actively involved in the plant resistance against E. amylovora. Theoretical part

With this in

The nutritional and economic significance of apple

Apple (Malus x domestica) is an important, globally cultivated agricultural plant. Apple belongs to the family Rosaceae, which contains many valuable fruit corps. In 2018, the worldwide production of apples reached 86 million tons, highlighting its importance as a major industrial fruit 1 . In purchased and home-produced fruit and vegetable quantities (SECODIP assessment method), apples represent the most consumed fruit in France (∼30% of total consumed fruit) 2 . Most of the apple production is located in Asia (Figure 1) with mainland China as the leading country (Figure 2). Apples are usually consumed raw but are also an important base material for the food processing industry (juices, sauces, ciders, vinegars, etc.). Being an important part of the human diet, apples are a source of various biologically important nutritional elements. This includes saccharides, such as glucose, fructose and sucrose, minerals, dietary fiber, vitamin C as well as organic acids, such as quinic, malic, tartaric, shikimic, citric and succinic acids 3 . Apple fruits also contain high number of phenolic compounds and represent the main source of phenolics in so called "the French diet" 2 .

Phenols from apple comprise catechin, epicatechin, phloridzin, chlorogenic acid, hyperoside, isoquercetin, quercitrin, avicularin, ideain and many others 4,5 . However, the specific chemical composition of apple fruits is strongly dependent on varieties as well as fruit maturity 3 . Along with sugars and organic acids, phenolic compounds are linked to the nutritional and sensory qualities of the apple fruit. For example, fruit color is related to anthocyanins 6 . As natural food colorants, they allow assessing fruit quality and their increase is usually considered as a positive characteristic of fruit quality. Together with ascorbic acid, some other active phenolics, such as chlorogenic acid, epicatechin, procyanidin B2, and phloretin, quercetin glycosides were identified as major antioxidants in apple fruits 7 . Apple also contains several fatty acids, in particular palmitic and linoleic acids. The major amino acids are alanine, aspartate, serine and glutamine 3 .

Similarly to other agricultural crops, apple trees are attacked by various pathogens. Many of them are fungi , such as powdery mildew (Podosphaera leucotricha), brown rot (Monilinia fructigena) and sooty blotch complex (Gloeodes pomigena). Moreover, plants can also be attacked by various pathogenic bacteria, viruses, nematodes, or insects, including the rosy apple aphid (Dysaphis plantaginea) or codling moth (Cydia pomonella). Globally, apple scab and fire blight are considered as the most important diseases of Malus. Apple scab is caused by the ascomycete fungus Venturia inaequalis and is also called 'black spot disease' 8 . The name comes from the black fungal lesions, which appear on infected parts of the plant. Affected fruits are unmarketable and the reduction in fruit yields often causes devastating economic losses for producers. The fire blight disease will be discussed in detail later on in the text (section 3. Fire blight).

Phenolic compounds in Malus

Phenolic compounds were recently studied in the context of chemical biodiversity of plants [START_REF] Liaudanskas | Phenolic Composition and Antioxidant Activity of Malus domestica Leaves[END_REF] . Such studies are carried out for enriching the collection of medicinal plant materials and to evaluate their potential applications.

Due to the compelling evidence for their health benefits and impact on food quality, the interest in phenolics has been increasing in recent years [START_REF] Lattanzio | Role of phenolics in the resistance mechanisms of plants against fungalpathogens and insects In Phytochemistry: Advances in Research[END_REF] . Phenolics represent one of the most chemically diverse and ubiquitous classes of secondary metabolites in plants. Secondary metabolites are plant constituents that are produced in specialized cells and are not directly linked to the basic photosynthetic and respiratory metabolism. They are nevertheless important for plant survival and the adaptation to a changing environment. Up to now, several thousand phenolic structures have been described 6 . The majority of phenolic compounds are produced by the phenylpropanoid pathway [START_REF] Ibdah | Biosynthetic Pathway and Metabolic Engineering of Plant Dihydrochalcones[END_REF] . Their metabolism starts with the amino acid phenylalanine, which feeds into various biosynthetic pathways, leading to a wide range of structurally related phenols (flavonoids, phenolic acids, lignins, stilbenes and lignans). Plants generally dedicate a significant amount of energy and large carbon resources from photosynthesis to synthetize phenylpropanoids [START_REF] Yu | Nature's assembly line: biosynthesis of simple phenylpropanoids and polyketides[END_REF] .

Most of these molecules function as antioxidants, an effect that is linked to multiple hydroxyl groups and unsaturated double bonds, which react with radicals and oxidative ions in cells [START_REF] Yu | Nature's assembly line: biosynthesis of simple phenylpropanoids and polyketides[END_REF] . In humans, some phenols can also act as phytoestrogens, preventive anticancer agents or regulate the development of fat cells. Recent epidemiologic studies show that the intake of fruits and vegetables lowers the risks for cancer, coronary heart diseases, cataracts as well as brain and immune dysfunctions, and stroke 6 . It is suggested that these effects are linked to polyphenols.

Phenolic compounds are widely distributed in plant tissues and their concentrations may vary from 0.5 to 5.0 g per 100 g dry weight [START_REF] Swanson | Encyclopedia of Food Sciences and Nutrition (Second Edition)[END_REF] . The quantity of phenols also depends on the stage of the plant development, as reported for several compounds, including phloridzin or flavan-3-ols [START_REF] Picinelli | Polyphenolic Pattern in Apple Tree Leaves in Relation to Scab Resistance. A preliminary study[END_REF] . In leaf tissues of Malus x domestica, the content of flavan-3-ols is highest in young leaves and decreases in older leaves [START_REF] Sierotzki | Flavan-3-ol content and the resistance of Malus x domestica to Venturia inanequalis (Cke.) Wint[END_REF] . The same applies for apple fruits, where the contents of flavan-3-ols (catechin, epicatechin), flavonols (hyperoside, quercitrin, avicularin, rutin, isoquercetin and reynoutrin), procyanidins (B1, B2 and C1), phloridzin and chlorogenic acid are highest at the beginning of the fruit development stage and decrease during fruit maturation [START_REF] Liaudanskas | Seasonal Variation of Qualitative and Quantitative Composition of Phenolic Compounds and Antioxidant Activity in Apple (Malus domestica Borkh.) Fruits[END_REF] . The quantity of phenolic compounds in apple is regulated by the genome and strongly depends on environmental and growing conditions [START_REF] Treutter | Biosynthesis of phenolic compounds and its regulation in apple[END_REF] .

This includes several factors such as location, soil and weather conditions during the growing seasons 8, [START_REF] Petkovsek | Phenolic compounds in apple leaves after infection with apple scab[END_REF] . The way how orchards are managed may also influence the yield of phenolics. It was shown that high nitrogen supply reduced the accumulation of soluble phenolic compounds in Malus, but at the same time increased the shoot growth [START_REF] Leser | Effects of nitrogen supply on growth, contents of phenolic compounds and pathogen (scab) resistance of apple trees[END_REF] . This is a good example of a tradeoff, which may occur in modern agriculture. The structures of representative phenolic compounds found in Malus are shown in Figure 3. increased the content of anthocyanins, quercetin glycosides and chlorogenic acid in the skin of apple fruits (Malus domestica Borkh.) [START_REF] Hagen | Phenolic contents and other health and sensory related properties of apple fruit (Malus domestica Borkh., cv. Aroma): Effect of postharvest UV-B irradiation[END_REF] . A hot air post-harvest treatment was successfully applied for improving the content of some flavonoids in cherry tomato fruit (Lycopersicon esculentum), including p-coumaric acid, caffeic acid, chlorogenic acid, isoquercetin, quercetin and rutin [START_REF] Wei | Hot Air Treatment Induces Disease Resistance through Activating the Phenylpropanoid Metabolism in Cherry Tomato Fruit[END_REF] . Similarly, the content of several flavonoids increased after postharvest ultraviolet-C irradiation of strawberries (Fragaria × ananassa) or ultraviolet-B irradiation of sweet wormwood (Artemisia annua L.) [START_REF] Xu | Preharvest Ultraviolet C Irradiation Increased the Level of Polyphenol Accumulation and Flavonoid Pathway Gene Expression in Strawberry Fruit[END_REF][START_REF] Pandey | Epigenetic control of UV-B-induced flavonoid accumulation in Artemisia annua L[END_REF] .

Within the group of phenolics, flavonoids represent the largest group of compounds and are defined by a typical three-ring structure (Figure 4) [START_REF] Waterhouse | Wine Phenolics[END_REF] . They can be divided into several subclasses, according to their oxidation state and the substitution pattern of the C ring. Some of the most relevant subgroups are anthocyanidins (cyanidin, delphinidin), flavanols (catechin, epicatechin), flavones (apigenin, luteolin), flavanones (hesperetin, naringenin), flavonols (quercetin, myricetin) and flavanonols (taxifolin, dihydromyricetin) [START_REF] Ververidis | Biotechnology of flavonoids and other phenylpropanoid-derived natural products. Part I: Chemical diversity, impacts on plant biology and human health[END_REF] . Next to their free form, flavonoids may be chemically bond to sugars. This glycosylation of flavonoids primarily occurs at positions C-3 and/or C-7 [START_REF] Lopes | Inhibitory effects of flavonoids on biofilm formation by Staphylococcus aureus that overexpresses efflux protein genes[END_REF] .

In plants, flavonoids are involved in many physiological processes, including stress and UV protection, microbial and insect defense, as well as allelopathic plant-plant interactions [START_REF] Treutter | Significance of flavonoids in plant resistance: a review[END_REF] . In addition, the induced formation of flavonoids after injury or by pathogens or pests is a well -known phenomenon. The chemical diversity of apple fruit is well described in the literature, however, far less is known about the composition of apple leaves. The foliage is still considered as a waste product, even though it could be a valuable source for the preparation of phenol-enriched extracts or phenolic antioxidants [START_REF] Sowa | Analysis of Polyphenolic Compounds in Extracts from Leaves of Some Malus domestica Cultivars: Antiradical and Antimicrobial Analysis of These Extracts[END_REF] . An overview of so far reported phenolic constituents in apple leaves is shown in Table 1. The dihydrochalcone phloridzin accounts for more than 90% of the soluble phenolics in apple leaves [START_REF] Skłodowska | Phenolic Profile and Peroxidase Activity in Apple Leaves after Erwinia amylovora Infection and BTH Treatment[END_REF] . Its aglycone phloretin, together with sieboldin, trilobatin and 3-hydroxyphloridzin represent further notable constituents of this group [START_REF] Bernonville | The constitutive phenolic composition of two Malus ×domestica genotypes is not responsible for their contrasted susceptibilities to fire blight[END_REF] . With about one fifth of the quantity of phloridzin, quercetin and its derivatives are the second largest group of phenolics in apple [START_REF] Petkovsek | Phenolic compounds in apple leaves after infection with apple scab[END_REF] . Concerning caffeic acid derivates, chlorogenic acid was identified as the major constituent in a study conducted on one-year old apple trees [START_REF] Skłodowska | Phenolic Profile and Peroxidase Activity in Apple Leaves after Erwinia amylovora Infection and BTH Treatment[END_REF] , an observation that was also confirmed by Petkovsek et al. in leaves of 9-year old apple trees [START_REF] Petkovsek | Phenolic compounds in apple leaves after infection with apple scab[END_REF] . Next to chlorogenic acid, 4'-O-p-coumaroylquinic acid was identified as the most abundant hydroxycinnamic acid.

Role of phenolics in plant immunity

This section will highlight the general role of phenolics in plant immunity. Some of the mentioned pathogens, such as Erwinia amylovora, will be discussed in more details later on in the manuscript. Generally, the role of phenolic compounds in defense is related to their antibiotic, antinutritional or unpalatable properties [START_REF] Lattanzio | Role of phenolics in the resistance mechanisms of plants against fungalpathogens and insects In Phytochemistry: Advances in Research[END_REF] . The induced formation of various phenols following a pathogen attack were reported in several studies. It is triggered by the release of transmitter compounds from damaged or infected cells, which then diffuse into the surrounding healthy tissue. Consequently, the formation of phenolics is stimulated in these cells 8 . In Malus, the process was observed for leaves infected by Venturia inaequalis, the causal agent of apple scab [START_REF] Petkovsek | Phenolic compounds in apple leaves after infection with apple scab[END_REF] as well as for apple fruits infected by the fungus Phlyctaena vagabunda [START_REF] Lattanzio | Low Temperature Metabolism of Apple Phenolics and Quiescence of Phlyctaena vagabunda[END_REF] . In addition, an increased activity of polyphenol oxidase was detected in the infected tissue. This enzyme transforms phenols into toxic quinones, which limits pathogen growth. Moreover, chlorogenic acid has been reported to inhibit the spore germination and mycelial growth of V.

inaequalis [START_REF] Petkovsek | Phenolic compounds in apple leaves after infection with apple scab[END_REF] . Despite these encouraging reports, studies investigating the relation between resistance and phenolic content are sometimes contradictory. With respect to apple scab, Treutter and Feucht reported that in resistant apple plants, the total flavanol content in fruit skin and leaves was several times higher than in the susceptible cultivars [START_REF] Treutter | The pattern of flavan-3-ols in relation to scab resistance of apple cultivars[END_REF] . Moreover, the resistant group showed wider range of flavonoids. Picinelli et al. also differentiated apple scab resistant and sensitive cultivars at young leaf stage based on their flavanol contents and phloridzin/flavanol ratio [START_REF] Picinelli | Polyphenolic Pattern in Apple Tree Leaves in Relation to Scab Resistance. A preliminary study[END_REF] . On the contrary, Sierotzki and Gessler came to the conclusion that there is no positive correlation between the resistance against V. inaequalis and quantity of flavan-3-ols [START_REF] Sierotzki | Flavan-3-ol content and the resistance of Malus x domestica to Venturia inanequalis (Cke.) Wint[END_REF] .

In the case of fire blight, the antibiotic activities of phloretin and hydroquinone against Erwinia amylovora have been demonstrated for a long time [START_REF] Pontais | Erwinia amylovora modifies phenolic profiles of susceptible and resistant apple through its type III secretion system[END_REF] . Their respective glycosides, phloridzin and arbutin, are constitutively present at high concentrations in apple and pear respectively. However, the studies on apple cultivars resistant and susceptible to fire blight did not confirm the direct role of phloretin in the resistance against the bacterium. The amount of phloretin was slightly increased in the susceptible cultivar. Moreover, its content decreased within the course of infection in both cultivars, to sublethal levels for E. amylovora. By including also other apple phenolics, Dugé de Bernonville et al. showed that the constitutive phenolic composition in investigated Malus × domestica genotypes was not responsible for the resistance to fire blight [START_REF] Bernonville | The constitutive phenolic composition of two Malus ×domestica genotypes is not responsible for their contrasted susceptibilities to fire blight[END_REF] . Therefore, the hypothesis of differential transformation of Malus phenols via oxidation and polymerisation, together with the involvement of their specific oxidized byproducts in the resistance against E. amylovora, was proposed [START_REF] Pontais | Are Phenolic Compounds Involved in the Differential Responses of Apple Genotypes to Erwinia amylovora?[END_REF] . In this respect, the deglucosylation and oxidation of selected dihydrochalcones was studied by Gaucher et al. [START_REF] Gaucher | Same ammo, different weapons: Enzymatic extracts from two apple genotypes with contrasted susceptibilities to fire blight (Erwinia amylovora) differentially convert phloridzin and phloretin in vitro[END_REF] . The authors investigated the ability of two different apple genotypes to produce toxic levels of oxidized compounds before and after an infection with E. amylovora. However, significant amounts of oxidized constituents were solely found in the resistant cultivar.

The study is discussed in more detail in the Results and discussion section: 5.4.10 Phloridzin and phloretin.

Besides Malus, the roles of phenolics in plant defense were also discussed for other plants e.g. olives (Olea europaea) [START_REF] Spadafora | Oleuropein-Specific-β-Glucosidase Activity Marks the Early Response of Olive Fruits (Olea europaea) to Mimed Insect Attack[END_REF] . Spadafora et al. associated the defense response in olives injured by a pathogen or by mechanical damages to the hydrolysis of oleuropein by β-glucosidase. This reaction occurred particularly in cultivars with low susceptibility to insect damage and led to the production of highly reactive molecules preventing further infestation. After the infection with Verticillium dahliae, the total phenol content of the entire olive stem practically doubled compared to noninfected plants [START_REF] Baidez | Dysfunctionality of the Xylem in Olea europaea L. Plants Associated with the Infection Process by Verticillium dahliae Kleb. Role of Phenolic Compounds in Plant Defense Mechanism[END_REF] . Furthermore, the levels of oleuropein, rutin and luteolin-7-glucoside were significantly higher than in the non-infected control. These findings suggest that the first step in the defense mechanism of olive plants is a rapid accumulation of phenols at the infection site, which limits or decreases pathogen growth. In additional experiments, oleuropein, rutin and luteolin-7-glucoside showed direct antifungal activity against V. dahliae. Moreover, in vitro tests revealed that fungal infections triggered the hydrolysis of phenolic glycosides, liberating aglycons such as quercetin and luteolin, which showed higher antifungal activity that their respective glycosides. Besides inhibiting the pathogen's radial growth, these compounds induce morphological alterations in the fungus, which tries to protect itself from the toxic effect by thickening the hyphal wall. In conclusion, these findings strongly suggest that phenolic compounds act as antimicrobial compounds in the natural defense of olives.

In pepper fruits (Capsicum annuum L.), an infection with Colletotrichum coccodes induced the accumulation of several phenols in tissues next to the symptomatic infection spot [START_REF] Petkovsek | Phenolic compounds as defence response of pepper fruits to Colletotrichum coccodes[END_REF] . This specifically applied for chlorogenic acid, chrysoeriol, quercetin and luteolin glycosides. With regard to carrots, their resistance to Western Flower Thrips (Frankliniella occidentalis) was linked to significant increase of luteolin, sinapic acid and β-alanine [START_REF] Leiss | An eco-metabolomic study of host plant resistance to Western flower thrips in cultivated, biofortified and wild carrots[END_REF] . Furthermore, these compounds exhibited a repellent effect on thrips.

Similarly, an infection by walnut blight (Xanthomonas arboricola pv. juglandis) distinctly increased the amount of gallic acid, hydroxycinnamic acids, catechin as well as quercetin glycosides in green walnut husks (Juglans regia L.) [START_REF] Petkovsek | Phenolic response in green walnut husk after the infection with bacteria Xanthomonas arboricola pv. juglandis[END_REF] . Based on obtained results, the authors suggested that some of the phenolic compounds, especially quercitrin, may be related to defense mechanisms of walnut fruits against bacterial blight.

In bilberry (Vaccinium myrtillus), an infection with Botrytis cinerea induced the accumulation of phenolic acids, flavan-3-ols and oligomeric proanthocyanidins [START_REF] Koskimäki | Flavonoid biosynthesis and degradation play a role in early defence responses of bilberry (Vaccinium myrtillus) against biotic stress[END_REF] . More specifically, particularly the yields of epigallocatechin, isoquercetin, quercitrin, chlorogenic acid and coumaroylquinic acid were elevated, suggesting their role as basic elements in the plant's defense. It is further suggested that proanthocyanidins are stored in a polymerized form in the non-infected plant before being transformed to smaller units within the time course of an infection.

In cotton (Gossypium hirsutum L.), a non-targeted metabolomics study revealed an accumulation of several key metabolites, including flavonoids, phenylpropanoids, terpenoids, fatty acids and carbohydrates, in response to an infection with Aspergillus tubingensis [START_REF] Khizar | Resistance associated metabolite profiling of Aspergillus leaf spot in cotton through nontargeted metabolomics[END_REF] .

Despite the high number of reports on phenolics and their role in plant defense of various species, the exact mechanisms of action remain widely unexplored. Phenols may act as elicitors of resistance through different pathways mediated by the host tissues [START_REF] Petkovsek | Phenolic compounds as defence response of pepper fruits to Colletotrichum coccodes[END_REF] . Moreover, they can undergo structural changes (such as degradation and hydrolysis) increasing or diminishing their original biological activity. Eventually plant defense comprises complex processes that are species dependent and may also change with environmental conditions.

Fire blight

Fire blight is one of the most destructive diseases of Malus and caused by the gram-negative, rod-shaped and hemibiotroph bacterium Erwinia amylovora (Enterobacteriaceae) [START_REF] Wallis | Management of fire blight using pre-bloom application of prohexadione-calcium[END_REF] . Next to apple, the pathogen also attacks many other plants, mostly from the Rosaceae family, such as pear (Pyrus), hawthorn (Crataegus), Cotoneaster and Pyracantha [START_REF] Vanneste | Honey bees and epiphytic bacteria to control fire blight, a bacterial disease of apple and pear[END_REF] . However, from an economic perspective, apples and pears are most impacted by the disease [START_REF] Vrancken | Pathoge nicity and infection strategies of the fire blight pathogen Erwinia amylovora in Rosaceae: State of the art[END_REF] .

Erwinia amylovora was first described in 1880s by Thomas Jonathan Burrill and at that time it was introduced as Micrococcus amylovorus [START_REF] Burrill | New Species of Micrococcus[END_REF] . Later on the name was changed to E. amylovora. It was the first identified bacterial plant pathogen and its discovery established a new concept that bacteria were able to cause diseases in plants.

Many researchers and plant growers were involved into the development of this concept until its general acceptation in 1901 [START_REF] Baker | Fire Blight of Pome Fruits: the Genesis of the Concept that Bacteria can be Pathogenic to Plants[END_REF] . Today it is commonly accepted that the disease is originated in North America from where it spread to the rest of the world [START_REF] Eastgate | Erwinia amylovora: the molecular basis of fireblight disease[END_REF] . In Europe, fire blight was first reported in Britain in 1957 and is nowadays considered an increasing problem due to the global rise of temperatures and current planting strategies. The high pathogenicity of E. amylovora, combined with an almost worldwide dissemination constitutes serious ecological and economical problems [START_REF] Coyne | Biosynthesis of the Antimetabolite 6-Thioguanine in Erwinia amylovora Plays a Key Role in Fire Blight Pathogenesis[END_REF] .

Symptoms and infection cycle

As a necrotic bacterium, E. amylovora provokes progressive necrosis in aerial parts of susceptible host plants and the typical hypersensitive reaction, rapid and localized plant cell death at the infection site, in non -host plants [START_REF] Venisse | Evidence for the Involvement of an Oxidative Stress in the Initiation of Infection of Pear by Erwinia amylovora[END_REF] .

The infection cycle of fire blight is very complex and develops in several stages in a close association with the host plant [START_REF] Vrancken | Pathoge nicity and infection strategies of the fire blight pathogen Erwinia amylovora in Rosaceae: State of the art[END_REF] . The primary infection generally takes place in open flowers, which are susceptible until petals fall 58 .

This phase is referred to as blossom blight. E. amylovora first colonizes the stigmatic surface of flowers, where it multiplies [START_REF] Vanneste | Honey bees and epiphytic bacteria to control fire blight, a bacterial disease of apple and pear[END_REF] . Then it migrates to the nectaries and enters their tissues through the nectarthodes (orifices from where the nectar is secreted). Once the bacterium manages to penetrate into the tissue, it usually multiplies rapidly, leading to the first symptoms of fire blight: the occurrence of a sticky exudate followed by the progressive necrosis of invaded organs. This exudate, consisted of bacteria embedded in exopolysaccharides, can be easily transferred to healthy flowers by insects, wind, rain or humans. The infection might stay localized in flowers or flower clusters but usually disseminates into other parts of the plant 58 . The bacteria can enter leaves, twigs and shoots by small wounds caused by rain, wind or insect punctures and develop shoot blight. This pathogen transmission and disease development is particularly facilitated by rainy, humid weather with warm daytime temperatures and night temperatures above 13 °C. Moreover, an internal invasion may occur where the bacteria moves progressively from infected shoots and spurs to healthy shoots, branches and rootstocks, eventually causing rootstock blight 59 . Once extended to the wood, cankers might form between infected and uninfected areas, allowing the bacteria to overwinter the dormant season 58 . In spring, some of the cankers become active and exude light tan bacterial ooze, which disseminates by splashing rain and insects to nearby blossoms or growing shoots. The bacteria also spread into the healthy wood surrounding the active cankers where the infection cycle repeats. A graphic summary of the infection cycle of Erwinia amylovora is given in Figure 5 .

Figure 5:

The infection cycle of Erwinia amylovora 58 Apart from bacterial exudates and necrosis, fire blight symptoms also include wilt with shoots forming a crook (Figure 6) 58,59 . Larger branches show water-soaked and reddish streaks underneath the bark (Figure 7). The infected wood then turns brown and dries out, the bark turns darker and cracks. The infection of leaves and fruits result in their discoloration and collapse. Dead and blackened, they cling to branches, giving the tree a scorched appearance and the diseases its name "fire blight". As the invasion of the pathogen directly relates to the plant growth, the young, vigorously growing plants suffer more damage than older trees. In general, symptoms for blossom blight are less obvious and easily overlooked [START_REF] Wallis | Management of fire blight using pre-bloom application of prohexadione-calcium[END_REF] . Consequently, infections are usually reported as shoot blight, from late June to July -rather than blossom blight. As a result of the delayed detection of the disease, entire trees and orchards may be completely destroyed. This aspect will be discussed in detail in section 4. Fire blight management.

The impact on apple industry

In the twentieth century, the apple industry has undergone many changes, including the adoption of high-density orchards and planting of susceptible apple cultivars and rootstocks [START_REF] Norelli | Fire Blight Management in the Twent y-first Century[END_REF] . High-density planting systems bring many agricultural advantages to fruit producers, such as better fruit quality (due to better light exposure), higher yield per hectare, increased tree precocity and induced fruitfulness. For apples, the average number of plants per hectare has increased from 250-500 up to 5000 [START_REF] Steiner | Integrated Orchard and Nursery Management for the Control of Fire Blight In Fire Blight: The Disease and its Causative Agent, Erwinia amylovora[END_REF] .

Such high densities require the use of size-controlling rootstocks [START_REF] Norelli | Fire Blight Management in the Twent y-first Century[END_REF] . Therefore, this planting system is generally based on dwarfing rootstocks, most commonly on Mailling 9 (M.9) and Mailling 26 (M.26), which are highly susceptible to E. amylovora. In the event of an infection, the bacteria usually kill the whole tree, by girdling its rootstock. Moreover, not only rootstocks, but also recent apple varieties, such as Braeburn, Fuji, Gala, Ginger Gold, Jonagold and Pink Lady, are much more susceptible to fire blight than most of the older cultivars. These fundamental changes in apple agriculture have substantially increased the risk of fire blight infections worldwide [START_REF] Maxson-Stein | Effect of Treating Apple Trees with Acibenzolar-S-Methyl on Fire Blight and Expression of Pathogenesis-Related Protein Genes[END_REF] .

Moreover, due to the sporadic nature of fire blight infections, which usually occur once per several years, apple growers refrain from implementing costly control practices [START_REF] Norelli | Fire Blight Management in the Twent y-first Century[END_REF] . Nevertheless, once occurring, fire blight outbreaks are often devastating and may lead to the loss of entire orchards [START_REF] Eastgate | Erwinia amylovora: the molecular basis of fireblight disease[END_REF]59 . Solely in the US, the annual losses and costs related to fire blight are estimated at over 100 million of dollars [START_REF] Norelli | Fire Blight Management in the Twent y-first Century[END_REF] .

Fire blight management

Fire blight management is a very complex and difficult task due to the limited possibilities of disease control and their high costs. The main issue is the absence of a single mean that would totally eradicate the disease, provide an absolute cure or fully protect host plants against infection [START_REF] Abo-Elyousr | Effect of Acibenzolar-S-methyl and Rahnella aquatilis (Ra39) on Chitinase and β-1, 3-glucanase Activities and Disease Resistance of Apple Plants[END_REF] . The commonly available methods include protective chemical treatments, the removal of infection sources, and reduced planting of susceptible cultivars [START_REF] Sarojini | Antimicrobial Peptides for Fire Blight Control[END_REF] .

However, all these approaches still do not provide an effective management strategy [START_REF] Sarojini | Antimicrobial Peptides for Fire Blight Control[END_REF] . In years when weather conditions are very favorable for fire blight infections, it can be very difficult and almost impossible to control the disease 58 . The following sections will discuss commonly applied strategies of fire blight management.

Chemical control

Principally, chemicals are used to eliminate or inactive plant-pathogenic bacteria before they penetrate into the host tissues [START_REF] Psallidas | Chemical Control of Fire Blight[END_REF] . In the case of E. amylovora, the focus is put on the sites of potential bacterial invasion, such as blossoms, stomata, lenticels or wounds. The second aim is to destroy the overwintering cankers, which are the source of primary inoculum in spring. If the infection is already established, chemicals usually have no significant effect on the disease progress. Bactericides do not have a systemic effect as they are unable to sufficiently penetrate infected tissues and kill the bacteria. Consequently, they must be applied before the inoculum reaches the susceptible parts of the plant and must remain active until the inoculum spreads to these sections. The following subsection will discuss most frequently used chemicals that fulfil these requirements.

Copper

Copper salts have been used against fire blight on apples and pears since 1900's [START_REF] Zwet | Fire Blight: A Bacterial Disease of Rosaceous Plants[END_REF] . Copper ions are very phytotoxic and cannot be used as foliar pesticides [START_REF] Psallidas | Chemical Control of Fire Blight[END_REF] . From this reason, different non-soluble compounds have been employed, for example copper hydroxide, oxychloride and oxide. They slowly release soluble copper thus being active against pathogens but still limiting the risk of plant damage. However, as this process is hard to control, copper ions can still cause damage to the plant, manifesting as small purple flecks on leaves and cork formation on fruits, also known as fruit russeting. The most frequently used copper-based product is a mixture of copper sulphate (CuSO4) and lime [Ca(OH)2], called the Bordeaux mixture. It has been reported that several phytopathogenic bacteria already developed resistance against copper compounds [START_REF] Cooksey | Genetics of bactericide resistance in plant pathogenic bacteria[END_REF] . This gives rise to concerns that E. amylovora will acquire resistance at some time.

Antibiotics

Antibiotics are organic compounds produced by microorganisms, which selectively inhibits the growth of other microorganisms [START_REF] Psallidas | Chemical Control of Fire Blight[END_REF] . Nowadays, the definition has expended to several synthetic or semi-synthetic antibacterial agents [START_REF] Mcmanus | Antibiotic Use in Plant Agriculture[END_REF] . Fire blight was one of the first plant diseases for which antibiotic treatment was tested [START_REF] Psallidas | Chemical Control of Fire Blight[END_REF] . It has become the most important method of fire blight protection for apples and pears with streptomycin as a first-choice antibiotic in most regions. Currently, only four antibiotics are allowed in plant agriculture [START_REF] Stockwell | Use of antibiotics in plant agriculture[END_REF] . The main drawbacks of antibiotics are their rapid decrease in activity after their application [START_REF] Vanneste | Honey bees and epiphytic bacteria to control fire blight, a bacterial disease of apple and pear[END_REF] and the appearance of resistance.

Streptomycin

Streptomycin (Figure 8) is an aminoglycoside antibiotic produced by Streptomyces griseus [START_REF] Psallidas | Chemical Control of Fire Blight[END_REF] . It irreversibly binds to bacterial ribosomes where it inhibits the protein synthesis and stops the cell growth [START_REF] Mcmanus | Antibiotic Use for Plant Disease Management in the United States[END_REF] . On plants, streptomycin is bactericidal and kills pathogens on the flower surface [START_REF] Stockwell | Use of antibiotics in plant agriculture[END_REF] . At too high concentrations, streptomycin inhibits the synthesis of chlorophyll and leads to chlorosis and plant death [START_REF] Psallidas | Chemical Control of Fire Blight[END_REF] . Besides E. amylovora, the compound is active against Pseudomonas cichorii, Pseudomonas syringae, Agrobacterium tumefaciens, Xanthomonas campestris as well as Pectobacterium spp. [START_REF] Mcmanus | Antibiotic Use in Plant Agriculture[END_REF] . The first naturally occurring streptomycin-resistant strain of E. amylovora was reported in pear orchards of California in 1972 [START_REF] Miller | Monitoring the epiphytic population of Erwinia on pear with a selective medium[END_REF] . Since this time, resistant strains were not only found in areas where the antibiotic was applied for several years but also in regions where little or no streptomycin was used [START_REF] Zwet | Fire Blight: A Bacterial Disease of Rosaceous Plants[END_REF] .

Despite its high efficiency against E. amylovora and limited phytotoxic side effects, the application of streptomycin in agriculture was restricted or prohibited in many countries [START_REF] Psallidas | Chemical Control of Fire Blight[END_REF] . Eventually, the persistence of streptomycinresistant strains has led to the development and use of additional antibiotics for trees protection.

Oxytetracycline

Oxytetracycline (Figure 8) is a tetracycline antibiotic synthetized by Streptomyces rimosus [START_REF] Psallidas | Chemical Control of Fire Blight[END_REF] . Unlike streptomycin, it is not bactericidal but bacteriostatic, inhibiting the multiplication of bacterial cells [START_REF] Mcmanus | Antibiotic Use in Plant Agriculture[END_REF] . Therefore, bacteria growth will resume once the concentration of oxytetracycline decreases on plant surfaces. However, this problem can be overcome with well-timed applications of oxytetracycline during flower bloom. Oxytetracycline is less effective than streptomycin but under special registration the compound may be used in orchards where streptomycin-resistant strains of E. amylovora are present [START_REF] Mcmanus | Antibiotic Use in Plant Agriculture[END_REF][START_REF] Mcmanus | Epidemiology and genetic analysis of streptomycin-resistant Erwinia amylovora from Michigan and evaluation of oxytetracycline for control[END_REF] .

Other far less frequently used antibiotics in fire blight management are gentamicin (C21H43N5O7) and oxolinic acid (C13H11NO5), which for that reason will not be discussed in detail. 

Bacterial resistance to antibiotics

Bacterial resistance to antibiotics is a major threat in human medicine. Despite the rather limited use of antibiotics in plant agriculture, resistance of plant pathogens against antibiotics have been increasingly reported [START_REF] Mcmanus | Antibiotic Use for Plant Disease Management in the United States[END_REF] . The common practice of spraying several hectares of plants with antibiotics may increase the incidence of resistant genes and their transfer to clinically relevant microorganisms [START_REF] Stockwell | Use of antibiotics in plant agriculture[END_REF] . Aerosols may easily disseminate over long distances and, even when diluted, kill sensitive bacteria while enriching populations of resistant varieties [START_REF] Levy | The Challenge of Antibiotic Resistance[END_REF] .

Nevertheless, eliminating the use of streptomycin and oxytetracycline on plants will not resolve the problem of antibiotic resistance in human medicine, but it certainly will be detrimental for apple and pear production [START_REF] Mcmanus | Antibiotic Use in Plant Agriculture[END_REF] . Therefore, and until effective and economically accessible alternatives are found, antibiotics will remain a main tool for the management of destructive plant pathogens [START_REF] Mcmanus | Antibiotic Use for Plant Disease Management in the United States[END_REF] .

Growth retardants

Plant growth retardants are a group of synthetic compounds, which are used to reduce the shoot length of plants without changing the plant development and being phytotoxic [START_REF] Rademacher | Growth Retardants: Effects on Gibberellin Biosynthesis and Other Metabolic Pathways[END_REF] . They reduce cell elongation and lower the rate of cell division. In general, growth retardants are antagonists to gibberellins and auxins, the plant hormones that are normally responsible for shoot elongation. They have no bacteriostatic or bactericidal effects but may limit pathogen dissimilation through other mechanism which will be discussed later on in the manuscript.

Prohexadione-calcium (Phd-Ca)

Prohexadione-calcium (calcium 3-oxido-4-propionyl-5-oxo-3-cyclohexene-carboxylate, Phd-Ca, Figure 9) is sold as a growth regulator under its tradenames Apogee® or Regalis® (BASF cooperation) [START_REF] Halbwirth | Biochemical and Molecular Biological Investigations with Respect to Induction of Fire Blight Resistance in Apple and Pear by Transiently Altering the Flavanoid Metabolism with Specific Enzyme Inhibitors[END_REF][START_REF] Norelli | Effect of Prohexadione-Calcium Dose Level on Shoot Growth and Fire Blight in Young Apple Trees[END_REF] .

Figure 9:

The molecule of prohexadione-calcium

Recent orchard trials showed that apple trees pre-treated with Phd-Ca were significantly less affected by fire blight (E. amylovora) than control trees [START_REF] Halbwirth | Biochemical and Molecular Biological Investigations with Respect to Induction of Fire Blight Resistance in Apple and Pear by Transiently Altering the Flavanoid Metabolism with Specific Enzyme Inhibitors[END_REF] . In general, Phd-Ca suppresses both shoot growth and fire blight in Malus [START_REF] Norelli | Effect of Prohexadione-Calcium Dose Level on Shoot Growth and Fire Blight in Young Apple Trees[END_REF] . This was reported for example by Roemmelt et al. [START_REF] Roemmelt | Effects of Prohexadione-Ca on the Flavnoid Metabolism of Apple with Respect to Plant Resistance against Fire Bight[END_REF] , Aldwinckle et al. [START_REF] Aldwinckle | Controlling Shoot Blight with 'Apogee[END_REF] or by Maxson and Jones, who achieved even better results with the addition of ammonium sulfate [START_REF] Maxson | Management of Fire Blight with Gibberellin Inhibitors and SAR Inducers[END_REF] . Phd-Ca has no effect on blossom blight protection and will not protect trees from infection during the bloom period [START_REF] Aldwinckle | Controlling Shoot Blight with 'Apogee[END_REF] . On the other hand, Phd-Ca, together with trinexapac-ethyl, is used for the control of secondary spread of fire blight [START_REF] Maxson | Management of Fire Blight with Gibberellin Inhibitors and SAR Inducers[END_REF] . Because vigorously growing plants are more susceptible to fire blight, reducing the shoot growth helps also to prevent potential infections.

Next to its ability to suppress the plant growth, the use of Phd-Ca can also improve fruit quality and reduce pruning costs [START_REF] Norelli | Effect of Prohexadione-Calcium Dose Level on Shoot Growth and Fire Blight in Young Apple Trees[END_REF] . On the other hand, intense plant growth is important in young orchards, where trees are pushed to fill the canopy space in the first few years after planting. Therefore, the application of Phd-Ca should be only considered if the risk of fire blight shoot infection clearly outweighs the negative effects of growth suppression .

Major changes in flavonoid metabolism after the application of Phd-Ca were observed in Malus. Roemmelt et al.

reported the accumulation of simple phenols, phenolic acids and eriodictyol in apple leaves after the Phd-Ca treatment [START_REF] Roemmelt | Effects of Prohexadione-Ca on the Flavnoid Metabolism of Apple with Respect to Plant Resistance against Fire Bight[END_REF] . Moreover, a new flavonoid luteoliflavan has been identified in Phd-Ca treated plants. As a structural mimic of 2-oxoglutarate, Phd-Ca competitively inhibits 2-oxoglutarate dependent dioxygenases, which are also involved in flavonoid biosynthesis [START_REF] Rademacher | Growth Retardants: Effects on Gibberellin Biosynthesis and Other Metabolic Pathways[END_REF] . Particularly, the inhibition of flavanone-3-hydroxylase (FHT), already confirmed in vitro, may interfere with the biosynthesis of flavonols, catechins, proanthocyanidins and anthocyanins naturally formed in apple [START_REF] Halbwirth | Biochemical and Molecular Biological Investigations with Respect to Induction of Fire Blight Resistance in Apple and Pear by Transiently Altering the Flavanoid Metabolism with Specific Enzyme Inhibitors[END_REF] . The presence of 3-deoxyflavonoids normally not formed in Rosaceae (luteoliflavan, eriodyctiol) in Phd-Ca treated apples indicates, that an alternative metabolism pathway is induced.

As 3-deoxyanthocyanidins were reported to be directly linked to fungi resistance in Sorghum, it seemed very likely that the changes in flavonoid pattern after Phd-Ca treatment would result in the observed resistance effect against fire blight and apple scab.

Biological and manual control

The limited options in classical fire blight management have motivated an increasing number of scientists to look for biological alternatives. Most of the studies focus on two strains of bacteria: Pantoea agglomerans (formerly Erwinia herbicola) and Pseudomonas fluorescens [START_REF] Vanneste | Honey bees and epiphytic bacteria to control fire blight, a bacterial disease of apple and pear[END_REF] . The approach of inhibiting growth of E. amylovora is based on two main strategies: first the competition in nutrients and space, and second the production of antibiotic molecules by the competing (nonpathogenic) organism. Therefore, the biological control agent must occupy the same ecological niche as E. amylovora and grow in plant tissues prone to infection [START_REF] Vanneste | Honey bees and epiphytic bacteria to control fire blight, a bacterial disease of apple and pear[END_REF] .

In 1996, Pseudomonas fluorescens strain A506 became the first commercially available antagonist for fire blight management (BlightBan A506, Nufarm Americas Inc.) [START_REF] Pusey | Epiphytic Bacteria and Yeasts on Apple Blossoms and Their Potential as Antagonists of Erwinia amylovora[END_REF] . Further bacteria either present in other products or currently investigated comprise strains of Pantoea agglomerans, Bacillus subtilis, Bacillus amyloliquefaciens (registered in France) and Aureobasidium pullulans (registered in France). In addition, the extract of Hedera helix [START_REF] Baysal | Extract of Hedera helix induces resistance on apple rootstock M26 similar to Acibenzolar-S-methyl against Fire Blight (Erwinia amylovora)[END_REF] and the application of Rahnella aquatilis Ra39 [START_REF] Abo-Elyousr | Effect of Acibenzolar-S-methyl and Rahnella aquatilis (Ra39) on Chitinase and β-1, 3-glucanase Activities and Disease Resistance of Apple Plants[END_REF] were also reported to reduce fire blight symptoms and E. amylovora growth.

As previously outlined, the application of available products can prevent new infections of flowers and shoots but not cure already infected wood -these must be pruned off 58 . Next to removing of all visibly infected parts, severe infections may even require, as an ultimate measure, the removal of entire trees from the affected orchards [START_REF] Steiner | Integrated Orchard and Nursery Management for the Control of Fire Blight In Fire Blight: The Disease and its Causative Agent, Erwinia amylovora[END_REF] .

Pruning is usually done during winter 58 . At this time the bacteria are no longer actively disseminating, the infection temporarily stops expanding and the cankers have clearly visible margins.

Plant immunity

Inherent immunity

Plants constantly interact with their environment and are impacted by soil organisms, climate, water conditions and exogenous chemicals [START_REF] Wojtaszek | Oxidative burst : an early plant response to pathogen infection[END_REF][START_REF] Dao | Effect of benzothiadiazole on the metabolome of Arabidopsis thaliana[END_REF] . Therefore, they have developed a wide range of strategies, generally known as 'defense' or 'stress' responses, to protect themselves against various biotic and abiotic stresses, coming from the outside environment. During their life cycle, plants are attacked by various types of potential pests, such as viruses, bacteria, fungi, nematodes and insects [START_REF] Garcia-Brugger | Early Signaling Events Induced by Elicitors of Plant Defenses[END_REF] . However, the exposure to pathogens does not necessarily result in a disease, which only occurs in a limited number of cases [START_REF] Garcia-Brugger | Early Signaling Events Induced by Elicitors of Plant Defenses[END_REF] . Plants exhibit various effective defense mechanisms against most pathogens. This includes physical and chemical barriers (cell walls, cuticles) as well as the production of various antimicrobial compounds (proteins, phytoalexins) [START_REF] Wojtaszek | Oxidative burst : an early plant response to pathogen infection[END_REF][START_REF] Garcia-Brugger | Early Signaling Events Induced by Elicitors of Plant Defenses[END_REF] . Most plant pathogens possess a range of enzymatic and physical tools to actively penetrate the plant apoplast in order to access intracellular nutrients [START_REF] Huckelhoven | CellWall-Associated Mechanisms of Disease Resistance and Susceptibility[END_REF] .

Once a pathogen manages to pass through the plant's barriers, an infection may still be prevented, as long as the plant manages to rapidly activate a second line defense mechanisms [START_REF] Garcia-Brugger | Early Signaling Events Induced by Elicitors of Plant Defenses[END_REF] . If this is not the case, the pathogen starts colonizing the plant tissue. Naturally, the immune response of susceptible plants, which do not recognize the pathogen in time, is too slow.

However, even if successfully and timely activated, immune responses require notable metabolic resources and have detrimental effects on plant growth [START_REF] Glazebrook | Contrasting mechanisms of defense against biotrophic and necrotrophic path ogens[END_REF] . Within the process, resources of the primary metabolism that are naturally dedicated to growth or reproduction are redirected to immune defense instead [START_REF] Walters | Costs and trade-offs associated with induced resistance[END_REF] . Therefore, the appropriate regulation of these immune responses is an important factor for plant fitness. In general, these mechanisms are highly complex as plants have developed multiple strategies of defense. Some of these will be discussed in the following sections.

Early (basal) immunity

Basal immunity is the first line of pre-formed and inducible defense mechanisms that protect plants against numerous pathogens. It comprises the inhibition of microbial enzymes, cell wall strengthening as well as intoxication of pathogens [START_REF] Huckelhoven | CellWall-Associated Mechanisms of Disease Resistance and Susceptibility[END_REF] . The system is based on the sensitive perception of microbe-associated molecular patterns (MAMPs) by pattern-recognition receptors (PRR) located at the plant's surface [START_REF] Hew | Innate immunity in plants: An arms race between pattern recognition receptors in plants and effectors in microbial pathogens[END_REF] . For instance, plants are capable of detecting the bacterial protein flagellin through a receptor known as flagellin sensitive 2 (FLS2), which is located in the plasma membrane. Other common MAMPs include specific proteins, lipopolysaccharides or cell wall components that can be commonly found in microbes [START_REF] Freeman | An Overview of Plant Defenses against Pathogens and Herbivores[END_REF] . Even non-pathogenic organisms can trigger basal resistance in plants, due to the presence of such components in their cells. Nevertheless, some pathogens are able to produce so-called effector molecules, which inhibit basal immunity in certain species, so plants had to develop alternative strategies to fight infections [START_REF] Hew | Innate immunity in plants: An arms race between pattern recognition receptors in plants and effectors in microbial pathogens[END_REF] .

Effector-triggered immunity (ETI)

As a counterattack to pathogens that suppress basal resistance by their effector proteins, plants have developed a second line of immunity: intracellular immune receptors known as resistance (R) proteins coded by resistance (R) genes [START_REF] Freeman | An Overview of Plant Defenses against Pathogens and Herbivores[END_REF] . Individual R genes have narrow recognition range and trigger resistance only when the invading pathogen expresses a corresponding avirulence (Avr) gene. This process is called gene-to-gene recognition [START_REF] Mcdowell | Signal transduction in the plant immune response[END_REF] . If the latter is impaired, by the absence of the avirulence gene in the pathogen and/or a missing R gene in the host, the pathogen is virulent, the host is susceptible, and the interaction is compatible [START_REF] Glazebrook | Contrasting mechanisms of defense against biotrophic and necrotrophic path ogens[END_REF] . On the other hand, once pathogens are detected by this mechanism, they fail causing the disease and are considered avirulent. The host is called resistant, and the interaction is called incompatible. Next, so-called effector-triggered immunity defenses are activated and limit pathogen growth [START_REF] Hew | Innate immunity in plants: An arms race between pattern recognition receptors in plants and effectors in microbial pathogens[END_REF] . A characteristic reaction of this line of immunity is the so-called hypersensitive response (HR), which induces rapid, programmed cell death at the infection site [START_REF] Freeman | An Overview of Plant Defenses against Pathogens and Herbivores[END_REF] . This may limit the pathogen's access to water and nutrients, inhibit its growth, and protect the rest of the plant. On the other hand, necrotrophic pathogens may use dead cells as portals to enter plants or to gain access to nutrients for further growth and invasion [START_REF] Huckelhoven | CellWall-Associated Mechanisms of Disease Resistance and Susceptibility[END_REF] .

Hypersensitive response is generally more pathogen specific than basal resistance [START_REF] Freeman | An Overview of Plant Defenses against Pathogens and Herbivores[END_REF] . The second line of defense concerns neighboring cells surrounding the infection site and is associated to localized acquired resistance (LAR) [START_REF] Venisse | Modulation of defense responses of Malus spp. during compatible and incompatible interactions with Erwinia amylovora[END_REF] .

This step typically includes cell wall reinforcement, accumulation of antioxidant enzymes, pathogenesis-related (PR) proteins and phytoalexins. Pathogenesis-related proteins are synthesized in the entire plant and lead to systemic acquired resistance (SAR), which will be discussed later on in the text. Resistance-gene-mediated defense is usually accompanied by an oxidative burst, and a rapid production of reactive oxygen species (ROS) [START_REF] Glazebrook | Contrasting mechanisms of defense against biotrophic and necrotrophic path ogens[END_REF] .

Reactive oxygen species

The majority of cells may produce but also deactivate reactive oxygen species (ROS) [START_REF] Wojtaszek | Oxidative burst : an early plant response to pathogen infection[END_REF] . Under normal conditions, ROS commonly occur in cells as inevitable by-products, linked to successive one-electron reductions of molecular oxygen (O2). Most cells have acquired protective mechanisms to keep their intracellular amounts as low as possible. However, under stress, these mechanisms are overridden by the rapid, transient production of large amounts of ROS. This reaction is also called oxidative burst and is a defense reaction to various elicitors and pathogens in many plants [START_REF] Mehdy | The role of activated oxygen species in plant disease resistance[END_REF] . The interaction with different pathogens and elicitors results in different kinetics of oxidative burst. Noteworthy, the toxicity of ROS depends on their overall concentration as well as the susceptibility of the pathogen. As reported by Venisse et al., an oxidative burst can be understood as a two-phase effect [START_REF] Venisse | Evidence for the Involvement of an Oxidative Stress in the Initiation of Infection of Pear by Erwinia amylovora[END_REF] .

Phase I is characterized by an immediate and transient ROS production, stimulated by compatible, incompatible or saprophytic bacteria. In phase II, usually 1-3 hours after the host's contact with the pathogen, ROS are then continuously produced. Phase II is specifically stimulated by incompatible HR inducing bacteria.

Different plant species produce various types of ROS, such as hydroxyl radical ( . OH -), hydrogen peroxide (H2O2)

or superoxide anions ( . O2 -), which can be rapidly converted to relatively stable H2O2 82, 92 . The latter is specifically involved in the direct destruction of pathogen and/or host cells (as a part of the hypersensitive response) but also serves as an intercellular messenger regulating gene expressions [START_REF] Mehdy | The role of activated oxygen species in plant disease resistance[END_REF] . It also plays a role in oxidative cross-linking of wall proteins in plant cells reducing their digestibility by microbial enzymes.

Reactive oxygen species produced by an oxidative burst are controlled by enzymes such as NADPH oxidases and peroxidases [START_REF] Baysal | Extract of Hedera helix induces resistance on apple rootstock M26 similar to Acibenzolar-S-methyl against Fire Blight (Erwinia amylovora)[END_REF] . Peroxidases are involved into the HR and the formation of papilla (morphological response to a pathogen attack). Furthermore, they are also involved in the polymerization of lignin from monomeric lignols and in the previously discussed cross-linking reactions of cell wall associated proteins. Eventually, oxidative bursts may have a direct antimicrobial effect or activate further defense responses [START_REF] Glazebrook | Contrasting mechanisms of defense against biotrophic and necrotrophic path ogens[END_REF] .

Acquired and induced resistance in susceptible plants

Induced resistance is the phenomenon by which a plant exhibits increased resistance to a pathogen, after appropriate stimulation [START_REF] Pieterse | Systemic Resistance in Arabidopsis lnduced by Biocontrol Bacteria Is lndependent of Salicylic Acid Accumulation and Pat hogenesis-Related Gene Expression[END_REF] . Such stimuli can be chemicals, certain non-pathogenic microbes or a previous infection by a pathogen [START_REF] Rocha | History and Perspectives on the Use of Disease Resistance Inducers in Horticultural Crops[END_REF] . Plants respond to the stimuli with substantial changes in gene expression and can activate inducible defenses enhancing resistance that generally lasts for weeks or even months [START_REF] Navarre | Inducible Plant Defenses: Prospects for Disease and Stress Control[END_REF] .

Induced resistance has been known for over a century and it was first reported by Chester in 1933 [START_REF] Chester | The problem of acquired physiological immunity in plants[END_REF] . There are various inducible defense mechanisms linked to distinct pathways, signals, metabolites, and genes, acting against a diverse spectrum of pathogens [START_REF] Gozzo | Systemic Acquired Resistance (50 Years after Discovery): Moving from the Lab to the Field[END_REF] .

Systemic acquired resistance (SAR)

The term of systemic acquired resistance was first used by A. F. Ross in 1961, who reported that the inoculation of the lower leaves of Nicotiana tabacum with tobacco mosaic virus (TMV) protected the upper leaves of the plant from an infection [START_REF] Ross | Systemic Acquired Resistance Induced by Localized Virus Infections in Plants[END_REF] . Since that time, SAR has been intensively studied for different plant species and pathogens.

Systemic acquired resistance can be activated by pathogens that cause necrosis, either as a part of the hypersensitive reaction or as a symptom of successful infection [START_REF] Durrant | Systemic acquired resistance[END_REF] . Systemic acquired resistance is the best studied model of plant-induced resistance and its key mediator is salicylic acid (SA, 2-hydroxybenzoic acid) [START_REF] Gozzo | Systemic Acquired Resistance (50 Years after Discovery): Moving from the Lab to the Field[END_REF] . Salicylic acid is one of several plant hormones that trigger plant immunity responses and help establishing of disease resistance 100 . Several processes are involved in SAR, including the synthesis of SA, changes in redox status, the reinforcement of cell-wall and the induction of defense gene expression [START_REF] Durrant | Systemic acquired resistance[END_REF]101 . In local tissues, these changes are triggered by the recognition of the invading pathogen. In parts of the plants that are not in contact with the pathogen they are induced by systemic signals [START_REF] Durrant | Systemic acquired resistance[END_REF] . The regulatory protein NPR1 (non-expressor of pathogenesisrelated genes 1) plays a key role in the signaling process, however, also NPR1-independent pathway(s) that contribute to defense gene induction have been reported. Systemic acquired resistance is closely associated with the accumulation of pathogenesis-related (PR) proteins, which contribute to the resistance. Many PR proteins have been found to be antagonistic to pathogens, including for example chitinases or β-1,3-glucanases [START_REF] Navarre | Inducible Plant Defenses: Prospects for Disease and Stress Control[END_REF] .

Pathogenesis-related genes serve as useful molecular markers for research on SAR [START_REF] Durrant | Systemic acquired resistance[END_REF] .

Induced systemic resistance (ISR)

This process is activated by beneficial microbial species, including for instance root-colonizing bacteria and mycorrhizal fungi [START_REF] Gozzo | Systemic Acquired Resistance (50 Years after Discovery): Moving from the Lab to the Field[END_REF] . The resistance develops systemically (also in remote plant parts) and its pathway is modulated by plant hormones, jasmonate (JA) and ethylene (ET). These defense responses show considerable overlap with responses to injuries which are also controlled by ethylene and/or jasmonate [START_REF] Glazebrook | Contrasting mechanisms of defense against biotrophic and necrotrophic path ogens[END_REF] . Unlike SAR, induced systemic resistance is not associated with the transcriptional activation of genes encoding pathogenesis-related proteins and does not depend on the accumulation of salicylic acid [START_REF] Pieterse | Systemic Resistance in Arabidopsis lnduced by Biocontrol Bacteria Is lndependent of Salicylic Acid Accumulation and Pat hogenesis-Related Gene Expression[END_REF]102 . However, the two signaling pathways (via salicylic acid and via ethylene/jasmonate) interact extensively [START_REF] Glazebrook | Contrasting mechanisms of defense against biotrophic and necrotrophic path ogens[END_REF] . McDowell and Dangl suggested in their genetic study on Arabidopsis that the SA-dependent resistance is deployed against biotrophic pathogens that obtain nutrient from living host tissues, whereas (JA-ET)-dependent response is activated by necrotrophs that kill plant host and nourish from its remains [START_REF] Mcdowell | Signal transduction in the plant immune response[END_REF] . However, these conclusions are still preliminary and cannot be generalized.

Beta-aminobutyric acid-induced resistance (BABA-IR)

Beta-aminobutyric acid is a non-protein amino acid that rarely occurs in nature, however, the compound is structurally related to a highly bioactive neurotransmitter γ-aminobutyric acid (GABA) 103 . Beta-aminobutyric acid is known as a potent inducer of acquired resistance against many disease-causing organisms such as virus, bacteria, oomycetes and nematodes 103 . It operates through various defense mechanisms, including physical barriers and biochemical changes such as the production of phenolics, peroxidases, callose and lignin 102, 104, 105 .

The particular mechanisms depend on the host-pathogen system in which the resistance is established. For example, in their experiments with tobacco, Siegrist et al. observed the occurrence of rapid cell death and subsequent development of necrotic lesions in leaves after the application of BABA 106 . This BABA-induced cell death was associated with the generation of superoxide and hydrogen peroxide, together with lipid peroxidation, local and systemic increase of salicylic acid and the expression of PR-1a, a general marker of systemic acquired resistance in tobacco. Cohen et al. showed that BABA provides a long-lasting, both local and systemic protection of grape plants against a fungal parasite Plasmopara viticola, the causal agent of downy mildew 107 . Interestingly, BABA could stop fungal colonization when applied before and after the infection to leaf discs. This indicates that BABA can instantly activate effective host defense mechanisms to stop the continuous development of the fungal infections. These observations differ from those made for systemic acquired resistance. There immune response is only observed after some time after the treatment with a resistance inducer.

Phytoalexins

The concept of phytoalexins was firstly published by Müller & Borger in 1940 108 . The authors demonstrated that the infection of potato with incompatible Phytophthora infestans induced resistance to compatible P. infestans or tuber infecting Fusarium. They hypothesized that the tuber tissue, as a response to the first infection, produced non-specific substances (phytoalexins) that consequently inhibited the growth of the normally compatible pathogen. Phytoalexins are a diverse group of secondary plant metabolites synthetized de novo in response to stress (pathogen infections, heavy metal salts, UV radiation) and displaying antimicrobial activity 109 . The process of initiating phytoalexin biosynthesis by certain stress factors is called elicitation. Depending on stress factors and plant species, phytoalexins may form within the time span of a few hours up to several days. The chemistry of produced phytoalexins is generally linked to plant species and varieties, applied stress factors and environmental conditions. Phytoalexins comprise different classes of metabolites such as flavonoids, stilbenoids, sesquiterpenoids, steroids and alkaloids 110 . They are toxic against a wide range of organisms, including bacteria, fungi, nematodes, higher animals, and even plants themselves 111 .

The first detailed study on phytoalexins in Rosaceae was reported in 1995 112 . Kokubun and Harborne identified five biphenyl and 14 dibenzofuran phytoalexins in various species of Maloideae (including Malus spp.), following a fungal inoculation or natural infection. For Malus domestica, aucuparin and 2'-methoxyaucuparin were specifically detected. The authors concluded that hydroxylated and methoxylated biphenyl and dibenzofuran phytoalexins were characteristic for the Rosaceae family. However, biphenyls and dibenzofurans were also found in other species, where they do not act as phytoalexins but are naturally present before any pathogen contact, providing a constitutive barrier 113 . Originally, the biphenyls aucuparin and 2'-methoxyaucuparin were first isolated in 1963 from the heartwood of rowan (Sorbus aucuparia), another member of the Rosaceae family 114 . With regard to dibenzofurans, they were initially detected in 1984 by Kemp and Burden in pear (Pyrus communis) after a fungal infection with Chondrostereum purpureum 115 .

Hrazdina et al., conducted a study on cell suspension cultures of Malus cultivars, resistant and susceptible to apple scab (V. inaequalis) 116 .The authors challenged the cultures with a yeast extract, to simulate biotic stress.

The susceptible cultivar 'McIntosh' showed no response, however, the resistant cultivar 'Liberty' responded to the elicitation with the production of six new compounds. The major compound produced by scab-resistant cells was identified as a dibenzofuran glucoside, 2,4-methoxy-3-hydroxy-9-O-β-D-glucosyloxydibenzofuran (malusfuran).

In additional testings, malusfuran inhibited the growth and spore germination of apple scab. Moreover, the aglycon of malusfuran showed higher fungal inhibition than its glycoside. Following the same experimental approach, Borejsza-Wysocki et al. The main substrate for the biosynthesis of biphenyls and dibenzofurans is benzoyl-CoA, with biphenyl synthase (BIS) as the key enzyme 120 . The latter belongs to the family of type III polyketide synthases (PKSs), which generates many different secondary plant metabolites. Members of the BIS gene family are differently expressed in response to fire blight infections 121 . In the 'Holsteiner Cox' cultivar, the BIS3 gene is expressed with maximum transcript levels in the transition zone between necrotic and healthy stem segments. On the other hand, transcripts for BIS2 were found in leaves but failed to form immunodetectable amounts of the BIS protein. This suggests that BIS2 transcripts are, though present, not translated into enzymes that could form phytoalexins.

However, a recent study by Teotia et al. highlighted another aspect of phytoalexin formation concerning cinnamate-CoA ligase (CNL) 122 . This enzyme catalyzes the conversion of cinnamic acid into cinnamoyl-CoA, which subsequently converts to benzoyl-CoA, the main substrate for biphenyl and dibenzofuran synthesis. Overall, the elucidation of phytoalexin formation with special focus on the involved enzymes and genes as well as their temporal and spatial control after pathogen attack may allow their biotechnological exploitation for improving resistance against E. amylovora 123 .

Pathogen resistant genotypes

Different genotypes of Malus may exhibit very contrasting responses to infections by E. amylovora. While MM106 is highly susceptible, the Everest rootstock is almost resistant against the disease [START_REF] Pontais | Are Phenolic Compounds Involved in the Differential Responses of Apple Genotypes to Erwinia amylovora?[END_REF] . Previous work investigating the origin of these differences found that several genes of the phenylpropanoid metabolism were differentially regulated in susceptible and resistant genotypes during an infection [START_REF] Venisse | Modulation of defense responses of Malus spp. during compatible and incompatible interactions with Erwinia amylovora[END_REF] . E. amylovora has the ability to prevent the transcription of several isoforms of chalcones synthase (CHS), dihydroflavonol reductase (DFR) and flavonol synthase (FS) genes in leaves, flowers and shoots of the susceptible genotype (MM106). Th is missing gene expression normally leads to a decrease of the synthesis of at least four compounds: phloretin, quercetin, catechin and epicatechin. It has been suggested that E. amylovora benefits from the reduced accumulation of various flavonoids. As these compounds exhibit antimicrobial activity and are involved in the formation of reactive oxygen species, they are key elements of the plant's defense. On the other hand, no repression of CHS, DFR and FS genes was observed in the resistant cultivar (Evereste) after the infection with E. amylovora. However, the resistant phenotype of Evereste might exhibit additional defense mechanisms. In susceptible cultivars, the bacteria mainly multiply in the apoplast of parenchyma cells, which are then progressively destroyed in invaded tissues [START_REF] Gaucher | Same ammo, different weapons: Enzymatic extracts from two apple genotypes with contrasted susceptibilities to fire blight (Erwinia amylovora) differentially convert phloridzin and phloretin in vitro[END_REF] . On the contrary, in resistant or in non-host plants, bacteria cause instant local death (hypersensitivelike reaction) and necrosis is restricted to the infection site.

Most of the currently used apple types show poor resistance to diseases [START_REF] Navarre | Inducible Plant Defenses: Prospects for Disease and Stress Control[END_REF] . Modern breeding technology may be used for introducing resistance genes into preferred commercial cultivars, but the process is costly and timeconsuming, and it can take up to a decade to produce a new variety. In addition, gaining market acceptance for new cultivars can be challenging 124 . Moreover, resistant cultivars, even if available, do not completely fit commercial demands with respect to fruit quality, yield or other agronomic features 125 . Last but not least, pathogens may evolve by themselves and bypass the defense mechanisms of resistant plants 124 .

Transgenic approaches can generate resistant plants more quickly, but the use of this technology is prohibited in many countires [START_REF] Navarre | Inducible Plant Defenses: Prospects for Disease and Stress Control[END_REF] . The genes of pathogenesis-related (PR) proteins, accumulated during systemic acquired resistance (SAR), have recently become popular due to their diverse antifungal and other antibiotic functions 111 .

The pathogenesis-related genes are used for designing genetically engineered crops with improved resistance to pathogens. Many promising results were obtained in laboratory or greenhouse experiments but missing data under field conditions are still a major issue. Moreover, the potential hazards of transgenic crops on humans and the environment is hardly studied and a major issue in public debates [START_REF] Maxson-Stein | Effect of Treating Apple Trees with Acibenzolar-S-Methyl on Fire Blight and Expression of Pathogenesis-Related Protein Genes[END_REF] .

The application of plant resistance inducers

The control of plant diseases under field conditions is mostly based on the application of chemicals directly targeting a given range of pests as well as on resistant cultivars. However, due to the fast-evolving adapting abilities of microorganisms, these strategies have been already overcome by several pathogens 126 . As a result, fruit growers seek for new chemicals with increased efficiency to combat fire blight [START_REF] Maxson-Stein | Effect of Treating Apple Trees with Acibenzolar-S-Methyl on Fire Blight and Expression of Pathogenesis-Related Protein Genes[END_REF] . Due to the general concerns against the use of antibiotics as crop protectants and increasing bacterial resistance, alternative non-toxic and safe strategies are urgently needed 125 . In the past, many chemical products have been banned or restricted due to their harmful effects on humans and the environment 124 . Moreover, there is no single mean that may provide absolute cure or fully protect host plants against infection. Inducing plant resistance by the external application of non-toxic immune stimulating compounds therefore is an exciting idea [START_REF] Maxson-Stein | Effect of Treating Apple Trees with Acibenzolar-S-Methyl on Fire Blight and Expression of Pathogenesis-Related Protein Genes[END_REF] .

Various synthetic and natural products are capable of enhancing resistance against a wide range of plant diseases, without displaying any direct antimicrobial effect 103 . These substances are called plant resistance inducers (PRIs).

The original idea was first developed by R. F. White in 1979, who succeeded to protect tobacco plants against different pathogens by the external application of salicylates and became a pioneer of what is known as chemicalinduced resistance 127 . A consecutive study revealed that salicylic acid (SA) can induce the production of ROS and the expression of PR genes 100 . Consequently, SA induces resistance against a wide range of fungal, bacterial and viral infections. Although SA is a potent inducer of plant resistance, its rapid glycosylation often leads to its reduced efficacy. The compound also exhibits phytotoxicity effects limiting its application in agriculture.

Nevertheless, the discovery of White was a major breakthrough and paved the way for the identification of more potent PRIs. The agrochemical research of Novartis (initially Ciba-Geigy) identified various chemicals that can be considered as functional analogues of SA and thus trigger systemic acquired resistance in plants without causing necrotic lesions [START_REF] Gozzo | Systemic Acquired Resistance (50 Years after Discovery): Moving from the Lab to the Field[END_REF] . Some of them are even more potent and more practical to apply than SA. However, this technology emerged even more questions about the molecular interactions between the plant inducers and pathogens.

The historically first plant activator was Probenazole, registered in Japan in 1975, under a trade name Oryzemate.

Other chemical and biological activators include for example Acibenzolar-S-methyl (commercialized under the name Bion®), the extract of Reynoutria sachalinensis sold as Milsana®, chitosan (Elexa®) and harpin protein (Messenger®) 128 .

The application of resistance inducers is an environmentally safe method of diseases control and minimizes the health risks of farm workers [START_REF] Navarre | Inducible Plant Defenses: Prospects for Disease and Stress Control[END_REF] . Plant resistant inducers easily degrade in plants and soil. Moreover, they are one of the best options in organic agriculture, which may only use a very limited number of protective agents. In this context, the PRI Messenger® was granted the "Presidential Green Chemistry Challenge Award" by the Environmental Protection Agency (EPA) in the US.

Another advantage of PRIs is that they work on already existing cultivars and exhibit synergistic effects by activating different genes linked to plant resistance. Moreover, they can be easily combined with other disease management strategies. The use of PRIs may lead to a significant reduction in bactericides, but plants require some time to active their mechanisms of resistance. Therefore, PRIs should be applied well ahead of the beginning of a potential infection period. By today, PRIs represent an efficient tool for reducing or preventing the incidences of infection in fire blight management 126 .

Acibenzolar-S-methyl (ASM)

One of the most utilized PRIs for apple breeding is the benzothiazole acibenzolar-S-methyl (ASM, Figure 10).

Studies on the general structure-activity relationship of benzothiazoles found that the presence and position of a carboxylic acid function on the benzothiazole phenyl ring is crucial for its resistance inducing effect 129 . From benzothiazoles that were initially tested for their resistance inducing activities, acibenzolar-S-methyl (ASM) yielded best results in field performance and was approved for the market. It is sold by Syngenta in several countries under the trade names Bion® or Actigard® 101 . Compared to the antibiotics, ASM exhibits smaller, but longer lasting protective effects (for approximately a week) 130 . The latter were, next to apple, also observed for peas, rice, maize and tomato 128 . In vitro, experiments showed that ASM by itself exhibits no antibacterial effect on E. amylovora [START_REF] Abo-Elyousr | Effect of Acibenzolar-S-methyl and Rahnella aquatilis (Ra39) on Chitinase and β-1, 3-glucanase Activities and Disease Resistance of Apple Plants[END_REF] , but induces resistance in the host plant instead [START_REF] Maxson-Stein | Effect of Treating Apple Trees with Acibenzolar-S-Methyl on Fire Blight and Expression of Pathogenesis-Related Protein Genes[END_REF] .

Brisset et al. reported that the application of ASM several days before a pathogen challenge by E. amylovora led to a significant decrease in infected apple seedlings, flowers and shoots [START_REF] Petkovska | Characterization of the Polyphenolic Profiles of Peel, Flesh and Leaves of Malus domestica Cultivars Using UHPLC -DAD-HESI-MSn[END_REF] . These findings confirmed results by Skłodowska et al., made for one-year old apple trees that were treated with ASM, seven days before an inoculation with E. amylovora [START_REF] Skłodowska | Phenolic Profile and Peroxidase Activity in Apple Leaves after Erwinia amylovora Infection and BTH Treatment[END_REF] . The infection was limited by more than 50% within a time-period of 20 days. Similar results

were obtained by Baysal and Zeller for ASM treated, three months-old plants, of the susceptible M26 rootstock [START_REF] Baysal | Extract of Hedera helix induces resistance on apple rootstock M26 similar to Acibenzolar-S-methyl against Fire Blight (Erwinia amylovora)[END_REF] .

There trees started to develop resistance on the 6 th day after the fire blight infection, which lasted until the end of the two-week experiment. In greenhouse and field experiments of Abo-Elyousr et al., the pre-treatment with ASM reduced the severity of the disease in both environemnts [START_REF] Abo-Elyousr | Effect of Acibenzolar-S-methyl and Rahnella aquatilis (Ra39) on Chitinase and β-1, 3-glucanase Activities and Disease Resistance of Apple Plants[END_REF] . This result was also confirmed by Maxson and Jones who found protective effects of ASM against naturally occurring and artificially induced fire blight infection when the compound was applied once a week [START_REF] Maxson | Management of Fire Blight with Gibberellin Inhibitors and SAR Inducers[END_REF] .

Johnson et al. showed that ASM could also reduce the use of antibiotics (streptomycin, oxytetracycline) by up to 11% 131 . A study by Maxson-Stein found beneficial effects of the combined treatment of ASM and streptomycin [START_REF] Maxson-Stein | Effect of Treating Apple Trees with Acibenzolar-S-Methyl on Fire Blight and Expression of Pathogenesis-Related Protein Genes[END_REF] .

There ASM treatment was assisted by a targeted application of streptomycin at most critical stages of the blooming period. Eventually this combined strategy yielded better results in fire blight prevention than the separate application of ASM or streptomycin.

The protective effect of ASM against E. amylovora was also reported for pear (Pyrus). When sprayed ten days before bacterial inoculation, pears showed a partial, but significant resistance against E. amylovora 132 . Compared to apple, ASM treatment was less effective in pear and required at least twice the concentration of ASM to provide a significant control of fire blight 133 . These observations are in line with the higher susceptibility of pear to E.

amylovora.

Next to its protective effects, ASM was also reported to assist the recovery of already infected trees. This may limit the cutting of cankers and particularly protect young orchards. After the pruning of symptomatic branches, fire blight frequently reemerges from residual pathogen cells distributed within the symptomless parts of the tree.

Johnson and Temple first explored this concept in a greenhouse study, on young apples and pears sensitive to fire blight 134 . They found that during an infection, ASM was most efficient when applied as trunk paints. Over five years, trees that received ASM treatment at primary pruning period showed 62% less diseased wood compared to "cut-only", non-ASM-treated trees 135 . Moreover, when fire blight remerged, tree mortality and the proportion of necessary pruning cuts were reduced in the ASM group. Based on this research, Syngenta obtained a federal registration in the US for the therapeutic use of ASM in fire blight control.

Acibenzolar-S-methyl also reduces apple scab (Venturia inaequalis) infections 124 and triggers resistance against the rosy apple aphid (Dysaphis plantaginea) via the salicylic acid signaling pathway 136 . This is of particular relevance as fire blight, apple scab and rosy apple aphids all attack apple in spring and ASM provides an efficient tool against the three pests.

The effects of acibenzolar-S-methyl on Malus genes and proteins

Although ASM has been shown to be effective in triggering plant immunity and inducing resistance against fire blight in apple, its mode of action on a cellular level is still not fully elucidated [START_REF] Skłodowska | Phenolic Profile and Peroxidase Activity in Apple Leaves after Erwinia amylovora Infection and BTH Treatment[END_REF] . Some of these aspects such as the ASM induced systemic acquired resistance (SAR) were already discussed before in section 5.

Systemic acquired resistance (SAR).

The following section will more specifically highlight the impact of ASM on gene expression.

Up to today, the monitoring of apple defense after ASM treatment was mostly performed by the analysis of defense-related gene expression. Most importantly, these studies revealed that ASM leads to an elevated expression of pathogenesis-related (PR) genes, which are associated with enhanced resistance against both biotic and abiotic stress factores 137 . However, their biological function remains largely enigmatic despite the availability of new scientific tools. Particularly PR-1, PR-2, PR-8 and PR-10, together with other defense-related enzymes, showed an increased activity in Malus after the treatment with ASM.

Maxson-Stein reported the elevated expression of three PR genes in young apple seedlings, from two to seven days after ASM stimulation [START_REF] Maxson-Stein | Effect of Treating Apple Trees with Acibenzolar-S-Methyl on Fire Blight and Expression of Pathogenesis-Related Protein Genes[END_REF] . While the expression of PR-1 (putative PR-1b protein) and PR-8 (putative endochitinase class III protein) was increased by a factor of ten, a one hundred-fold augmentation of PR-2 (putative β-1,3-glucanase) was observed compared to the untreated control group. The levels of associated PR proteins remained elevated for one week, which is in line with the results from field experiments where weekly applications of ASM provided better pathogen protection than two-week intervals. Moreover, PR-1 protein was reported to induce anti-oomycete activity in vitro [START_REF] Maxson-Stein | Effect of Treating Apple Trees with Acibenzolar-S-Methyl on Fire Blight and Expression of Pathogenesis-Related Protein Genes[END_REF] . The expression of PR-1 (antifungal properties) and PR-2 (β-1,3-glucanase) genes in apple leaves was also significantly elevated once ASM was applied as a trunk paint, and the effect lasted for at least two months 134 . Abo-Elyousr et al. detected enhanced activities of chitinase and β-1,3-glucanase when applying ASM to apple shoots [START_REF] Abo-Elyousr | Effect of Acibenzolar-S-methyl and Rahnella aquatilis (Ra39) on Chitinase and β-1, 3-glucanase Activities and Disease Resistance of Apple Plants[END_REF] . Highest enzyme activity was observed six days after the stimulation. Both enzymes induce cell wall degradation in plant pathogens and therefore represent an important defense mechanism [START_REF] Baysal | Extract of Hedera helix induces resistance on apple rootstock M26 similar to Acibenzolar-S-methyl against Fire Blight (Erwinia amylovora)[END_REF] . The degradation of β-1,3-glucan and chitin also releases biologically active oligosaccharides (elicitors, suppressors), that regulate the immune status of plant tissues.

Baysal and Zeller showed that the limitation of pathogen growth in susceptible apple rootstocks stimulated by ASM was linked to increased peroxidase and chitinase activities [START_REF] Baysal | Extract of Hedera helix induces resistance on apple rootstock M26 similar to Acibenzolar-S-methyl against Fire Blight (Erwinia amylovora)[END_REF] tissues which are involved in complementary plant defense mechanism 126 . The study showed a strong correlation between defense activation and protection efficiency in the system apple/Erwinia amylovora. Specifically, the ASM induced expression of genes encoding PR proteins, terpenoid biosynthetic enzymes and salicylic acid-related markers was observed. The remaining genes, including flavonoid and jasmonic acid marker genes were hardly influenced by ASM. The complex gene expression profiling performed by Warneys et al. clearly demonstrated that ASM reprograms the apple transcriptome towards defense mechanisms and inhibits the expression of photosynthesis and growth-associated genes 136 . Although no plant growth limitation was observed during the experiments, potential long-term effects on apple trees in orchards cannot be excluded. Moreover, the ASM induced overexpression of terpene synthase-encoding genes led to a substantial modification of the sesquiterpene composition in apple. The second gene family that was strongly upregulated upon ASM treatment encoded amaranthin-like lectins, which accumulated in leaves, petioles and stems. In addition, ASM induces genes encoding biphenyl synthases, which should theoretically result in the formation of phytoalexins (such as aucuparin or malusfuran) already described in apple (Brisset, personal communication).

The Effect of Acibenzolar-S-methyl on Malus metabolome

The reports discussed in the previous chapter focused mostly on the activation of specific genes and the accumulation of defense-related proteins. Currently, studies on the impact of ASM are rare and very little is known about the influence of ASM on the metabolic profile of Malus. However, changes at the transcriptomic and proteomic level should necessarily reflect in the metabolome since metabolites are directly linked to gene and protein expression.

With regard to Malus, there are only two related reports. In the already mentioned study of Warneys et al., ASM treatment led to changes in the composition of sesquiterpenes, and most importantly induced the synthesis of (E,E)-α-farnesene, which shows repellent activity against D. plantaginea 136 . Skłodowska et al. monitored changes in the amounts of certain phenols in leaves of one-year old apple trees, after the treatment with ASM and/or an inoculation with E. amylovora [START_REF] Skłodowska | Phenolic Profile and Peroxidase Activity in Apple Leaves after Erwinia amylovora Infection and BTH Treatment[END_REF] . The study revealed an elevated formation of chlorogenic and o-coumaric acids in plant trees treated with ASM, and to a lower extent also in plants infected with the bacteria. The increase in concentration was lowest when the ASM treatment and bacterial infection were combined, however, the amounts of chlorogenic and o-coumaric acids were still higher than in the control plants. The levels of phloretin were higher in the infected plants compared to the control group, but lower in the apple trees treated with ASM, with or without preceding infection with E. amylovora [START_REF] Skłodowska | Phenolic Profile and Peroxidase Activity in Apple Leaves after Erwinia amylovora Infection and BTH Treatment[END_REF] . A similar trend was also observed for rutin but with less significant decrease in concentration after the ASM treatment. On the contrary, the amounts of phloridzin were highest in the control group. Based on these results, Skłodowska et al. linked phloridzin, rutin, chlorogenic, ferulic and o-coumaric acids to the ASM-induced apple resistance against E. amylovora. The strongly reduced levels of phloretin in the ASM group could potentially result from ASM-enhanced glycosylation of phloretin to phloridzin.

The latter are then metabolized to toxic quinones involved in apple resistance to fire blight. This explains the notable decrease of phloridzin in ASM-treated plants.

The applications of ASM in other plant species

The effect of ASM on plant immunity has been studied on various plant species. For the time being, no specific mode of action that would uniformly apply to several groups of plants and pathogens was identified. Therefore, it is likely that each species and perhaps even each cultivar may respond differently to ASM treatment. With this in mind, only few representative studies on several plant species will be discussed.

In muskmelon (Cucumis melo L.), ASM increased the activity of several enzymes of the phenylpropanoid pathway, including for example phenylalanine ammonia lyase (PAL) 142 . This metabolic pathway is associated with the biosynthesis of several bioactive metabolites, such as flavonoids, lignins and certain phytoalexins. Moreover, the quantities of caffeic acid and ferulic acid as well as the total phenolic content were increased in ASM-treated fruits.

In strawberry (Fragaria x ananassa), the post-harvest application of ASM increased the activities of phenylpropanoid enzymes, which are linked to the anthocyanin metabolism 143 . Consequently, an increase of the total anthocyanin content was observed during ten days of storage. These results support the use of ASM in postharvest treatment of strawberries for enhancing fruit quality.

The ASM treatment of grapevine (Vitis vinifera) induced resistance against Botrytis cinerea, commonly known as gray mold 144 . There an increase of total polyphenols in berry skins, especially proanthocyanidins, was observed.

Moreover, ASM treatment significantly modified the pattern of amino acids in grape leaf tissues, increasing for example the levels of aspartic acid, isoleucine, lysin and valine. This shows that ASM also influences the plant's primary metabolism. Slightly increased was the content of phenylalanine, which is involved in plant defense mechanisms. Phenylalanine is a precursor of phenylpropanoids, including stilbenes, flavonoids, monolignols and lignin. During pathogen attack, cell walls are strengthened by lignification and extensive cross-linking. The amount of hydroxylysine, which is involved in these cross-linking, was also increased by the ASM treatment. Ruiz-García et al. investigated the impact of ASM on the accumulation of main phenolic compounds in wine clusters 145 . This two-year experiment revealed that ASM treatment increased anthocyanin, proanthocyanidin and flavonol yields in grapes, including for example myricetin-3-glucoside, kaempferol-3-glucoside and isoquercetin. In another study performed on grapevine cell cultures, ASM inhibited an infection of B. cinerea, by inducing general mechanisms of gray mold resistance as well as by exhibiting a direct antimicrobial effect 146 . Furthermore, ASM triggered the production of H2O2 in grape cells as well as subsequent expression of defense-related genes and accumulation of phytoalexins (trans-resveratrol and ε-viniferin). However, induced resistance in grapes reduced the content of glucose and sucrose and at the same time increased the amount of fructose in grape berries. These negative changes in soluble sugar composition indicate that the defense response may also involve decrease in sensory quality.

In the in vitro culture of Ruta graveolens, the application of ASM induced a significant production of furanocoumarins and furoquinolone alkaloids 147 .

Eventually the discussed reports show that the mode of action of ASM is very complex and that it impacts primary as well as the secondary metabolism of plants.

Electrospray ionization mass spectrometry (ESI-MS)

Electrospray ionization (ESI) mass spectrometry was first introduced by Masamichi Yamashita and John Fenn in 1984 148 .

The technique uses electricity to ionize solvent and sample molecules before mass spectrometric analysis 149,150 .

Within an ESI source, a continuous flow of sample solution passes through a stainless capillary. A voltage (2-6 kV) is applied to the tip of the capillary. This strong electric field causes dispersion of the sample solution forming an aerosol of highly charged electrospray droplets, which then move towards the analyzer of the mass spectrometer. This process is also assisted by a coaxial flow of sheath gas (e. Electrospray ionization is considered as a soft ionization technique, which means that relatively little energy is applied to the analyte, causing little or no fragmentation 151 . This is in contrast to other ion sources, for example electron impact ionization, which causes extensive fragmentation. Therefore, ESI provides a sensitive, robust and reliable tool for studying non-volatile and thermally labile biomolecules 149 . Coupled to liquid chromatography (LC) it has become a powerful technique for the analysis of both small and large molecules in various complex biological samples. The range of specific ESI-MS applications is very large, permitting the analysis of structurally quite different compounds such vitamins, steroid hormones, drugs and toxins 151 .

Matrix-assisted laser desorption ionization mass spectrometry (MALDI) and related techniques 8.1. Matrix-assisted laser desorption ionization

The development of laser desorption ionization (LDI) and matrix-assisted laser desorption ionization (MALDI)

dates back to the late sixties and early seventies, a period when researchers were trying to overcome the limitations of ionizing non-volatile and thermolabile compounds. Initial experiments were rather simple. In 1968 Vastola and Pirone observed the production of ions during the irradiation of organic samples by a high-intensity pulsed ruby-laser 152 . In 1972 Mumma and Vastola continued with the experiments by ionizing organic sulfonates, sulfates and thiosulfates 153 . This (matrix-free) LDI approach was then extended to oligosaccharides, nucleotides and digitalis glycosides 154 . However, the number of ionizable compounds remained quite limited 155 .

An important step forward was made by the discovery of so-called "matrices". These small organic molecules carry strong UV chromophores and facilitate the ionization of analytes, which by themselves, did not show any LDI effects. The concept was called matrix-assisted laser desorption ionization and was first introduced by Hillenkamp and Karas in 1988 156 . Extending the range of MS applications, MALDI-MS has gained immense popularity ever since. By today, the method has become one of the most commonly applied analytical techniques for the analysis of large molecules, such as proteins, peptides, oligonucleotides and oligosaccharides. It has also contributed to the rapid expansion of proteomic studies 155, 157 .

Unlike electrospray ionization (ESI), where a high charge is applied to an aerosol of solubilized analytes, MALDI is based on the laser-pulsed activation of co-crystalized matrix/analyte mixtures 158, 159 . Within the process, energized matrix/analyte clusters desorb from the carrier surface forming the MALDI plume 159 . Next, matrix to analyte charge transfer takes place within this plume before ions finally reach the detector.

As said before, MALDI provides a highly efficient tool for analyzing various types of macromolecules but also suffers from several limitations. Most importantly, as analytes must co-crystallize with the matrix, analyte and matrix solutions must be miscible as well. This may become problematic if matrices and analytes exhibit very different polarity. Moreover, matrix to analyte interaction can be quite selective, so not any matrix is suitable for analyzing any analyte. Finally, due the inherent formation of matrix ions during the ionization process, MALDI is not very suitable for analyzing low mass compounds (<1500 m/z). In this region, matrix-derived signals may easily superpose those of analytes and prevent correct spectrum interpretation. For that reason, notable efforts for developing LDI techniques without matrix support were made. A brief summary on some of these approaches is given in the following sections.

Matrix-free approaches

Surface-assisted laser desorption (SALDI)

In SALDI, the ionization process is supported by either a photoactive or nanostructure surfaces or suspensions of nanoparticles that are mixed with the analyte 157 . This approach was inspired by experiments of Tanaka in 1988, who used cobalt nano-particles for transferring laser energy to a solution of glycerol 160 163 . According to the authors, the signal intensities linked to the TiO2 layer were very small compared to those of the analytes. Next to the outlined examples, many additional materials were used but will not be discussed in detail.

Desorption-ionization mass spectrometry on porous silicon (DIOS)

Desorption-ionization mass spectrometry is a specific SALDI method that uses nano-textured silicon surfaces to assist the LDI process. The method was introduced by Wei, Buriak and Siuzdak in 1999, who ionized a wide range of structurally diverse organic molecules, such as peptides, carbohydrates, glucosides, glycolipids, small drug molecules and many more 164 . The method provides decent sensitivity and induces little to no fragmentation of analytes within a mass range of 150 to 12,000 Da. It is compatible with silicon-based microfluidics and microchip technologies. Moreover, as the surface of porous silicon can be easily modified, further optimization of its ionization characteristics can be easily implemented.

Next to the discussed examples, many other SALDI techniques such as sol-assisted LDI (SGALDI), material-enhanced LDI (MELDI) or nanoparticle-assisted LDI (nano-PALDI-MS) are described in the literature but shall not be discussed in detail.

Matrix-free laser desorption ionization without surface support (LDI)

a)

The concept of LDI without matrix and surface support

An interesting feature of many natural products (NPs) is that they show close structural similarities to known matrix molecules, such as dithranol, 2,5-dihydroxybenzoic acid (DHB) or α-cyano-4-hydroxycinnamic acid (HCCA), shown in Figure 12. Most importantly, they comprise chromophores that absorb at the wavelengths of commonly used MALDI lasers (UV region) and therefore exhibit similar ionization properties. Some, mostly phenolic compounds (e.g. usnic acid 165 , quercetin and morin 166 ), work as MALDI matrices by themselves. Others don't but still ionize upon simple laser irradiation and without any matrix or surface assistance 167 . These compounds can be directly detected even from complex mixtures such as crude extracts without any preceding sample purification 168, 169 .

Figure 12:

The structures of common matrices used in MALDI
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Like MALDI, LDI facilitates the formation of both quasi-molecular and radical ions 167 . In addition, rather unusual ion species such as [M-H] + are sometimes observed 169 . Finally, fragmentation occurs more frequently in LDI than in MALDI, which generally uses lower laser energy. This issue may cause problems for correct spectra interpretation and will be outlined in the discussion section.

b) Practical applications of matrix-free LDI-MS without surface support

Although the concept of matrix-free LDI without surface support was developed before MALDI, reports on its practical application are rare and generally date back no longer than ten years. Some of these examples shall be consecutively discussed.

Petroselli et al. used MALDI-and LDI-MS for the analysis of yerba mate (Ilex paraguariensis) 170 . Both techniques permitted a quick profiling of saponin fingerprints from ground plant material as well as its water infusions.

Considering their missing UV chromophore, the LDI detection of saponins was rather surprising. However, next to saponins, also cinnamic acid derivatives and other metabolites with high UV absorption were present in the samples. Consequently, these compounds may have assisted ionization as internal matrices. In addition, contaminants and/or food additives such as cyclodextrins were also detected by LDI.

Schinkovitz et al. utilized matrix-free LDI-MS for the profiling of phenolic constituents in propolis originating from different global regions 168 . The method yielded reproducible and highly specific fingerprint spectra for any of the tested samples, and also allowed their differentiation by principal component analysis (PCA). Moreover, LDI-MS detected more compounds from crude propolis extracts than concurrently performed LC-ESI-MS. A similar result was also observed for phenolic secondary metabolites in lichens 167 .

Next to phenolics, many alkaloids exhibit notable LDI properties 169 . This comprises toxic compounds such as hyoscyamine, papaverine, quinine, colchicine, ibogaine and aconitine. A most interesting application was described by Baumeister et al., who used atmospheric pressure LDI for monitoring metabolic changes in living microalgae 171 . Another study, analyzing the surface of dormant and non-dormant genotypes of peas by MALDI/LDI-MS, identified hydroxylated long-chain fatty acids as discriminating factor between samples 172 .

According to the authors, LDI-MS provided better results than MALDI-MS. Hölscher et al. analyzed the tissue-specific accumulation of flavonoids in Arabidopsis thaliana by LDI-MS imaging (MSI) 173 . Contrary to MALDI, matrix-free LDI did not alter the native distribution of these metabolites and avoided undesired chemical interactions.

In the study by Kew et al. on Scotch whisky, LDI-MS was found to ionize different polyphenols and lignin derivatives than concurrently performed LC-ESI-MS 174 . The authors suggested that the presence of small aromatic molecules exhibited internal matrix effects on other constituents of the sample. These "matrix" compounds were identified as lignin derivatives originating from oak barrels used for whisky maturation.

Hertzog et al. demonstrated the complementarity of LDI, ESI and APPI ionization for the characterization of bio-oils. While ESI mostly detected highly saturated compounds, less saturated constituents showed up in LDI spectra. The highest degree of unsaturation was then observed in APPI. Compared to the holistic approach of using three different ionization techniques, only 28% of all detected compounds showed up in ESI-MS.

Blackburn et al. compared MALDI, LDI and ESI for the detection of natural organic matters (NOM) 175 . Experiments were conducted on a Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). Both MALDI and LDI yielded identical results in terms of detected compounds (matching score>90%). According to the authors, LDI spectra were of higher quality. On the other hand, ESI and LDI spectra only showed a matching score of 9.9%, highlighting the importance of multiple ionization for the full MS characterization of organic matters. The LDI-MS detection of lipophilic NOM such as fluvic and humic acids was further reported by Wang et al. 176 .

Besides its applications in natural products' research, LDI-MS is also used for the analysis of corrosion products from the surface of brazing alloys 177 . Similarly to previously discussed reports, the method provided complementary information to classic MS approaches. Moreover, LDI-MS was also successfully applied for the discriminative analysis of ballpoint inks 178 .

With respect to the current PhD project, LDI-MS as well as LC-ESI-MS were used for the phytochemical profiling of apple. In theory, the combination of the two techniques should provide a most holistic picture on metabolic changes induced by Bion and/or the infection with E. amylovora. Moreover, as many important secondary metabolites in apple are phenolics, they should be detectable by LDI-MS. A thorough comparison of advantages and disadvantages of both methods will be given in the discussion. 

Cultivation of plant material

All experiments on apple (Malus X domestica) were carried out on open-pollinated seedlings of the Golden Delicious variety, cultivated on the site of "Unité Expérimentale Horticole" (UEH) in INRAE Angers, France.

Germination was induced by stratification of the seeds in a mixture of sand and vermiculite, for 3 months at 4°C.

Seedlings were then repotted and cultivated at 23°C day and 18°C night temperature, natural photoperiod with additional lighting in complement. Finally, seedlings were collected at the 4-6 leaf stage after about 4-6 weeks.

Preliminary experimental protocol for the application of plant resistance inducers

In the preliminary experiments, apple seedlings were divided into four groups and sprayed with three different plant resistance inducers (PRIs): Regalis® + (Group B), LBG-01F34® (Group C) and Bion® 50 WG (Group D).

Active agents of all products are outlined in Table 2. The fourth group served as a control and was sprayed with water (Group A). Overall, plants were sprayed on three consecutive days and sampled on the seventh day of the experiment. These samples were stored at -80°C until further processing. A scheme of the experimental setup is shown in Figure 13. 

Final experimental protocol for the application of plant resistance inducers

In order to obtain sufficient plant material for consecutive phytochemical analysis, only one plant resistance inducer (Bion) was chosen for the final experimental setup. The selection was based on results from preliminary experiments as well as on the fact that Bion is a well-studied, best defense elicitor for apple. The outstanding protective effect of Bion against Erwinia amylovora is shown as a representative example in Figure 14. of Erwinia amylovora at a concentration of 10 8 UFC/mL. In this process, one leaf of each plant was cut with scissors that were previously dipped in the bacterial inoculum. Plants from group 1 (control) were not infected and served as a control group. Under natural conditions, infections may spread within a plant at different speed.

To best cover this divergence, plants were sampled on two different time points, 7 and 14 days after the inoculation. From each plant, the central part of the previously infected leaf and the adjoining part of the stem were collected for subsequent analysis. Graphical illustration of the experimental setup is shown in Figure 15.

Overall, three independent experiments were performed in fall 2018 (Experiment 1) as well as in fall 2019

(Experiment 2+3). The latter two were conducted as biological repetitions of Experiment 1 in order to determine the biological differences. In the progress of Experiment 2, an infestation of aphids required the use of the insecticide Teppeki (50% flonicamid, Belchim). 

Extraction of plant material

Leaves and stems were extracted and investigated separately in each experiment. Fresh leaves and stems were grinded and homogenized using a mortar and pestle and liquid nitrogen. Plant material was then extracted using five different solvents with increasing polarity (hexane, dichloromethane, ethyl acetate, methanol and water).

During the process, plant material was mixed with a solvent and sonicated for 8 minutes at 30 °C. The suspension was then filtered through a porous frit and plant material was re-extracted several times as indicated in Table 3.

The extracts of one solvent were then combined and dried under gas nitrogen or by using a rotary evaporator before being stored at -80°. Consequently, five extracts of different polarity were obtained for each sample. The number and weights of extracts that were finally analyzed are indicated in Annex 1. 

Sample preparation for Matrix-assisted (MALDI) or matrix-free (LDI) laser desorption ionization mass spectrometry (MS)

Sample solutions for LDI-MS analyses were prepared in extraction solvents at a concentration of 10 mg/mL. For MALDI-MS analyses, matrix solutions were prepared at 10 mg/mL, in methanol or dichloromethane or in a mixture of both solvents (1:1), depending on the solubility of the analyzed extract. Matrix solutions were then mixed with the sample (10 mg/mL) at a ratio 2:1. If needed, salicylic acid (C7H6O3, monoisotopic mass = 138.0317) as well as rutin (C27H30O16, monoisotopic mass = 610.1534) were alternatively added as internal standards to both MALDI and LDI samples. Finally, 0.5 μL of the sample solutions were deposited on the MALDI plate. Avoiding an operatordependent selection of sweet spots and facilitating an unbiased data acquisition, all the data for statistical analyses were acquired in automatic mode. Additionally, these samples were deposited in at least quintuplicates.

Experiments were conducted on two different MALDI instruments as outlined below. 

Other LDI-MS applications

The analysis of Papaver somniferum

Voucher samples from five different chemo types of pulverized capsules of P. somniferum were collected at a confidential breeding farm and provided by a private institute that wants to remain anonymous.

Approximately 40 mg of powdered plant material was mixed with 1550 μL of analytical-grade MeOH and the mixture was sonicated for 20 min. The suspension was then centrifuged for 10 min at 14800 rpm, and 800 μL of the supernatant was recovered. Next, 800 μL of fresh MeOH was added to the plant material, and the extraction was repeated. Combined supernatants were dried under nitrogen, yielding 4-6 mg of dried extract per sample.

The samples were measured under the same analytical conditions as already mentioned in section 1.5.2, exclusively in positive mode in the range of 60-2000 Da, with laser power in the range of 80-85% for Bruker

Biflex III TOF and at 59% for Spiral-TOF. In automatic acquisition, 300 single spectra were collected from 30 random locations. Acquired spectra were processed by FlexAnalysis 2.0 (Bruker Daltonik) and mMass 5. 5.0, a freeware by Martin Strohalm 179 and principal component analysis was performed solely in OriginPro (OriginLab), using the "Principal Component Analysis for Spectroscopy" software extension.

The analysis of fruit juices

Samples of juices were purchased on the commercial market. Altogether, ten juices produced from different fruit were investigated, including orange, tomato, apple and grapes.

0.5 mL of sample was mixed with 0.5 mL analytical-grade ethyl acetate and the mixture was shaken in hands for 90 seconds. The suspension was then centrifuged for 5 min at 13000 rpm, and the supernatant was recovered.

Next, 0.5 mL of fresh EtOAc was added to the juice, and the extraction was repeated. Combined supernatants were evaporated.

Samples were measured under the same conditions as in section 1.5.2.a) in negative mode, with laser power of 80% and automatic acquisition 150 single spectra from 30 random locations. Data were preceded by the same software as samples from chapter 2.1.

Results and discussion

Preliminary experiments

In the first place, preliminary experiments were conducted in order to verify whether LDI permits the chemical profiling of crude apple extracts without additional purification steps. Next, the effect of plant resistance inducers (PRIs) on the plant metabolism was studied. These results were then used for designing more complex follow-up experiments including the bacterial infection with E. amylovora. Furthermore, they permitted the optimization of general experimental settings in order to allow automated sample analysis.

1.1.

Matrix-assisted and matrix-free laser desorption ionization With regard to the number of detected signals and their relative intensities, it is clearly shown that the negative ionization mode permitted the detection of more signals than the positive mode. This is in line with the expected phenolic character of secondary metabolites naturally observed in Malus 3, [START_REF] Lu | Comprehensive evaluation of effective polyphenols in apple leaves and their combinatory antioxidant and neuroprotective activities[END_REF] . Phenols contain UV light-absorbing chromophores and therefore, easily ionize in LDI. However, due to their structure, the ionization generally takes place in negative mode. Among all compared solvents, the ethyl acetate extract yielded the best results in terms of the number of detected signals as well as their intensity. The DCM extract was the second most important; however, due to its low polarity it was less appropriate for comparative LC-MS analyses.

All extracts were also studied by MALDI-MS, using dithranol and α-Cyano-4-hydroxycinnamic acid (HCCA) as a matrix. At that point it is important to mention that results from MALDI-MS did not provide any further information compared to LDI-MS. As it is shown in Figure 18, only one additional analyte signal (m/z = 845.2, HCCA spectrum) was detected. On the other hand, the inherent formation of matrix ions in MALDI severely impaired spectra interpretation as well as statistical analysis.

Based on this outcome, all consecutive LDI-MS experiments were systematically performed without matrix and in negative ionization mode. Moreover, the main analytical focus was put on the ethyl acetate extracts, which will be consecutively discussed.

Another important point that should be mentioned is the repeatability of the LDI-MS method. As outlined in the experimental section, each sample was deposited in quintuplicates. When comparing the spectra of individual samples spots (Figure 19), the absolute intensity of signals varied considerably. However, relative signal intensity rations between individual signals remained stable, providing highly specific fingerprint spectra for each To confirm or refute the observed differences between the investigated plant groups, the acquired MS data were subject to a statistical analysis. The aim was to determine whether analyzed samples were divided according to the type of the applied treatment or not. When processing the spectra by principal component analysis (PCA, covariance matrix), a clear division of the analyzed groups was observed (Figure 21). This suggests that the intensity of some critical signals is too low to be observed by the naked eye. Therefore, the statistical postacquisition processing of data is required to visualize the differences between the four groups. However, all groups, analyzed in quintuplicates (from five different sample deposition spots), showed up within the 95% ellipse of confidence. This again indicates good repeatability of the method. 

Conclusions

In this part of work, all five extracts of apple leaves (hexane, DCM, EtOAc, MeOH, water) were studied by three analytical techniques: LDI-MS, MALDI-MS and UHPLC-PDA-MS (complete data not present).

Based on the collected data, it was found that the analyzed samples differed mostly in the intensity of some of the detected compounds; qualitative differences were observed only in the BPI chromatograms. After all, a principal component analysis (PCA) performed on data acquired by LDI-MS successfully distinguished all measured sample spots belonging to different extracts. Therefore, this statistical evaluation revealed that plants undergoing different treatments undoubtedly differed in their chemical profil es.

In general, results from MALDI-MS, LDI-MS and LC-MS yielded comparable metabolic profiles, all detecting the main dihydrochalcones of Malus, phloretin and phloridzin. Moreover, some additional signals were exclusively detected by LDI-MS and MALDI-MS compared to LC-MS. This indicates that LDI-MS/MALDI-MS could be a rapid and simple supplement or potential alternative for the analysis of phenolic compounds in plants.

Acquired LC-MS data are much larger in volume than data from LDI-MS. Therefore, performing PCA analysis on LC-MS data requires specialized software equipment, which was not available at SONAS at that period of time.

From this reason, all LC-MS analyses of further experiments were conducted by our collaborators from a specialized metabolomic platform at the University of Munich. Mass spectra obtained from both LDI-MS instruments, Bruker Biflex III TOF and Spiral TOF, revealed several, rather minor differences between differently treated plant groups. In the case of Bruker Biflex III TOF data (Figure 28), different major peaks were observed for group 1 (water, not infected), group 2 (Bion + E. amylovora) and group 3 (water + E. amylovora). Moreover, some of the m/z signals varied in their relative intensities. On the contrary, data from Spiral TOF (Figure 32) showed differences only in the relative intensities of individual m/z signals while the major peak was identical for all three groups, represented by phloretin at m/z = 273.08. However, principal component analysis (PCA) based on data from both instruments and using either a covariance (Figure 29 and Figure 33) or correlation matrix (Figure 30 and Figure 34) led to a clear separation of all three plant groups. Furthermore, all analyzed sample spots showed up within their 95% ellipses of confidence, which showed no overlap for any of the groups. Similarly to LDI-MS, the obtained LC-ESI-MS chromatograms mainly differed in the intensity of the eluted peaks.

However, several additional peaks eluting only specifically in one of the treatment groups were also observed. To clearly visualize the differences between the three plant groups, the acquired data were processed statistically.

In this respect, a subsequent partial least squares-discriminant analysis (PLS-DA) led to a very distinct division of differently treated plant groups, confirming the results previously obtained by LDI-MS.

With regard to Experiment 1, the results for leaves sampled 14 days after the plant infection and for stems sampled after 7 and 14 days are presented in the following chapters. 

Discussion of results of main experiments

The general idea of this study was to monitor metabolic immune response of apple plants that were, or were not, treated with acibenzolar-S-methyl (Bion) before being infected with Erwinia amylovora. Extracts were then analyzed by LDI-MS and LC-MS and data were studied by a non-target metabolomic PCA or PLS-DA approach.

Unlike targeted metabolomics, where special focus is given to pre-defined markers, untargeted metabolomics pinpoints any compound that accounts for observed statistical group separation. The second important question of the project was whether LDI-MS and LC-MS would yield comparable results, and how potentially observed differences could be best explained. The following paragraphs will separately discuss results from LDI and LC-MS, however section 6. Comparison of LDI-MS and LC-ESI-MS techniques will directly compare the two methods.

Principal component analysis based on LDI-MS

As outlined in the result section ( At this point it is important to mention that enhanced resolution ≠ high resolution. Technically, the Spiral-TOF instrument can produce high-resolution data in manual but not in automatic acquisition mode. In order to avoid any operator-depending impact, all samples designated for PCA were run in automatic acquisition mode.

The latter did produce small but significant and inevitable mass shifts (0.001-0.009 Da) between different sample spots. This "de-calibration effect" is an inherent problem of any LDI-based technique. Therefore, selected samples were then separately analyzed in manual mode in order to obtain high-resolution spectra and confirm molecular formulas (see section 4.1 Putative identification by LDI-MS). Samples from Experiment 1, initially analyzed on the Bruker Biflex III TOF, were all re-measured on the Spiral TOF, allowing a direct comparison of both instruments. Experiment 2 and 3 were exclusively analyzed on the Spiral TOF instrument as the Bruker machine was no longer available. With regard to statistical analysis, both instruments yielded practically identical PCA grouping according to the applied treatment for all sample groups (Figure 66). Second, the PCA of stems in Experiment 3 (sampled 7 days after the infection) did not show any group separation (Figure 68A). This may suggest that the effects of Bion stimulation followed by an infection did not yet reflect in the metabolic profiles of extracts. Supporting this hypothesis, a distinct PCA separation of all plant groups was observed 14 days after the infection (Figure 68B). In general, PCA group division appeared to be best in Experiment 1. Contrary to Experiments 2 and 3, groups were the most distant in the PCA plot and showed no overlay of their 95% ellipses of confidence. This observation is in line with results from LC-ESI-MS, which also yielded the best separation in Experiment 1 (see Figure 37 and Overall, 107 (leaves) and 90 (stems) statistical separation markers were determined by PCA on LDI-MS data.

This highlights the chemical diversity of analyzed samples. It should be kept in mind that not all observed signals in the spectra were discriminative (sin 2 /cos 2 > 0.5) and some were excluded from the PCA analyses because of their low relative intensities and/or signal to noise ratios. Consequently, the overall number of detected signals in the spectra was much higher.

When closely examining tables in Annex 4.1 and in Annex 4.2, many discriminative markers show up in two, sometimes even three experiments as summarized in Table 4. In addition, some of the markers were found in both: plants sampled seven and fourteen days after the bacterial infection. The rest of discriminative signals were characteristic for one of the experiments, highlighting the phytochemical diversity within the biological repetitions.

As said before, all LDI-spectra used for PCA experiments were acquired in automatic mode, so the inherent variation of signal precision (0.001-0.009 Da) did not allow deducting molecular formulas. Nevertheless, selected samples were studied in manual high-resolution mode in order to determine molecular formulas. In addition, all samples were analyzed by LC-MS 2 as discussed in the following section. Signals in bold were putatively identified by HRLDI-MS as caffeic acid a , quinic acid b , luteolin c and catechin d .

Partial least squares-discriminant analysis based on LC-ESI-MS

All LC-ESI-MS experiments were performed at the Chair of Food Chemistry and Molecular Sensory Science, School of Life Sciences Weihenstephan, Technical University of Munich (TUM). The institute is specialized in the highthroughput metabolomic analysis by high resolution LC-MS 2 . Data analysis was further assisted by the Progenesis Discriminative PLS-DA markers were identified by their occurrence and absence as well as their variation of relative signal intensities within analyzed treatment groups (group 1-3). Most prominent signals were additionally studied by MS 2 . A comprehensive summary of all major LC-ESI-MS markers is provided in tables in Annex 5.1

(leaves) and in Annex 5.2 (stems). Sometimes the same signal appears twice, which signifies the presence of two compounds with very close masses but eluting at different retention times.

While several markers were present in two of the three experiments, only very few were found in all three experiments. These MS signals are highlighted in Table 5. The vast majority of markers showed up in one specific experiment. This outcome is different from results obtained by LDI-MS, where many common markers were observed (Table 4). A detailed discussion on observed differences and similarities between the two methods will be given in section 6. Comparison of LDI-MS and LC-ESI-MS techniques. 27 Signals in bold were putatively identified as quillaic acid a and CS24785685 b .

Once more, current findings demonstrate the wide phytochemical diversity of sample material. It also highlights that the metabolic response to acibenzolar-S-methyl (Bion) stimulation in Malus may vary quite importantly within biological repetitions, which complicates the conclusive reasoning on its specific mode of action. However, LC-ESI-MS provides profound insights into the metabolic state of Malus. Tentatively identified PLS-DA markers (Progenesis-ChemSpider database) will be discussed in the following chapters.

Putative identification of key compounds

Providing the most complete data set, the identification of key compounds will mostly focus on results of Experiment 1. As before, LDI and LC-MS data will be first discussed separately. It is important to highlight that the preparation of plant material, together with the subsequent extraction and analysis, were very time-consuming and required several months for each experiment. As a direct consequence, and also considering the workload linked to preliminary data interpretation and method optimization, Experiments 2 and 3 were not started before the third year of my PhD. In addition, the Corona lock-down blocked laboratory activities at the most critical stage of my PhD. In consequence, data of Experiment 2 and 3 could not be studied as deeply as those from Experiment 1. They nevertheless highlight the strong chemical variability of biological repetitions.

Putative identification by LDI-MS

As said before, LDI-MS experiments performed within the first two years of the project were all conducted on the Bruker Biflex III TOF instrument, which did not allow the acquisition of high-resolution MS data. Only very few samples could be analyzed on the Spiral-TOF instrument, which was located at the laboratory of JEOL SAS All of the putatively identified compounds were PCA markers for group separation in Experiment 1 (Bruker Biflex III TOF). However, it was not possible to evaluate their up/downregulation in the individual plant groups. Contrary to LC-MS, there is no chromatographic separation preceding the ionization step and all compounds simultaneously compete within the ionization process. Consequently, compounds that easily ionize may exhibit enhanced signal intensities, which do not necessarily correspond to their actual concentration in the sample. On the other hand, compounds that show less good ionization may be entirely missing in the spectra. This analyte suppression effect (ASE) will be discussed in section 6.1. For all these reasons, LDI-MS is not a suitable quantification method.

Putative identification by LC-ESI-MS

In LC-MS experiments, some of the signals of interest were linked to potential structures based on their exact molecular masses and by comparing their fragmentation patterns with the Progenesis-ChemSpider database. The identification process followed two different approaches.

1) Signals that showed most significant abundance changes within group 1-3 and were confirmed PLS-DA markers

2) Compounds that had best matching scores in the Progenesis-ChemSpider database and were also upregulated in group 2 (Bion + E. amylovora)

PLS-DA marker compounds with most significant abundance changes

It is important to point out that not all discriminative PLS-DA marker signals could be reasonably studied in detail.

First because of their high number and second because of the limited quantity of sample material that did not allow any further processing or purification steps. Therefore, a pragmatic selection of working structures based on literature search, spectral libraries and database matching scores (Progenesis-ChemSpider) was made.

However, those PLS-DA markers that were finally selected varied considerably in their relative abundance within groups 1-3 and therefore may provide useful hints for a better understanding of induced metabolic changes (Bion and/or E. amylovora) in apple. Proposed compounds associated to selected PLS-DA markers are outlined in Table 7 and in Figure 72. Their characteristics and biological activities will be discussed in section 5. Occurrence and biological activity of putatively identified compounds. 

Compounds with highest matching scores in the Progenesis-ChemSpider database

The proposition of working structures for this group is based on identified molecular formulas (HRMS), observed fragmentation and the highest matching scores with Progenesis-ChemSpider database. Although not identified as most important markers for PLS-DA group separation, all of them were still upregulated in group 2 (Bion + E. amylovora). Proposed compounds are summarized in Table 8 and their structures are shown in Figure 73. Their respective role in plant immunity will be discussed in section 5. Occurrence and biological activity of putatively identified compounds. 

Occurrence and biological activity of putatively identified compounds

This section will discuss the general chemistry of all putatively identified compounds as well as their reported biological activities and their specific role in plant immunity. Overall, one furocoumarin (3-carbethoxypsoralen)

and three simple organic acids (malic, caffeic and quinic acid), tree triterpenoids (quillaic acid, glabric acid, testololactone) and eleven phenolic compounds were identified. Phenolics are the largest group and consist of dihydrochalcones (phloretin, phloridzin) and flavonoids. The latter can be divided into several subgroups such as flavonols (quercitrin, isoquercetin, myricitrin, avicularin), flavones (luteolin), flavanonols (taxifolin-3arabinoside), flavanols (catechin, apiforol) as well as flavanones (6-prenylnaringenin). From the proposed flavonoids, quercitrin, isoquercetin and avicularin represent glycosylated forms of quercetin, while myricitrin is a glycosylated form of myricetin.

Small organic acids

All three organic acids (malic, caffeic and quinic) were putatively identified by LDI-MS.

Malic acid

Malic acid represents the principal organic acid of apple 3 , from which, the name 'malic' is derived. It is mostly found in apricots, gooseberry, rhubarb, carrot and celery 182 . Malic acid is commonly used by the food industry to enhance sweetness or tartness of fruit and vegetable juices, carbonated soft drinks, jams, wines and candies 183 .

It has reported antibacterial effects against Escherichia coli, Pseudomonas aeruginosa, Enterococcus faecalis, and

Staphylococcus aureus 184 and also reduced microbial growth of Listeria monocytogenes, Salmonella enteritidis and E. coli in apple, pear and melon juices 185 . This bactericidal activity depended on the concentration, storage temperature and the juice type. Similar effects were observed when immersing apples and lettuce in a malic acid solution 186 . When added to washing solutions for chicken meat, the compound successfully inhibited the growth of Salmonella 187 . Other authors observed antimicrobial activities against Enterobacter sakazakii 188 , Streptococcus mutans, Streptococcus pyogenes 189 or Campylobacter jejuni 190 . Increased concentrations of malic acid, together with some other metabolites, were found in Arabidopsis thaliana after the treatment with acibenzolar-S-methyl [START_REF] Dao | Effect of benzothiadiazole on the metabolome of Arabidopsis thaliana[END_REF] .

However, its specific impact on plant immunity was not discussed in the article. 

Caffeic acid

Caffeic acid (3,4-dihydroxycinnamic acid) belongs to the free hydroxycinnamic acids, which play a key role in the formation of complex phenols [START_REF] Swanson | Encyclopedia of Food Sciences and Nutrition (Second Edition)[END_REF] . Hydroxycinnamic acids hardly exist in their free acidic form and mostly occur as esters of quinic acid, malic or tartaric acids, or as glycosides linked to various sugars. Caffeic acid was previously reported in Malus leaves and bark 191,192 . The compound is also present in various plants, including globe artichoke as well as in several herbs and spices, such as rosemary, thyme, oregano, bay, cinnamon and cumin 193,194 .

Together with cider, coffee beverage and blueberries, apple fruits are the most important dietary sources of caffeic acid 195 . In a study of Özçelik et al., the compound showed in vitro antibacterial effects against Escherichia coli, Pseudomonas aeruginosa, Proteus mirabilis, Klebsiella pneumoniae, Acinetobacter baumannii, Staphylococcus aureus, Enterococcus faecalis and Bacillus subtilis 196 . Moreover, caffeic acid also exhibited antimicrobial activity against Vibrio parahaemolyticus and Vibrio vulnificus 197 .

Figure 75:

The structure of caffeic acid With regard to Bion, the acibenzolar-S-methyl (ASM) stimulation of muskmelons significantly increased the content of caffeic and ferulic acids 142 . Both compounds are precursors of lignin, which is synthetized by the phenylpropanoid pathway 142,198 . Furthermore, the activities of several enzymes (e.g. phenylalanine ammonia lyase, tyrosine ammonia lyase) of this metabolic pathway were also increased 142 . Eventually, the ASM stimulation induced production of lignin and facilitated the formation of physical barriers in fruits, which sufficiently prevented pathogen invasion.

In Malus, the infection with apple scab (V. inaequalis) induced the synthesis of caffeic acid and some other hydroxycinnamic acids in apple fruit 8 and leaves [START_REF] Petkovsek | Increased phenolic content in apple leaves infected with the apple scab pathogen[END_REF] . Next to its pivotal role in the lignin formation and the phenylpropanoid pathway, caffeic acid may also influence the synthesis of other phenolics, potentially involved in plant defense. However its exact role in the plant immunity and resistance against E. amylovora is not fully elucidated.

Quinic acid

Quinic acid mostly occurs in the form of esters with hydroxycinnamic acids (caffeic, ferulic and p-coumaric acids) 182 . It is found in the leaves of tea plant (Camellia sinensis), cocoa beans, potatoes, berry fruits and mango.

The yield of quinic acid is a significant marker for distinguishing the northern highbush blueberry (Vaccinium corymbosum) from the European blueberry (Vaccinium myrtillus), which is an important factor for detecting food fraud and for plant authentication.

Several studies evaluated the antibacterial activities of quinic acid. When isolated from quince (Cydonia oblonga), the compound showed mild antimicrobial activity against Escherichia coli 199 . In another study, quinic acid displayed bacteriostatic effects against several bacterial strains, including Salmonella enterica, Bacillus cereus, Clostridium perfringens, E. coli and Staphylococcus aureus 200 . Other authors reported antibacterial activity against E. coli, P. aeruginosa, E. faecalis, and S. aureus 184,196 as well as Proteus mirabilis, Klebsiella pneumoniae, Acinetobacter baumannii, Bacillus subtilis and again S. aureus 196 . In the context of Malus, none of the three organic acids had reported activity against E. amylovora but did show notable antimicrobial effects against a wide range of other pathogenic microorganisms. Therefore, their potential antibacterial activity against E. amylovora should be definitely evaluated in the future.

Triterpenes

In total, three triterpenes, namely testololactone, quillaic and glabric acid, were putatively identified by LC-ESI-MS. Overall, very limited information is available about these compounds but none of them was previously reported for Malus. Some of the very few reports on these constituents shall be discussed in the following paragraphs. Therefore, their comparison with authentic standards should be a part of the following research.

Quillaic acid

Quillaic acid is a pentacyclic triterpenoid and major aglycone of many saponins 201 . It is found in the indigenous

Chilean "soapbark tree" (Quillaja saponaria), which represents one of the most important commercial sources of saponins. Quillaic acid is a highly functionalized compound that allows a wide range of chemical modifications for improving or modifying its biological activity. It is a reported inhibitor of in-vivo induced inflammation and showed dose-dependent antinociceptive effects in two thermal mice models 202 . Moreover antihyperalgesic effects were also reported for mice 203 . This is in line with the traditional analgesic use of the aqueous soapbark extracts. Concerning the Bion stimulation of apple, a quite interesting observation was made. As shown in Figure 78 and LC-MS experiments revealed enhanced signal intensities of quillaic acid in group 2 and group 3, which were both exposed to the pathogen. For the time being, no antimicrobial activity of quillaic acid has been reported, and its specific role in plant defense remains unknown.

Glabric acid

Glabric acid is found in licorice (Glycyrrhiza uralensis) [204][205][206] . The plant has been used in Traditional Asian Medicine for hundreds of years 207 . Mixtures of licorice with other herbs were used to treat asthma, bronchitis, chills and allergic rhinitis. However, no further information on biological activities of this compound was found in the literature. Similarly to quillaic acid, the relative signal intensities of glabric acid were higher in infected plants (group 2 and group 3) than in the non-infected control group (group 1). On the other hand, there was a distinct difference between group 2 (Bion + E. amylovora, highest concentration) and group 3 (water + E. amylovora). This suggests a notable elicitation effect of ASM. As said before, very little information about this compound is available. No reports about its antimicrobial effects or its role in plant immunity were found in the literature.

Testololactone

Testololactone is a steroid and well known for its aromatase inhibiting activities used for the endocrine treatment of breast carcinoma 208 . In current experiments, testololactone showed a similar tendency as glabric acid, with the highest abundance in group 2 (Bion + E. amylovora), followed by group 3 (water + E. amylovora) and group 1 (water, not infected, control), however, with less significative differences between group 2 and group 3.

At this point, it is important to highlight that the compound was proposed by Progenesis based on fragmentation patterns and matches with the ChemSpider database. However, only one study about the occurrence of testololactone in plants has been published. Balogun et al. detected small amounts of testololactone in Oncoba spinosa, a traditional medicinal plant in Nigeria 209 . It is therefore reasonable to assume that a not yet identified isomer or structurally closely related compound was detected in analyzed samples.

In order to elucidate the specific role of discussed triterpenoids in immune responses of apple against fire blight, further experiments are required, which, exceeded the scope of the current work but may be addressed in a follow-up project.

Coumarins

A rather unusual, upregulated constituent detected in group 2 (Bion + E. amylovora) is the furocoumarin 3-carbethoxypsoralen. Known for their photosensitizing activities, furocoumarins are used in photo-chemotherapy of psoriasis and other skin diseases 210 . They also exhibit cytotoxic and antimicrobial effects, but their role in the metabolism of apple remains entirely unknown. Although not specifically tested against E.

amylovora, some antibacterial activity of 3-carbethoxypsoralen against this pathogen is likely. 

Phenolics

Overall, the dihydrochalcone phloridzin as well as six flavonoids (quercitrin, isoquercetin, myricitrin, taxifolin-3-arabinoside, apiforol, and 6-prenylnaringenin) were putatively identified by LC-MS. Quercitrin and phloridzin were also putatively identified by LDI-MS. Luteolin, avicularin, catechin and phloretin come from the putative identification by LDI-MS.

Luteolin

Luteolin is a yellow dye, widely distributed in the plant kingdom. Highest concentrations are found in carrot, cabbage, artichoke, tea, celery and apple 211 . The compound is also present in melons, kiwi, lemons, mango, strawberries, pineapple, garlic, pea, soybean or eggplant and many other plants [212][213][214] . Luteolin exhibits various biological activities such as antioxidant, anti-inflammation, anti-allergy, and anticancer effects 215 . Moreover, the antimicrobial activity of luteolin was reported against a relatively wide range of pathogens, including 

Avicularin

Avicularin is a reported compound in apple fruit 221,222 and leaves [START_REF] Picinelli | Polyphenolic Pattern in Apple Tree Leaves in Relation to Scab Resistance. A preliminary study[END_REF] as well as in different berries 223 and rose hips 221 . It can also be found in processed products such as apple juice, cider, wine and tea infusions 223 . Avicularin

shows antimicrobial activity against several strains of Candida 224 , but to the best of my knowledge no activity against E. amylovora was so far reported. Likewise, its role in the immune defense of apple remains unknown.

Figure 87:

The structure of avicularin

Catechin

Catechin is a ubiquitous constituent of vascular plants and found at high concentrations in cacao and tea. It was also reported for grapes, strawberries, plums, peaches, nectarines, cereals, rosemary, cinnamon, cumin as well as processed products such as beer and wine 194,223 . In Malus, catechin is found in peel 191 , pulp 191 , buds 192 , leaves 191,192 and even roots 225 Moreover, catechin appears to be important for apple resistance against apple scab (V. inaequalis). An early study of Mayr et al. showed that apple trees with a low content of flavan-3-ols (comprising catechin, epicatechin and procyanidins) severely suffered from scab infection, while those with high yields of these compounds were practically not impacted [START_REF] Mayr | Phenolic Compounds of Apple and their Relationship to Scab Resistance[END_REF] . A consecutive experiment then specifically inhibited phenylalanine-ammonia-lyase (PAL), a key enzyme of flavan-3-ols biosynthesis, in the normally resistant genotype 'Sir Prize'. There plants lost their inherent resistance and suffered from severe symptoms of the disease after fungal inoculation. In addition, no flavanol-accumulation was observed at the infection site, unlike in the non-inhibited controls. This suggests that the rapid accumulation of flavanols is a key ability of apple tissues to defend itself against V. inaequalis.

Likewise, a study of Petkovsek et al. showed that apple scab infections accelerated the synthesis of catechin and epicatechin [START_REF] Petkovsek | Phenolic compounds in apple leaves after infection with apple scab[END_REF] . Elevated concentrations of the two compounds were particularly observed in infected tissues. As both catechin and epicatechin are precursors of procyanidins, consequently the levels of procyanidin B2 significantly decreased in infected leaves. Once more, the effect might be linked to the activation of the phenylpropanoid pathway and the stimulation of PAL.

Isoquercetin

Isoquercetin, a quercetin glycoside, can be found in apple, greencurrant and raspberry, tomatoes, peppers, onions, carob, wine, hawthorn, rosemary, thyme and oregano [START_REF] Wei | Hot Air Treatment Induces Disease Resistance through Activating the Phenylpropanoid Metabolism in Cherry Tomato Fruit[END_REF][START_REF] Petkovsek | Phenolic compounds as defence response of pepper fruits to Colletotrichum coccodes[END_REF]227,228 . The compound exhibits notable radical scavenging activities and serves as a potent antioxidant in plants. Due to its scavenging of endogenous reactive oxygen species, it is also considered a potential cancer preventive agent for humans 227 . Although not reported as antibacterial against E. amylovora, the compound shows antimicrobial activity against several pathogens such as Agrobacterium tumefaciens 229 , Listeria monocytogenes 228 , Pseudomonas syringae 229 , Staphylococcus aureus 216,229 and Xanthomonas campestris 229 . ), isoquercetin was identified as one of the compounds responsible for the statistical differentiation of varieties resistant or susceptible to downy mildew infections 230 . Similarly, an upregulation of isoquercetin and quercitrin was observed in maize plants infected with Rhizoctonia solani. Interestingly, none of the two compounds showed any antifungal in vitro activity against the fungus 231 .

Myricitrin

Myricitrin generally occurs in small amounts in bud and bark tissue of Malus 192 . It is also found in the northern highbush blueberry, lentils, carob and tropical Salacia senegalensis 228,232 In current experiments, the compound was strongly upregulated in group 2 (Bion + E. amylovora). However, contrary to all previously discussed constituents, the relative quantities of myricitrin were significantly lower in group 3 (water + E. amylovora) than in the non-infected plants (group 1). This suggests a rather complex role of myricitrin in the immune defense of apple against E. amylovora. Its low yield in group 3 may indicate that its formation by itself is reduced or alternatively that the compound metabolizes in response to the infection. In a comparative study, its aglycone myricetin has been reported as more efficient in terms of antimicrobial activity against several strains of bacteria, including for example Bacillus cereus, Staphylococcus aureus, Listeria monocytogenes and Escherichia coli 235 . Therefore, a possible deglucosylation of myricitrin after the bacterial infection cannot be excluded. In any case, no reports on this issue were found in the literature.

Taxifolin-3-arabinoside

Taxifolin-3-arabinoside was first isolated from the roots of strawberry (Fragaria x ananassa) in 1994 and later reported for the roots and fruits of Fragaria vesca 236-239 . The flavonoid is also found in Ruprechtia polystachya, a common tree in the Mediterranean region and South America 240 . For the time being, no antimicrobial activity of the compound was reported. In stem tissue, taxifolin-3-arabinoside was moderately upregulated in group 2 (Bion + E. amylovora). This suggests that ASM stimulates its formation in the plant either by itself, or in response to a fire blight infection.

So far, the compound was not reported for apple but is commercially available. A follow-up project will therefore confirm or disconfirm its presence in the sample material. If confirmed, absolute concentration will be determined.

6-prenylnaringenin

The trihydroxyflavanone 6-prenylnaringenin can be found in hops (Humulus lupulus) 241, 242 , Glycyrrhiza inflata 243 and Cudrania tricuspidata 244 . Although not reported for E. amylovora, the compound shows antimicrobial activity against Mucor rouxianus 241 , Staphylococcus aureus 241, 245 , Trichophyton mentagrophytes 241 and Trichophyton rubrum 241 . With regard to observed relative intensities, 6-prenylnaringenin was strongly upregulated in leaves and stems of group 2 (Bion + E. amylovora). Noticeable higher amounts were found in leaves than in stems. The compound was not reported for apple so far.

Apiforol

Apiforol is a reported flavan-4-ol derivative in apple, which forms through the transformation of naringenin by flavanone 4-reductase 246 . It is also found in sorghum, where it is a precursor of antifungal apigeninidin, a key compound for mold resistance. Moreover, apiforol is also found in maize 247 and wild species of banana (Musa Balbisiana Colla) 248 . It was reported to exhibit antidiabetic properties and serves as a monomeric unit of condensed tannins 249, 250 . The abundance pattern of apiforol strongly differs from the rest of the discussed substances. Compared to the control group 1 (water, not infected), its relative quantities dropped significantly after an infection in group 2

(Bion + E. amylovora) and group 3 (water + E. amylovora). This might be explained by a direct apiforol-pathogen interaction or its potential role as a precursor for other defense-related compounds. Most interestingly, ASM does not seem to have notable impact on the process. For the time being, no information about its specific role in plant immunity was found in the literature.

Quercitrin

Quercitrin is a major constituent of apple and most abundant of all quercetin glycosides [START_REF] Liaudanskas | Phenolic Composition and Antioxidant Activity of Malus domestica Leaves[END_REF] . The compound is also found in bell and chili pepper, olives, lingonberries and wine [START_REF] Petkovsek | Phenolic compounds as defence response of pepper fruits to Colletotrichum coccodes[END_REF]223 . Quercitrin shows antimicrobial activity against several pathogens, such as Bacillus subtilis 233 , Candida albicans 233,251 , Candida tropicalis 251 , Pseudomonas aeruginosa 251 , Staphylococcus aureus 229 , Xanthomonas campestris 229 and Yersinia enterocolitica 251 . Furthermore, quercitrin inhibits the formation of Escherichia coli biofilms 252 . With regard to E. amylovora, no direct antimicrobial effect against this bacterium was reported. In leaf extracts, a strong upregulation of quercitrin was observed in group 2 (Bion + E. amylovora). The effect is linked to the stimulation by ASM and suggests that quercitrin plays an important role in systemic acquired resistance against fire blight. In stems, the compound was also upregulated in group 3 (water + E. amylovora), however, slightly less than in group 2. This indicates a potential induction of its biosynthesis also as a part of the reaction to the bacterial infection. Its potential involvement in plant resistance was also reported by Dugé de Bernonville et al., who observed minor, but distinct differences in quercitrin concentrations for fire blight resistant and susceptible cultivars [START_REF] Bernonville | The constitutive phenolic composition of two Malus ×domestica genotypes is not responsible for their contrasted susceptibilities to fire blight[END_REF] . Increased concentrations of quercitrin were also observed for apple fruits infected with V. inaequalis 8 .

Phloridzin and phloretin

Phloridzin and its aglycone phloretin are ubiquitous in all apple genotypes and generally exhibit a phloridzin/phloretin ratio of about 10/1 [START_REF] Gaucher | Same ammo, different weapons: Enzymatic extracts from two apple genotypes with contrasted susceptibilities to fire blight (Erwinia amylovora) differentially convert phloridzin and phloretin in vitro[END_REF] . Phloridzin is the major compound in apple leaves and its amount is usually considerably higher than those of other phenolic compounds [START_REF] Liaudanskas | Phenolic Composition and Antioxidant Activity of Malus domestica Leaves[END_REF] . Both phloretin and phloridzin are also present in roots of Malus x domestica 225 . Besides apple, also other plant species of the Rosaceae and Ericaceae families produce phloridzin in low quantities 253 .

Phloretin displays notable antioxidant effects in several assays, targeting peroxynitrite scavenging or the inhibition of lipid peroxidation 254 . Conversely, the antioxidant activity of phloridzin is significantly lower, probably due to the glycosylation in position 2. A similar effect was also observed for reported antibacterial activities against E. amylovora. Dugé de Bernonville et al. found relatively weak antimicrobial effects of phloridzin against the pathogen at a minimal inhibitory concentration (MIC) of more than 5 mM [START_REF] Bernonville | The constitutive phenolic composition of two Malus ×domestica genotypes is not responsible for their contrasted susceptibilities to fire blight[END_REF] . However, the compound can be easily transformed into phloretin, which showed much stronger antimicrobial activities against a wide range of pathogens, including fire blight 255 . Exhibiting higher stability and water solubility 256 , it is reasonable to assume that phloridzin works as a storage form of phloretin that can be activated on demand. The notable antimicrobial effect of phloretin was confirmed by another study, where it showed 10-fold higher antibacterial activity against E. amylovora than phloridzin and sieboldin 255 . Interestingly, its bactericidal effects against fire blight also depends on the pH of the cultivation medium and shows varying MIC values in the range of 0.5-1 mM [START_REF] Pontais | Erwinia amylovora modifies phenolic profiles of susceptible and resistant apple through its type III secretion system[END_REF] and Xanthomonas campestris 255 . In current experiments, the normalized abundance profile of phloridzin (Figure 104) indicates a diminution of the compound after an infection with E. amylovora in group 2 (Bion + E. amylovora) and group 3 (water + E. amylovora, highest observed decrease). This result suggests two possible conclusions. First, there is hardly any stimulating effect of ASM on plants of group 2 (Bion + E. amylovora). Second, phloridzin is directly involved in inherent or acquired immune defense against fire blight in apple.

The roles of phloridzin and phloretin in plant immunity and resistance against E. amylovora have been widely discussed in the literature, however, results do not allow conclusive reasoning and sometimes appear contradictory. For example, in the Evereste cultivar, resistant to E. amylovora, phloridzin, trilobatin and sieboldin were identified as the main phenolic compounds [START_REF] Bernonville | Dihydrochalcones: Implication in resistance to oxidative stress and bioactivities against advanced glycation end-products and vasoconstriction[END_REF] . In the case of susceptible MM106 cultivar, only phloridzin was detected, implying that the observed antimicrobial effects were rather linked to trilobatin and sieboldin or to other compounds. In another study performed on the same cultivars, the amounts of phloretin were slightly increased in the susceptible MM106 cultivar compared to the resistant Evereste [START_REF] Pontais | Erwinia amylovora modifies phenolic profiles of susceptible and resistant apple through its type III secretion system[END_REF] . The subsequent infection with E.

amylovora led to a global increase of hydroxycinnamic derivatives but also to a notable decrease of dihydrochalcones in both cultivars. The concentration of phloretin, the dihydrochalcone with reported antimicrobial activity, decreased to a concentration of about 2 mg/g dry weight in leaf tissues of both genotypes. This concentration is below the lethal dose for E. amylovora and suggests that the bacterium is able to decrease phloretin to a sublethal level, even in fire blight resistant cultivars. These observations do not support the hypothesis of an in-vivo antibacterial effect of phloretin and phloridzin in the investigated genotypes and suggests a more complex mechanism of action. However, differences between the genotypes concerning their constitutive phenolic composition as well as kinetic of their changes were also observed. Therefore, the genotype-dependent differential transformation of phenolics, through oxidation and polymerisation, as well as the formation of specific oxidized byproducts (potentially playing role in the fire blight resistance) cannot be excluded.

A study by Skłodowska et al. compared the highly resistant cultivar 'Enterprise' with the susceptible 'Idared' 258 .

While the concentration of phloridzin and phloretin in older leaves of both varieties were the same, younger leaves of the susceptible variety showed elevated levels for both compounds. However, the concentration of phloretin then increased in the resistant cultivar within the time course of the bacterial infection. According to the authors, this may indicate that not the overall yield of those phenolics but the rate at which phloretin is formed from phloridzin may play an important role in the resistance to fire blight. In the susceptible cultivar, the amount of phloretin diminished after the bacterial infection, supporting the previously discussed hypothesis on the limitation of phloretin formation [START_REF] Pontais | Erwinia amylovora modifies phenolic profiles of susceptible and resistant apple through its type III secretion system[END_REF] . In addition, an upregulation of several compounds, including naringenin, p-coumaric acid, gentisinic acid glucoside, 4-hydroxybenzoic acid, rutin and caffeic acid was observed in the resistant cultivar 258 .

A study of Dugé de Bernonville et al. investigated the potential contribution of major (phloridzin, trilobatin and sieboldin) as well as minor phenolic compounds to the resistance to E. amylovora [START_REF] Bernonville | The constitutive phenolic composition of two Malus ×domestica genotypes is not responsible for their contrasted susceptibilities to fire blight[END_REF] . Eventually, no clear correlation between a particular phenolic composition and the variety resistance to fire blight was found. This outcome shows that the dihydrochalcones accumulating in young apple leaves are probably not directly involved in the resistance against E. amylovora.

However, as mentioned before, the potential impact of their transformation products on plant-pathogen interaction gives rise to another hypothesis on their role in plant defense 255 . Phenolic compounds easily undergo enzymatic reactions. In the healthy state, enzymes and substrates (phenolics) are located in different tissues or subcellular compartments to prevent uncontrolled reactions. Many biotic and abiotic stress factors provoke cell disintegration and consequently the destruction of these physical barriers. In consequence, a pathogen attack may activate the deglucosylation of phloridzin by β-glucosidase and induce the release of its antibacterial aglycone phloretin. Furthermore, both phloretin and phloridzin may be oxidized by peroxidases and/or polyphenol oxidases yielding o-diphenols and reactive o-quinones, that may further react with the NH2-or SH-groups of proteins 253 .

In this context, Gaucher et al. reported differential transformation of dihydrochalcones in cultivars resistant and susceptible to fire blight [START_REF] Gaucher | Same ammo, different weapons: Enzymatic extracts from two apple genotypes with contrasted susceptibilities to fire blight (Erwinia amylovora) differentially convert phloridzin and phloretin in vitro[END_REF] . There a bacterial infection exclusively induced the production of toxic amounts of oxidized end-products in the resistant cultivar, and the reaction was dominant over phloridzin deglucosylation.

On the contrary, the activity of β-glucosidase was higher in the susceptible cultivar and led to a rapid and strong increase of phloretin. As a result, and counteracting the antibacterial effect of phloretin, the release of large amounts of glucose may additionally nourish bacterial growth. With regard to the expected antimicrobial activity of liberated phloretin, the authors suggest that its bioavailability may be reduced due to the low solubility and therefore did not reach the bacterial lethal concentrations. Despite these valuable insights on the role of flavonoids and phenolic compounds in the resistance against E. amylovora, the underlying modes of action are still not fully elucidated and warrens further studies.

With regard to apple scab (V. inaequalis), another important apple disease, some of the intermediate oxidation products of phloridzin, such as o-diphenols, showed antifungal activity against the pathogen 259 . They quickly inactivated pectinase, an enzyme that is crucial for the pathogen's growth. The resistance and susceptibility of different cultivars may be linked to a specific host-pathogen combination, which promotes the release of phloridzin oxidation products that follows cell collapse in the infected tissues. Similar modes of action were observed for phloretin [START_REF] Lattanzio | Low Temperature Metabolism of Apple Phenolics and Quiescence of Phlyctaena vagabunda[END_REF] . Its degradation yields phloroglucinol, phloretic acid and p-hydroxybenzoic acid, which inhibit fungal growth.

Global reasoning on observed abundance trends of putatively identified markers in sample material

The analyzed samples showed various quite different abundance patterns for identified compounds. The triterpenes quillaic acid (Figure 78 and Figure 79) and testololactone (Figure 83Error! Reference source not found.), together with quercitrin in stems (Figure 102), showed practically identical elevated concentrations in group 2 (Bion + E. amylovora) and group 3 (water + E. amylovora). These observations may propose a more general mechanism of immune response that works independently from ASM stimulation. On the other hand, glabric acid (Figure 81) showed highest concentration in group 2 (Bion + E. amylovora), followed by group 3

(water + E. amylovora) and the negative control (group 1). Consequently, the compound should naturally form in response to a fire blight infection but may also be stimulated by ASM.

Apiforol (Figure 99) and phloridzin (Figure 104) showed highest concentration in group 1 (water, non-infected, negative control) followed by group 2 (Bion + E. amylovora) and group 3 (water + E. amylovora). This is in line with reports suggesting the transformation of glycosides in different plant defense compounds such as free antimicrobial aglycons and oxidation products. However, group 2 showed only slightly elevated concentrations of apiforol and phloridzin, suggesting a very limited impact of ASM on the formation of these compounds.

Finally, a very interesting observation was observed for myricitrin (Figure 92Error! Reference source not found.), where highest concentrations were detected in group 2 (Bion + E. amylovora) followed by group 1 (water, non-infected, negative control) and group 3 (water + E. amylovora). This is a unique situation, as ASM seemingly preserves the metabolic state of the plant prior infection.

Overall, these results suggest several concurrently activated defense mechanisms, which appear quite complex and do not allow conclusive reasoning. A follow-up project will therefore quantify the absolute amounts of those compounds that are commercially available. In a consecutive step, all compounds will then be tested against E.

amylovora within the concentration range observed in the analyzed extracts.

Comparison of LDI-MS and LC-ESI-MS techniques

The present PhD project studied the impact of PRIs on the metabolic profile of Malus, using two different analytical approaches, LDI-MS and LC-ESI-MS. The specific results obtained by both techniques were previously discussed (see section 3. Discussion of results of main experiments). The following section will highlight specific advantages and disadvantages of the two methods with respect to these results.

Practical aspects of sample preparation and ionization

Statistical analyses based on data from both techniques yielded the same distinct separation of all plant treatment groups. At this point, it is important to highlight one notable aspect: while LDI-MS provides an overall ionization profile of the unprocessed sample, the latter undergoes chromatographic separation in LC-MS. Consequently, the ionization profile constantly varies depending on the compounds eluting from the column at a given moment.

Compared to LDI-MS, LC-MS data are more complex and comprise a large quantity of data points that may easily reach several thousand. With this in mind, it is interesting to observe that statistical analysis (PCA and PLS-DA) could equally well differentiate group formation in LDI-MS and LC-MS. The absence of chromatographic separation may appear problematic for complex mixtures on first side; however, current PCA data suggest that comparatively few key signals (LDI) seem to be sufficient to obtain correct group separation. In addition, relative signal intensities within a spectrum seem to be important for LDI-MS. There the use of a "covariance matrix" (taking into account signal intensities) generally yielded better PCA results than a "correlation matrix" (where all signals were treated equally independently from their intensity).

Compared to LC-ESI-MS, LDI-MS is quite time-efficient. While the automated acquisition of a cumulative LDI-MS spectrum was accomplished within less than one minute, more than 20 minutes were required for one LC-ESI-MS experiment. This difference in time will multiply when conducting high-throughput analyses for research or for industrial applications. With respect to the current project, the quick LDI process allowed measuring several sample sequences, under different analytical conditions without any delay.

In addition, LDI-MS permits the use of practically any volatile solvent for sample solubilization. Contrary to LC-MS, there are no incompatibilities with the mobile phase, so samples of very different physiochemical properties can be run neat without any pre-purification or pre-conditioning steps. Moreover, LDI-MS experiments require very little sample material (0.5-1 μL for one spot). This aspect was very important as sample yields for EtOAc extracts were very low and in the range of several tens of micrograms.

Last but not least, the absence of a chromatographic system leads to a considerable reduction of solvent consumption. With respect to a raising ecological awareness as well as legal regulations and operational costs in industry and research, this factor has gained notable importance in recent years.

Next to the discussed advantages of LDI-MS over LC-MS, the limitation of the technique shall be mentioned as well. During multi-compound ionization, so called analyte suppression effects (ASE) may occur in LDI. Together with the so-called matrix suppression effects (MSE), ASE was initially reported for MALDI 260, 261 262 , but equally applies to matrix-free LDI as both methods share similar mechanisms 168 . In complex mixtures, all constituents compete within LDI process. Analytes that are easily ionized yield higher signal intensities compared to their absolute quantity. On the other hand, compounds with low ionization capacity are notably diminished or entirely suppressed. While the suppression of matrix ions may be beneficial in MALDI, ASE is always a critical issue.

Despite this limitation, defined mixtures of LDI active compounds yield characteristic signal patters with very stable relative signal intensity ratios 168,180 . In other words, a specific multi-component mixture always produces a specific signal pattern (fingerprint spectrum). Changing the absolute quantities of one or several constituents will also change this pattern. Due to ASE, absolute quantification by LDI-MS is hardly possible for complex mixtures and should be done by LC-UV-MS. Nevertheless, LDI fingerprint spectra are highly reproducible and may therefore still provide a versatile analytical tool for quality control.

Similarities and differences in compound detection by LDI-MS and LC-ESI-MS

With regard to the lists of markers and several putatively identified compounds, it is evident that results from and quasi-molecular [M-H] -ions. This is particularly important for the detection of quinones. A study on the crude extract of Xanthoria parietina revealed that LDI-MS detected fallacinal, parietin, parietinic acid and emodin while solely emodin was found in the ESI spectrum 167 . These results can be explained by the fact that solely emodin formed a quasi-molecular ion [M-H] -while the rest of the compounds formed radical ions. Both LDI-MS and ESI-MS are considered as soft ionization techniques. Nevertheless, fragmentation to some extent may still occur during the ionization process. This so called in-source fragmentation (ISF) is a well-known side effect in electrospray ionization 264 . The degree of ISF depends on the source design and the analyte structure. Consequently, some molecules are more susceptible to ISF (e.g. glucosides) than others. This process may generate unwanted fragments of identical masses and affect correct data interpretation. In some (rare) cases it may assist compound identification 265,266 .

In the present study, phloridzin showed noticeable ESI in-source fragmentation, which was characterized by the release of its aglycon phloretin. This effect was observed in the selected reaction monitoring The notable in-source fragmentation of phenolic glycosides in LDI-MS complicates correct spectrum interpretation.

However, samples still produce reproducible fingerprint spectra with characteristic key signals and signal intensity ratios. Nevertheless, as important information about the attached sugar units is lost, samples should be additionally analyzed by LC-MS or NMR.

Other LDI-MS applications

Besides the phytochemical analysis of apple extracts, additional plant material was studied by LDI-MS. From these additional experiments, the analysis of opium alkaloids from Papaver somniferum and a study on various fruit juices will be consecutively discussed. To verify whether the sample material could be statistically differentiated based on LDI-MS data, a principal component analysis (PCA) using a covariance matrix was conducted on the LR LDI-MS spectra. As it can be seen in Figure 112, the latter permitted the grouping of all sample material according to the respective plant of origin.

At the same time, samples 1 and 2 were closely located in the PCA plot with some overlay of their ellipses of confidence. This is in line with the visual impression of low-resolution spectra (Figure 109) and suggests a similar metabolomic state of these two samples. For all samples, the experimental replicates were grouped correctly, and individual data points showed up within their 95% ellipses of confidence, confirming the robustness of the method. 9.

Except for the minor alkaloid noscapine (10) (samples 3 and 4) and trace amounts of laudanosine (9) (sample 2), LDI-MS detected any compound observed by LC-MS. On the other hand, solely LDI-MS permitted the detection of papaverine (7) in samples 4 and 5. Compared to LC-UV, both LC-MS and LDI-MS exhibited higher sensitivity and were not impacted by the coelution of papaverine and thebaine observed under given chromatographic conditions. It is important to mention that LDI-MS did not require any sample preconditioning or method optimization steps and yielded instant results (within 50 s), while 42 min was required for an LC-UV-MS experiment.

Results from these experiments were finally published in the Journal of Agricultural and Food Chemistry where more detailed information is given 180 . 

               Oripavine (2)       n.d.         Codeine (3)                Thebaine (4) co   co   co   co   co   Corytuberine (5)             n.d.   Reticuline (6)                Papaverine (7) co   co   co   co n.d.  co n.d.  Codamine (8)                Laudanosine (9)    n.d.  n.d.          Noscapine (10)         n.

Analysis of juices with various plant origin

Similarly to the experiences on poppy, ten different juices from the French market (orange, apple, tomato, and berries) were analyzed by LDI-MS. As shown in Figure 114, LDI-MS data permitted the distinct PCA separation according to the fruit type. Being off the main subject of my PhD project, no additional analyses such as the identification of marker compounds were performed. Nevertheless, the experiment added further proof concept for the working LDI approach. This suggests that the method may be used for quality control and the monitoring of food adulteration. 

Conclusions

The presented PhD project evaluated the impact of the plant resistant inducer Bion® on the phytochemical profile of apple seedlings (Malus x domestica) that were consecutively infected with fire blight (Erwinia amylovora). For this purpose, plants were divided into three groups: non-infected and treated with water (group 1), infected and treated with Bion (group 2) and infected and treated with water (group 3). To best cover naturally occurring biological variations, three independent experiments were conducted over a time period of two years. Extracts from all groups were systematically studied by two different analytical approaches: matrix-free laser desorption ionization mass spectrometry (LDI-MS) as well as liquid chromatography coupled with electrospray-ionization mass spectrometry (LC-ESI-MS).

Applying a non-targeted metabolomic approach, LDI-MS and LC-ESI-MS data were analyzed by principal component analysis (PCA) and partial least squares-discriminant analysis (PLS-DA). In the process, several discriminative MS markers were identified. Some of these signals could be specifically associated to potential Nevertheless, LDI-MS and LC-ESI-MS provided identical results for the analysis of opiates in poppy extracts, which was conducted in parallel to the study on apple samples. Moreover, different samples of P. somniferum were correctly differentiated (PCA), based on the LDI profiles. This suggest that LDI may be a highly efficient tool for the selective detection of non-glycosylic phenolics and alkaloids, while LC-ESI-MS is indispensable for covering a wider range of compounds and for their precise quantification.

With respect to the analysis of apple, combined LDI-MS and LC-ESI-MS results confirmed some of the previously reported compounds, such as catechin (Figure 88), quercitrin (Figure 100) or phloridzin (Figure 103), involved in the immune response of apple. On the other hand, additionally non-reported constitutes that were upregulated upon contact with Bion and/or E. amylovora were detected as well. Some of these compounds could be tentatively associated to specific compounds (6-prenylnaringenin, testololactone, glabric acid -Figure 73) however, their role in immune response remains entirely unknown for the moment. If commercially available, they will be quantified and tested for their antimicrobial activity against E. amylovora in the near future. 73 Signals in bold were putatively identified as apiforol a , 6-prenylnaringenin b , quercitrin c , quillaic acid d , CS24785685 e . Signals in bold were putatively identified as apiforol a , phloridzin b , quillaic acid c and CS24785685 d . 
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 . Pour mieux couvrir les variétés biologiques naturelles, trois expériences indépendantes ont été réalisées sur une période de deux ans (l'Expérience 1 en 2018 et les Expériences 2 et 3 en 2019). Les plantes ont été échantillonnées à deux moments différents, 7 et 14 jours après l'infection par la bactérie. L'illustration graphique de la configuration des expériences est présentée sur la Figure 2.
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 2 Figure 2 : Le schéma des Expériences 1, 2 et 3
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 3 Figure 3 : Spectres LDI-SM (Spiral TOF, mode négatif), d'extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (données de l'Expérience 1).
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 4 Figure 4 : Analyse en composantes principales (matrice de covariance, OriginPro) réalisée sur des spectres LDI-SM (Spiral TOF, mode négatif) d'extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (données de l'Expérience 1).
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 5 Figure 5 : Analyse en composantes principales (matrice de corrélation, StatBox) réalisée sur des spectres LDI-SM (Spiral TOF, mode négatif) d'extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (données de l'Expérience 1).
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 6 Figure 6 : Cercle de corrélation de l'ACP (matrice de corrélation, StatBox) réalisée sur des spectres LDI-SM (Spiral TOF, mode négatif) d'extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (données de l'Expérience 1).
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 7 Figure 7 : Chromatogrammes CL-ESI-SM représentatifs de pic de base (BPI) (mode négatif) d'extraits AcOEt de feuilles prélevées 7 jours après l'infection par E. amylovora (données de l'Expérience 1).

  notable : alors que la LDI-SM fournit un profil d'ionisation complet, en CL-ESI-SM ce profil varie constamment en fonction des composés élués dans la colonne lors de la séparation chromatographique. Les données CL-ESI-SM sont alors plus complexes et comprennent une grande quantité de jeux de données. Dans cet esprit, il est intéressant d'observer que l'analyse statistique (ACP et PLS-DA) pourrait tout aussi bien différencier les trois groupes en LDI-SM et en CL-ESI-SM. L'absence de la séparation chromatographique peut sembler problématique pour les mélanges complexes. Cependant, les résultats des ACP actuelles suggèrent que relativement peu de signaux clés (LDI) semblent être suffisants pour obtenir une séparation de groupes correcte. A cet égard, la LDI-SM pourrait représenter une alternative intéressante à la CL-ESI-SM car elle nécessite pratiquement aucune préparation d'échantillons et donne des résultats instantanés. De plus, la LDI-SM permet l'utilisation de pratiquement n'importe quel solvant volatile pour la solubilisation des échantillons et contrairement à la CL-ESI-SM, il n'y a pas d'incompatibilité avec la phase mobile. D'autre part, ce que l'on appelle « des effets de suppression d'analyte » peuvent se produire pendant le processus d'ionisation multi-composés en LDI-SM 2 . Sans discrimination chromatographique, tous les composés entrent en compétition pendant l'ionisation. Les analytes qui sont facilement ionisés peuvent donner les intensités de signal plus élevées par rapport à leur quantité absolue, tandis que les composés à faible capacité d'ionisation peuvent être notablement diminués ou entièrement supprimés. Malgré cette limitation, des mélanges définis de composés actifs en LDI-SM donnent toujours un profil spécifique avec des rapports d'intensités relatives très stables. En ce qui concerne les listes de marqueurs et de composés putativement identifiés, les résultats de LDI-SM et de CL-ESI-SM diffèrent considérablement. Malgré la division statistique cohérente des groupes de plantes obtenue par les deux techniques, seuls deux composés, la phloridzine et la quercitrine, ont été identifiés par LDI-SM et CL-ESI-SM. Les deux substances sont des glycosides phénoliques de Malus. Leurs structures chimiques sont présentées sur la Figure 9.
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 9 Figure 9 : Structures de la phloridzine et de la quercitrine

  des plantes contre E. amylovora sont résumés dans la partie bibliographique de ce manuscrit. Ce chapitre contient également une brève description des deux techniques analytiques utilisées dans cette étude, en se concentrant en particulier sur la LDI-SM. Par la suite, tous les paramètres de préparation d'échantillons ainsi que des méthodes analytiques et du traitement des données statistiques sont décrits dans la partie Méthodologie. Enfin, dans la partie Résultats et discussion, tous les résultats sont successivement présentés et discutés en relation avec les objectifs précédemment définis. L'ensemble de la thèse est rédigé en anglais, sous le nom : « Detection and characterization of immunomarkers in apple by matrix-free laser desorption ionization and LC-ESI-MS ».
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  .. a) Bruker Biflex TOF (MA)LDI-MS .

  .. b) Spiral-TOF (MA)LDI-MS .
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  mind, the current PhD research investigates the metabolic profile of Malus treated with ASM and/or infected with E. amylovora. This research is the first comprehensive study targeting the overall chemical profile of apple seedlings undergoing different treatments. Following a non-targeted metabolomic approach, ASM stimulated leaf and stem tissues were analyzed by laser desorption ionization mass spectrometry (LDI-MS) and liquid chromatography coupled with electrospray ionization mass spectrometry (LC-ESI-MS) in order to detect specific immunomarkers formed during the time course of an infection by E. amylovora. Currently available findings about fire blight, plant immunity and plant protection against E. amylovora are summarized in the Theoretical part of this work. This chapter also consists of a brief description of both analytical techniques used in the study, focusing especially on LDI-MS. Subsequently, all parameters of sample preparation as well as analytical methods and statistical data processing are described it Methodology. Finally, in the Results and discussion part, all results are successively introduced and discussed in relation with the previously outlined objectives.
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 67 Figure 6: Fire blight on an apple shoot (© Alan L. Jones 59 )
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 8 Figure 8: The structures of streptomycin and oxytetracycline

  isolated three additional phytoalexins, namely aucuparin, 2'-hydroxyaucuparin and 2'-o-β-D-glucopyranosylaucuparin 117 . These compounds are possible biosynthetic intermediates of the malusfuran pathway, as suggested by their close structural similarity to malusfuran and their transient accumulation in the cells and medium in the time course of the elicitation. Chizzali et al. investigated phytoalexin formation in the shoots of the M. domestica cultivar 'Holsteiner Cox'infected with E. amylovora118 . Special attention was given to the specific development of the infection. First, infected shoot tips developed necrosis, showing dark-pigmented interphases, separating healthy from infected stem segments (transition zone). These transition segments as well as healthy and infected segments were carefully studied, together with their neighboring leaves. Interestingly, the biphenyl and dibenzofuran phytoalexins, 3-hydroxy-5-methoxybiphenyl, aucuparin, noraucuparin, 2'-hydroxyaucuparin, eriobofuran and oreriobofuran, were exclusively found in the transition zones of stems. In mock-inoculated shoots, no phytoalexins were found. With regard to leaves, the phytoalexins were not detected in any investigated sample. This was in line with a previous report on 130 species of the Rosaceae family, where neither biotic nor abiotic stimuli induced phytoalexin formation in leaves119 . Following a fungal infection by Phomopsis perniciosa and Nectria cinnabarina, acuparin and its derivatives were also detected in M. domestica, Malus sieversii, and Malus silvestris, but Malus baccata, Malus coronaria, Malus fusca, Malus orientalis, Malus sieboldii and Malus toringoides did not produce these phytoalexins. Overall, the study of Chizzali et al. is an important cornerstone for today's understanding of spatial and temporal regulation of phytoalexin formation in response to E. amylovora infections of Malus 118 .
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 10 Figure 10: Acibenzolar-S-methyl (ASM)

  . According to the work ofBrisset et al., plant protection by ASM stimulation is clearly linked to local and systemic induction of peroxidases and β-1,3glucanases101 . Peroxidases are enzymes involved in mechanisms of cell-wall strengthening such as lignification and the cross-linking reactions[START_REF] Baysal | Extract of Hedera helix induces resistance on apple rootstock M26 similar to Acibenzolar-S-methyl against Fire Blight (Erwinia amylovora)[END_REF] . Therefore, their induction may accelerate the rigidification of cell-walls in young apple tissues and consequently increase resistance against E. amylovora 101 . Their local and systemic accumulation is an indicator for overall induced resistance to pathogens.Brisset et al. showed that the ASM stimulation of both enzymes lasted for 17 days and plants were fully protected against fire blight infection for up to 10 days after the treatment. This support a sustainable protective effect of ASM on apples. However, for the time being, these experiments were solely conducted on seedlings in their growing stage, and still need to be confirmed on adult trees. The stimulatory effect of ASM on peroxidase activities was also confirmed by Skłodowska et al., who observed an induced activity of ferulic acid peroxidase in one-year old apple trees treated with ASM[START_REF] Skłodowska | Phenolic Profile and Peroxidase Activity in Apple Leaves after Erwinia amylovora Infection and BTH Treatment[END_REF] . Moreover, Thomson et al. reported increased enzyme levels of peroxidases and glutathione-S-transferase in apple seedlings after the treatment with ASM133 . This enzyme overexpression was systemic and also found in leaves that were not treated with ASM. Ziadi et al. observed a systemic ASM stimulated induction of two subclasses of the PR-10 proteins (APa and APb) in the leaves of apple seedlings138 . Various studies suggested that PR-10 proteins are functionally involved in defense mechanisms and plant development[139][140][141] . According to the available studies, the pathogenesis-related proteins play a significant role in the systemic resistance induced by ASM. Further sequence and expression analyses of PR genes could allow a better understanding of the genetic and metabolic response of Malus to ASM stimulation. A large molecular study by Dugé de Bernonville et al. investigated the expression of 28 genes in PRI-treated

  g. nitrogen). The charged droplets diminished in size by solvent evaporation, assisted by the flow of drying gas (nitrogen) and the elevated ESI-source temperature. Finally, the charged analyte ions are emitted from the droplets and are collected by a sampling skinner cone before being accelerated into the mass analyzer. The whole process is shown in Figure 11.
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 11 Figure 11: The principles of electrospray ionization 150

Figure 14 :

 14 Figure 14: The protective effect of Bion on apple seedlings. Plants were sprayed with water (left) or Bion (right) before subsequent bacterial infection by E. amylovora

Figure 15 :

 15 Figure 15: The scheme of Experiment 1, 2 and 3

1. 5 . 2 .

 52 Experimental settings of Matrix-assisted (MALDI) or matrix-free (LDI) laser desorption ionization mass spectrometry (MS) a) Bruker Biflex TOF (MA)LDI-MS Instrument: Bruker Biflex III time-of-flight (TOF) mass spectrometer (Bruker Daltonik) Laser: 337 nm, pulsed nitrogen laser, model VSL-337i (Laser Sciences Inc.) Ionization mode: negative (linear), positive (reflectron) Mass range: 20-2000 Da Acceleration voltage: 19 kV Pulse ion extraction: 200 ns Laser frequency: 5 Hz Laser energy: 40-85%, adapted to sample requirements Automatic acquisition: 150 single spectra from 30 random locations Matrices: Dithranol (C14H10O3, monoisotopic mass = 226.0630) Α-Cyano-4-hydroxycinnamic acid (C10H7NO3, monoisotopic mass = 189.0426) Internal standards (negative mode): Salicylic acid (C7H6O3, monoisotopic mass = 138.0316) Rutin (C27H30O16, monoisotopic mass = 610.1534) Spiral-TOF MALDI TOF/TOF mass spectrometer (JEOL Ltd.) Laser: 349 nm Ionization mode: negative (spiral) Mass range: 20-1200 Da Acceleration voltage: 20 kV Laser frequency: 250 Hz Laser intensity: 48-67%, adapted to sample requirements Delay time: 220-230 ns, adapted to sample requirements Detector: 1325-1515 V, adapted to sample requirements Automatic Acquisition: 100 single spectra from 100 random locations 1.5.3. Ultra-high-performance liquid chromatography mass spectrometry (UHPLC-MS) For all UHPLC-MS analyses, the dried ethyl acetate and methanol extracts were dissolved in methanol at the concentration of 2 mg/mL. a) UHPLC-PDA-ESI-MS (laboratory of SONAS) LC Instrument: Accela UHPLC System (Thermo Fisher Scientific) Detector: TSQ Quantum™ Access MAX Triple Quadrupole Mass Spectrometer (Thermo Fisher Scientific) Accela PDA detector (Thermo Fisher Scientific) Separation conditions Analytical Column: Kinetex C18 (2.1 x 100 mm, 1.7 μm particle size, Phenomenex) Column Temperature: 30°C Injection volume: 5 µL Mobile phase: A) H2O (0.1% FA) -TWIMS-TOF MS/MS (Technical University of Munich) UPLC Instrument: Acquity I-class UPLC system (Waters) Detector: Waters Vion HDMS mass spectrometer (Waters) Separation conditions Analytical Column: Acquity UPLC-BEH C18 (2.1 x 50 mm, 1.7 μm particle size, Waters) Capillary voltage: 0.70 kV (ESI + ), 2.50kV (ESI -) Source temperature: 130°C (ESI + ), 120°C (ESI -) Desolvation temperature: 450°C (ESI + ), 430°C (ESI -) Cone gas flow: 50 L/h Desolvation gas flow: 800 L/h Collision energy: 6 eV, ramp from 20 eV to 60 eV for MS/MS experiments Exported LDI-MS spectra were processed by FlexAnalysis 2.0 (Bruker Daltonik) and mMass 5.5.0, a freeware by Martin Strohalm 179 . Principal component analyses (PCA) were performed in STATBOX (Optima) and in OriginPro (OriginLab), using the "Principal Component Analysis for Spectroscopy" software extension. Before conducting PCA, all LDI-MS spectra were normalized to their base peaks. Signal falling below certain relative signal intensity and signal to noise (S/N) thresholds were not taken into account. Both thresholds were optimized for each PCA experiment and generally ranged between 0.5-4% and 3-10% respectively. PCA experiments based on LDI-MS data comprised of 55-94 features, represented by individual m/z signals. PCA using both covariance (OriginLab) and correlation (STATBOX) matrix were conducted. Signals exhibiting sin 2 /cos2 > 0.5 in the correlation circle of PCA experiments based on correlation matrix were highlighted and considered significant for observed group separation. Chromatograms and spectra from UHPLC-PDA-ESI-MS were processed in Xcalibur TM (Thermo Fisher Scientific). Data acquired by UPLC-ESI-TWIMS-TOF MS/MS measurements were processed in Progenesis QI 3.0.3 (Waters) linked to ChemSpider database. Statistical analysis of samples was based on normalized data and performed by Partial Least Squares-Discriminant Analysis (PLS-DA) in Progenesis QI 3.0.3. The PLS-DA experiments consisted of up to 20 600 features and each feature represented the combination of a specific exact mass, retention time, collision cross section (ion mobility data) and fragmentation spectra. The selection of marker signals significant for the statistical separation was based on Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA), which always compared two different groups of plants. A list of markers was created by combining marker signals from all group combinations. For all samples, ten signals with the highest p(1) values were taken for consideration.

  As mentioned in the method description, the extraction of each sample was conducted by five different solvents and yielded five extracts of different polarity. Then matrix-free LDI as well as MALDI-MS experiments were conducted on all extracts in positive and negative mode in order to verify which of the methods provided best results. Moreover, experimental settings were individually adapted for each sample. All this caused a large volume of work that could not be systematically applied for all planned follow-up experiments. Therefore, it was necessary to determine the most appropriate settings that could be constantly applied.

Figure 16 -

 16 Figure 18 show representative spectra of each extract of apple leaves and results from these observations are consecutively discussed.

Figure 16 :

 16 Figure 16: Representative matrix-free LDI-MS spectra (Bruker Biflex III TOF) of all five extracts (leaves) from plants treated with Bion, measured in positive mode.

Figure 17 :

 17 Figure 17: Representative matrix-free LDI-MS spectra (Bruker Biflex III TOF) of all five extracts (leaves) from plants treated with Bion, measured in negative mode.

Figure 18 :

 18 Figure 18: Representative LDI-MS and MALDI-MS spectra (Bruker Biflex III TOF) of EtOAc extracts (leaves) from plants treated with Bion, measured in negative mode. Matrix signals are marked in grey.

  sample. Consequently, LDI-MS shows excellent inter-and intraday repeatability as discussed in recent literature168, 180 . A representative example on poppy alkaloids will be discussed in chapter 7.1.1. 

Figure 19 :

 19 Figure 19 : Representative (Bruker Biflex III TOF) LDI-MS spectra of EtOAc extracts (leaves) from plants treated with Bion, acquired in negative automatic mode from five sample spots.

Figure 20 :

 20 Figure 20: Matrix-free LDI-MS spectra (Bruker Biflex III TOF) of EtOAc extracts of apple leaves, measured in negative mode.

Figure 21 :

 21 Figure 21: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Bruker Biflex III TOF, negative) of leaf extracts (EtOAc)

Figure 22 :Figure 23 :Figure 24 and

 222324 Figure 22: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of leaf extracts (EtOAc)

Figure 24 :

 24 Figure 24: The comparison of UV chromatograms (275 nm) of EtOAc extracts of leaves with the corresponding m/z values of major peaks.

Figure 25 :Figure 27 .

 2527 Figure 25: The comparison of Base Peak Ion (BPI) chromatograms of EtOAc extracts of leaves.

Figure 26 :Figure 27 :

 2627 Figure 26: The absorption and mass spectra of phloridzin (RT = 6.3 min in BPI)
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Figure 28 :

 28 Figure 28: LDI-MS spectra (Bruker Biflex III TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora. Laser power 78%.

Figure 29 :

 29 Figure 29: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 30 :

 30 Figure 30: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 31 :

 31 Figure 31: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 32 : 52 Figure 33 :

 325233 Figure 32: LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora. Settings: delay time 220 ns, detector 1400 V and laser intensity 49%, 56% and 49% for group 1, 2 and 3 respectively.

Figure 34 :

 34 Figure 34: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 35 :

 35 Figure 35: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 36 :

 36 Figure 36: Representative LC-ESI-MS base peak ion (BPI) chromatograms (negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 37 :

 37 Figure 37: Partial least squares-discriminant analysis (PLS-DA, Progenesis QI 3.0.3.) performed on negative LC-ESI-MS spectra of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora. Marker ions are listed in the adjoin table.

Figure 38 :

 38 Figure 38: Partial least squares-discriminant analysis (PLS-DA, Progenesis QI 3.0.3.) performed on positive LC-ESI-MS spectra of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 39 :

 39 Figure 39: LDI-MS spectra (Bruker Biflex III TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora. Laser power 73%.

Figure 40 :

 40 Figure 40: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 41 :

 41 Figure 41: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 42 :

 42 Figure 42: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 43 :

 43 Figure 43: LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora. Settings: delay time 230 ns, detector 1525 V and laser intensity 63%.

Figure 44 :

 44 Figure 44: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 45 :

 45 Figure 45: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 46 :

 46 Figure 46: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 47 :

 47 Figure 47: LDI-MS spectra (Bruker Biflex III TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora. Laser power 78%.

Figure 48 :

 48 Figure 48: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 49 :

 49 Figure 49: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 50 :

 50 Figure 50: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 51 :

 51 Figure 51: LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora. Settings: delay time 220 ns, detector 1450 V and laser intensity 63%, 62% and 51% for group 1, group 2 and group 3 respectively.

Figure 52 :

 52 Figure 52: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 53 :

 53 Figure 53: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 54 :

 54 Figure 54: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 56 :

 56 Figure 56 : Partial least squares-discriminant analysis (PLS-DA, Progenesis QI 3.0.3.) performed on negative LC-ESI-MS spectra of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora. Marker ions are listed in the adjoin table.

Figure 57 :

 57 Figure 57: Partial least squares-discriminant analysis (PLS-DA, Progenesis QI 3.0.3.) performed on positive LC-ESI-MS spectra of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 58 :

 58 Figure 58: LDI-MS spectra (Bruker Biflex III TOF, negative mode) of stem extracts (EtOAc) sampled 14 days after the infection with E. amylovora. Laser power 80%.

Figure 59 :

 59 Figure 59: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of stem extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 60 :

 60 Figure 60: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of stem extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 61 :

 61 Figure 61: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of stem extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 62 :

 62 Figure 62: LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 14 days after the infection with E. amylovora. Settings: delay time 230 ns, detector 1525 V and laser intensity 67%.

Figure 63 :

 63 Figure 63: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 64 :

 64 Figure 64: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 65 :

 65 Figure 65: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

  Results of Experiment 1), LDI-MS experiments were conducted on two different instruments. The first one, a Biflex III TOF MALDI-MS (Bruker), was a low-resolution mass spectrometer, which I used during the first two years of my PhD. It was then replaced by a Spiral TOF MALDI-MS (JEOL), which provided enhanced resolution and allowed the precise differentiation of very close mass signals.

Figure 66 :Figure 48 and

 6648 Figure 66: Comparison of PCA (covariance matrix, OriginPro) performed on LDI-MS spectra of leaf extracts (EtOAc) sampled 7 days after the infection and using the Bruker Biflex III TOF (A) and the JEOL Spiral TOF (B) MALDI-MS instrument.

Figure 67 :

 67 Figure 67: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Bruker Biflex III TOF) of stem extracts (EtOAc) from Experiment 1, sampled 14 days after the infection with E.amylovora.

Figure 68 :

 68 Figure 68: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Spiral TOF) of stem extracts (EtOAc) from Experiment 3, sampled 7 (A) and 14 (B) days after the infection with E.amylovora.

Figure 56 )

 56 and will be discussed in detail in section 3.2 Partial least squares-discriminant analysis based on LC-ESI-MS. As outlined in the methodology section, all LDI-MS signals exhibiting sin 2 /cos 2 > 0.5 in the PCA (correlation matrix) correlation cycle were considered significant for observed group separation. For a comparison of biological repetitions, the discriminative signals (markers) of all three experiments are summarized in tables in Annex 4.1 (for leaves) and in Annex 4.2 (for stems). For comparing Experiments 1-3 under equal experimental conditions, both annexes solely show data acquired on the Spiral TOF instrument.

QI 3 .

 3 0.3 software (Waters), which was linked to the ChemSpider database. This allowed a most reasonable prediction of working structures based on observed MS 2 fragmentation patterns and exact molecular masses.Partial least squares-discriminant analysis (PLS-DA) on LC-ESI-MS data yielded a distinct separation of all plant groups according to the applied treatment. A representative PLS-DA for leaf samples (collected 7 days after infection, Experiment 1) is shown below (Figure69Error! Reference source not found.). Similarly to LDI-MS (Figure66), best statistical separation was observed for Experiment 1 (best grouping of all data points from fourfold experimental repetitions). Experiment 2 and 3 showed a more disseminated separation of these data points but nevertheless allowed correct grouping of all samples (Annex 2 and Annex 3).

Figure 69 :

 69 Figure 69: Representative PLS-DA performed on LC-ESI-MS spectra of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora (Experiment 1).

(

  Croissy, France) at that time. The selection of samples was based on PCA results obtained from low-resolution LDI-MS data. Eventually high-resolution experiments (Spiral TOF instrument) then facilitated the assignment of molecular formulas to discriminative maker signals from PCA experiments. Based on these findings and literature research, a list of putatively identified compounds is proposed in Table 6 and Figure 70. All compounds were previously reported as major constituents in Malus. A detailed discussion on their role in plant metabolism and immunity will be provided in section 5. Occurrence and biological activity of putatively identified compounds. A representative spectrum of high-resolution experiments is shown in Figure 71 Error! Reference source not found..

Figure 70 :

 70 Figure 70: The structures of compounds putatively identified by LDI-MS

Figure 71 :

 71 Figure 71: Representative high resolution LDI-MS spectrum (leaf extract of plants treated with LBG)

Figure 72 :

 72 Figure 72: The structures of compounds putatively identified by LC-ESI-MS. CS24785685 refers to its ChemSpider ID, no common name and stereochemistry was reported for the compound.

Figure 73 :

 73 Figure 73: The structures of compounds putatively identified by LC-ESI-MS and upregulated in group 2 (Bion + E. amylovora)

Figure 74 :

 74 Figure 74: The structure of malic acid

Figure 76 :

 76 Figure 76: The structure of quinic acid

Figure 77 :

 77 Figure 77: The structure of quillaic acid

Figure 78 :

 78 Figure 78: Relative signal abundance of quillaic acid (LC-ESI-MS) in leaf samples from Experiment 1, collected 7 days after the infection.

Figure 79 :

 79 Figure 79: Relative signal abundance of quillaic acid (LC-ESI-MS) in stem samples from Experiment 1, collected 7 days after the infection.

Figure 79 ,

 79 Figure 79, the compound seems to play a notable role in the immune response against E. amylovora.

Figure 80 :Figure 81 :

 8081 Figure 80: The structure of glabric acid

Figure 82 :Figure 83 :

 8283 Figure 82: The structure of testololactone

Figure 84 :Figure 85 :

 8485 Figure 84: The structure of 3-Carbethoxypsoralen

Figure 86 :

 86 Figure 86: The structure of luteolin

Figure 88 :

 88 Figure 88: The structure of catechin

Figure 89 : 92 Figure 90 : 2 (

 8992902 Figure 89: The structure of isoquercetin

Figure 91 : 93 Figure 92 :

 919392 Figure 91: The structure of myricitrin

Figure 93 :Figure 94 :

 9394 Figure 93: The structure of taxifolin-3-arabinoside

Figure 95 :Figure 96 :

 9596 Figure 95: The structure of 6-prenylnaringenin

Figure 97 :

 97 Figure 97: Relative signal abundance of 6-prenylnaringenin (LC-ESI-MS) in stem samples from Experiment 1, collected 7 days after the infection.

Figure 98 :

 98 Figure 98: The structure of apiforol

Figure 99 :

 99 Figure 99: Relative signal abundance of apiforol (LC-ESI-MS) in stem samples from Experiment 1, collected 7 days after the infection.

Figure 100 :Figure 101 :Figure 102 :

 100101102 Figure 100: The structure of quercitrin

Figure 103 :

 103 Figure 103: The structure of phloridzin and its aglycone phloretin

Figure 104 :

 104 Figure 104: Relative signal abundance of phloridzin (LC-ESI-MS) in stem samples from Experiment 1, collected 7 days after the infection.

3-carbethoxypsoralen (Figure 85 :

 85 Relative signal abundance of 3-carbethoxypsoralen (LC-ESI-MS) in stem samples from Experiment 1, collected 7 days after the infection.Figure85) as well as the flavonoids isoquercetin (Figure90), taxifolin-3-arabinoside (Figure94), 6-prenylnaringenin (Figure96and Figure97) and quercitrin in leaves (Figure101Error! Reference source not found.) were selectively upregulated in group 2 (Bion + E. amylovora). This suggests a strong stimulating effect of ASM.

  LDI-MS and LC-ESI-MS differ significantly. Despite the consistent statistical group division obtained for both techniques, only two common discriminative signals linked to quercitrin and phloridzin were putatively identified by LDI-MS and LC-ESI-MS (Figure 105). Both compounds are phenolic glycosides and commonly found in Malus.

Figure 105 :

 105 Figure 105: The structures of phloridzin and quercitrin

  it is important to mention that one molecule may produce radical and quasi-molecular ions at the same time. So certain LDI-MS marker signals that differ by one mass unit may originate from one single molecule. These ions are rather easy to spot because their respective signal rations do not follow the expected isotopic distribution patterns. Some examples for these ions are signals at m/z= 166.03 and m/z = 167.03, m/z 272.02 and m/z = 273.03, m/z 393.10 and m/z = 394.11 and many others (tables in Annex 4.1 and Annex 4.2). This effect was not observed in ESI-MS.

  (SRM) chromatogram of phloretin, which showed two peaks for the same selected fragment (m/z = 167.0, from precursor m/z = 273.0768) at different retention times (Figure 106). One of them elutes at the retention time of phloridzin (fragment m/z = 273.1, from precursor m/z = 435.1297), thus suggesting prior phloretin formation, coming from the in-source cleavage of phloridzin.

Figure 106 :

 106 Figure 106: Representative SRM chromatograms for phloridzin and its aglycone phloretin

Figure 107 :

 107 Figure 107: The LDI-MS spectrum of rutin (Bruker Biflex III TOF, negative mode)

7. 1 .Figure 108 :

 1108 Figure 108: Structures of opiates detected in the crude methanolic capsule extracts of P. somniferum

Figure 109 :

 109 Figure 109: Low resolution (Bruker Biflex III TOF) LDI-MS spectra of samples 1-5. Samples 1 and 2 show a very similar ionization profile, which is in line with the results from principal component analysis (PCA, Figure 112).

Figure 110 :

 110 Figure 110: High-resolution LDI-MS spectra (Spiral TOF) limited to the mass region of detected opiates of samples 1-5. Detected were as follows: morphine (1), oripavine (2), codeine (3), thebaine (4), corytuberine (5), reticuline (6), papaverine (7), codamine (8), laudanosine (9) and noscapine (10).

Figure 111 :

 111 Figure 111 : Normalized LR LDI-MS signals of compounds 1-10 detected in sample 1, shown at three different relative intensity ranges (A, B, C). Legend as follows: morphine (1), oripavine (2), codeine (3), thebaine (4), corytuberine (5), reticuline (6), papaverine (7), codamine (8), laudanosine (9) and noscapine (10). Error bars indicate standard deviations.

Figure 112 :

 112 Figure 112 : Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Bruker Biflex III TOF, positive mode) of five different samples of Papaver somniferum (methanolic capsule extract).

7. 1 . 2 .

 12 Comparison of LDI-MS and LC-UV-MSIn order to compare LDI-MS to classical analytical approaches, all samples were systematically analyzed also byLC-UV-ESI-MS. A representative UV chromatogram for each of the analyzed samples is shown inFigure 113. A comprehensive comparison of the two methods is given in Table

Figure 113 :Table 9 :

 1139 Figure 113: LC-UV chromatograms (λ = 230 nm) for samples 1-5. Detected were as follows: morphine (1), oripavine (2), codeine (3), thebaine (4), corytuberine (5), reticuline (6), papaverine (7), codamine (8), laudanosine (9) and noscapine (10).

Figure 114 :

 114 Figure 114: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Bruker Biflex III TOF, negative mode) of juice extracts (EtOAc)

  structures. These propositions were based on confirmed molecular formulas (LDI-MS+LC-ESI-MS), observed fragmentation patterns (LC-ESI-MS) and literature search. Most importantly, PCA experiments based on LDI-MS and PLS-DA experiments based on LC-ESI-MS data showed a distinct and comparable separation of the three experimental groups. In this respect, LDI-MS may provide an interesting alternative to LC-ESI-MS as it hardly requires any sample preparation and yields instant results. On the other hand, only very few common discriminative marker compounds, such as quercitrin and phloridzin, were observed in LDI and ESI-MS. Considering the underlying very different ionization mechanisms of the two methods, these results are not surprising. While LDI generally requires an UV-absorbing chromophore for ionizing a molecule, this is of no importance to ESI. Moreover, an upstream chromatographic system in LC-ESI-MS certainly increases sensitivity and assists the detection of a wider range of compounds. Compared to ESI, in-source fragmentation of phenolic glycosides was stronger in LDI (see spectrum of rutin Figure 107).

Figure 115 :

 115 Figure 115: LDI-MS (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora. Settings: delay time 220 ns, detector 1325 V and laser intensity 52%.

Figure 116 :

 116 Figure 116: Principal component analysis (covariance matrix, OriginPro) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 117 :

 117 Figure 117: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 118 :

 118 Figure 118: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 119 :

 119 Figure 119: Representative LC-ESI-MS base peak ion (BPI) chromatograms (negative mode) of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 120 :

 120 Figure 120: Partial least squares-discriminant analysis (PLS-DA, Progenesis QI 3.0.3.) performed on negative LC-ESI-MS spectra of leaf extracts (EtOAc) sampled 7 days after the infection with E. amylovora. Marker ions are listed in the adjoin table.

Figure 121 :Figure 122 :

 121122 Figure 121: LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora. Settings: delay time 220 ns, detector 1325-1400 V and laser intensity 52%, 54% and 48% for group 1, 2 and 3 respectively.

Figure 123 :

 123 Figure 123: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 124 :

 124 Figure 124: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 125 :Figure 126 :

 125126 Figure 125: Representative LC-ESI-MS base peak ion (BPI) chromatograms (negative mode) of leaf extracts (EtOAc) sampled 14 days after the infection with E. amylovora.

Figure 127 :Figure 128 :

 127128 Figure 127: LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora. Settings: delay time 220 ns, detector 1400-1450 V and laser intensity 53% and 55% for group 1, 2 and 3 respectively.

Figure 129 :

 129 Figure 129: Principal component analysis (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 130 :

 130 Figure 130: Correlation circle of PCA (correlation matrix, StatBox) performed on LDI-MS spectra (Spiral TOF, negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 131 :Figure 132 :

 131132 Figure 131: Representative LC-ESI-MS base peak ion (BPI) chromatograms (negative mode) of stem extracts (EtOAc) sampled 7 days after the infection with E. amylovora.

Figure 133 :Figure 134 :
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Table 1 :

 1 Phenolic compounds in Malus leaves

	Flavan-3-ols	Molecular formula Average mol. mass	Reference
	Catechin	C15H14O6	290.27	18, 29-32
	Epicatechin	C15H14O6	290.27	14, 18, 29-33
	Procyanidin B1	C30H26O12	578.52	29, 31
	Procyanidin B2	C30H26O12	578.52	14, 18, 29-31
	Procyanidin B3	C30H26O12	578.52	31
	Procyanidin B5	C30H26O12	578.52	30
	Procyanidin C1	C45H38O18	866.77	29
	Dihydrochalcones	Molecular formula Average mol. mass	Reference
	3-hydroxyphloridzin	C21H24O11	452.41	31
	Phloretin	C15H14O5	274.27	14, 29, 31-33
	Phloretin2-′xylo-glucoside	C26H32O14	568.52	29, 30
	Phloridzin	C21H24O10	436.41	14, 28-35
	Sieboldin	C21H24O11	452.41	36
	Trilobatin	C21H24O10	436.41	

36 Phenolic acids Molecular formula Average mol. mass Reference

  

	Caffeic acid	C9H8O4	180.16	31, 32
	Chlorogenic acid	C16H18O9	354.31	14, 18, 28-30, 32, 35
	Cryptochlorogenic acid	C16H18O9	354.31	29
	Ferulic acid	C10H10O4	194.18	18, 32
	Gallic acid	C7H6O5	170.12	31
	Neochlorogenic acid	C16H18O9	354.31	29
	p-coumaric acid	C9H8O3	164.16	31, 32
	p-coumaroyl-quinic acid	C16H18O8	338.31	18, 29
	p-hydroxybenzoic acid	C7H6O3	138.12	28
	Flavonols	Molecular formula Average molecular	Reference
	Avicularin	C20H18O11	434.35	9, 14
	Kaempferol	C15H10O6	282.24	31
	Myricetin	C15H10O8	318.24	31
	Quercetin	C15H10O7	302.24	

Table 1 continued

 1 : Phenolic compounds in Malus leaves

	Flavonols	Molecular formula Average molecular	Reference
	Quercetin 3-O-arabinoside	C20H18O11	434.35	18, 30, 34
	Quercetin-3-O-galactoside (hyperoside) C21H20O12	464.38	9, 18, 28-30
	Quercetin-3-O-glucoside (isoquercetin)	C21H20O12	464.38	9, 18, 28-31, 33, 34
	Quercetin-3-O-rhamnoside (quercitrin)	C21H20O11	448.38	9, 14, 18, 28-30, 32-34
	Quercetin-3-O-rutinoside (rutin)	C27H30O16	610.52	9, 14, 18, 28-32
	Quercetin 3-O-xyloside	C20H18O11	434.35	34
	Flavones	Molecular formula Average molecular	Reference
	Apigenin	C15H10O5	270.24	31
	Apigenin 7-O-glucoside	C21H20O10	432.38	31
	Luteolin	C15H10O6	286.24	31

  ionized propylene glycol, testosterone and verapamil hydrochloride (mass region 280-500 Da), using a suspension of anisotropic ZnO nanoparticles on a stainless steel target plate162 . The authors further claimed that their SALDI approach yielded lower relative standard deviations of analytes and fewer sweet spot effects thanMALDI. Sonderegger et al. used TiO2 coated steel targets to analyze small molecules such as sugars and flavonoids

. However, the term SALDI was first introduced by Sunner et al., who ionized peptides, proteins and small molecules using a suspension of graphite particles (2-150 μm) in glycerol instead of a classical MALDI matrix

161 

. In a similar experiment, Watanabe et al.

Table 2 :

 2 Plant resistance inducers used in preliminary experiments

	PRI	Producer	Active compound	State/Applied concentration
	Regalis® +	BASF	Prohexadione-Ca	Solid/0.25 g/L
	LBG-01F34®	De Sangosse	K-phosphonate	Liquid/default

Bion® 50 WG Syngenta

  

Acibenzolar-S-methyl Solid/0.4 g/L Figure 13: The scheme of preliminary experiments

Table 3 :

 3 Extraction conditions for Malus samples

			Leaves		Stems
	Solvent		Extraction time (min)	Repetition	Extraction time (min)	Repetition
	Hexane			3		3
	Dichloromethane		3		3
	Ethyl acetate	8	5	8	4
	Methanol			4		4
	Water			2		1
	1.5.	Phytochemical analysis and instrumental settings
	1.5.1.				

28 %) axis F1 (48 %) Individuals (axes F1 and F2 : 76 %) GROUP 1

  

	8								
	0 2 4 6 axis F2 (Not infected, treated with water GROUP 2 Infected, treated with Bion GROUP 3 Infected, treated with water
	-2								
	-4								
	-6								
	-6	-4	-2	0	2	4	6	8	10
									Marker ions
									117.0 339.3
									125.0 377.2
									133.0 378.2
									152.0 379.2
					117.0				153.0 379.5
									174.0 379.8
									175.1 380.2
									179.1 381.2
									191.1 391.2
									265.2 392.2
									273.1 393.2
									273.4 407.3
									274.1 433.2
									285.1 435.2
									286.1 557.1
									287.1 559.1
									288.1 560.1
									289.1 721.1
									311.2 722.1
									325.3

179.1 191.1 265.2 273.1 273.4 274.1 286.1 287.1 311.2 339.3 377.2 378.2 379.2 379.8 380.2 381.2 391.2 392.2 393.2 407.3 557.1 721.1 722.1

  

  These results again indicate that certain signals important for the group division cannot be observed by a simple visual evaluation and that a further statistical processing is indispensable for correct data interpretation.

	Marker ions
	124.0161 229.0495
	125.0239 231.0285
	126.0289 231.0658
	133.0121 243.0285
	135.0444 245.0457
	137.0220 257.0452
	151.0032 259.0603
	152.0099 269.0442
	153.0185 271.0602
	161.0231 272.0321
	165.0176 272.0682
	166.0254 273.0400
	167.0332 285.0407
	167.0668 285.0776
	168.0366 287.0571
	175.0228 288.0650
	175.0396 289.0708
	177.0187 295.0592
	177.0548 299.0558
	179.0337 300.0287
	189.0545 301.0352
	191.0347 301.0712
	191.0538 311.0564
	193.0124 351.0899
	195.0501 365.1055
	201.0186 379.0859
	201.0552 391.0865
	203.0341 393.1006
	215.0340 394.1107
	217.0506

. Leaves, sampled 14 days after infection with Erwinia amylovora

  

	2.2	Marker ions 273.0771
		289.0719
		311.1690
		355.3223
		447.0937
		471.3485
		485.3278
		485.3280
		487.3433
		487.3438
		491.1199
		501.3227
		539.1564
		561.1322
		561.1402
		723.1845
		737.1716
		739.1878
		753.2035
		845.1718
		873.2724

The results of Experiment 2 and Experiment 3 are shown in Annex 2 and Annex 3 respectively.

Table 4 :

 4 Discriminative LDI-MS signals (m/z values) common for all three experiments (7 + 14 days sampling together)

	Leaves	Stems	Leaves	Stems
	125.02		273.12	273.12
	135.04			275.08
		137.02	285.04 c	285.04 c
	151.00		285.08	
	152.01	152.01	287.06	
	153.02	153.02	288.06	288.06
	161.02		289.07 d	
		166.03	300.03	300.03
	167.03			301.04
		168.04		315.09
	175.04		378.08	
	179.03 a	179.03 a	379.09	
	189.05		391.09	
	191.05 b		445.21	
	195.05		459.19	
	231.03		459.22	
	243.03		460.19	
	272.03		473.20	
	273.04			

Table 5 :

 5 Discriminative

	Leaves	Stems
	273.08	
		469.33
	471.35	471.35
	485.33 a	
	487.34 b	487.34 b
	873.	

LC-ESI-MS signals (m/z values) common for all three experiments (7 + 14 days sampling together)

Table 6 :

 6 List of putatively identified compounds by LDI-MS in Malus extracts

	Compound	Molecular formula	Theoretical	Observed	Mass error	Mass error
	name	[M-H] -	m/z	m/z	(unit)	(ppm)
	Malic acid	C 4 H 5 O 5	133.0143	133.0124	-0.0019	-14
	Caffeic acid	C 9 H 7 O 4	179.0350	179.0332	-0.0018	-10
	Quinic acid	C 7 H 11 O 6	191.0561	191.0543	-0.0018	-9.4
	Phloretin	C 15 H 13 O 5	273.0769	273.0747	-0.0022	-8.1
	Luteolin	C 15 H 9 O 6	285.0405	285.0385	-0.0020	-7.0
	Catechin	C 15 H 13 O 6	289.0718	289.0693	-0.0025	-8.6
	Avicularin	C 20 H 17 O 11	433.0776	433.0782	0.0006	1.4
	Phloridzin	C 21 H 23 O 10	435.1297	435.1308	0.0011	2.5
	Quercitrin	C 21 H 19 O 11	447.0933	447.0943	0.0010	2.2

Table 7 :

 7 Putatively identified compounds (LC-ESI-MS) with most significant abundance changes within groups 1-3. For CS24785685 no common name or CAS number was reported.

	Compound	Molecular formula	Monoisotopic mass	Marker compound	Published for Malus
	Apiforol	C 15 H 14 O 5	274.0841	stems	yes
	Phloridzin	C 21 H 24 O 10	436.1369	stems	yes
	Quercitrin	C 21 H 20 O 11	448.1006	leaves	yes
	Quillaic acid	C 30 H 46 O 5	486.3345	leaves/stems	no
	CS24785685 (ChemSpider ID)	C 30 H 48 O 5	488.3502	leaves/stems	not assigned

Table 8 :

 8 Compounds with best matching scores in Progenesis-ChemSpider database.

	Compound	Molecular formula	Monoisotopic mass	Marker compound	Published for Malus
	3-Carbethoxypsoralen	C 14 H 10 O 5	258.0528	stems	no
	Testololactone	C 19 H 26 O 3	302.1882	leaves	no
	6-Prenylnaringenin	C 20 H 20 O 5	340.1311	leaves/stems	no
	Taxifolin 3-arabinoside	C 20 H 20 O 11	436.1006	stems	no
	Quercitrin	C 21 H 20 O 11	448.1006	leaves/stems	yes
	Isoquercetin	C 21 H 20 O 12	464.0955	leaves	yes
	Myricitrin	C 21 H 20 O 12	464.0955	leaves	yes
	Glabric acid	C 30 H 46 O 5	486.3345	leaves	no

  Agrobacterium tumefaciens216 , Bacillus subtilis, Escherichia coli[216][217][218] , Klebsiella pneumoniae 217 , Magnaporthe

oryzae

216 

, Pseudomonas aeruginosa

217 

, Pseudomonas lachrymans

216 

, Salmonella muenchen

218 

, Salmonella typhimurium

218 

, Staphylococcus aureus

216, 219 

, Staphylococcus haemolyticus

216 

, Vibrio parahaemolyticus

220 

and Xanthomonas vesicatoria

216 

. However, to the best of my knowledge no reports on antibacterial effects of luteolin Michaela Škopíková | PhD thesis 90 against E. amylovora exist. Considering its general antibacterial properties it is nevertheless likely that the compound may also be effective against E. amylovora.

  Alternaria brassicicola255 , Escherichia coli 256 , Neurospora crassa 255 , Ralstonia solanacearum 255 , Listeria monocytogenes 257 , Pseudomonas syringae 255 , Staphylococcus aureus[START_REF] Lopes | Inhibitory effects of flavonoids on biofilm formation by Staphylococcus aureus that overexpresses efflux protein genes[END_REF] 256, 257 , Staphylococcus typhimurium257 

. Besides E. amylovora, phloretin also displayed antifungal effects against Venturia inaequalis, another important apple pathogen. Finally antimicrobial effects were also observed against various other microorganisms, such as

  Finally, it is important to highlight that the three individual experiments yielded very different results with only very few common MS marker signals. Varying results from biological repetitions are well known, but mostly ignored in natural products' research. Observed differences may relate to changing environmental conditions as well as to genetic variations. Overall, current work indicates that the highly complex immune response with or without preceding Bion stimulation of apple does not simply relate to one specific defense mechanism that is reflected by a distinct metabolic profile.Apart from the preliminary experiments, overall 36 ethyl acetate extracts were analyzed, thoroughly evaluated and compared. The extraction yields are indicated in the following table.

	Annexes
	1. Extraction yields

Table 10 :

 10 The weights of all analyzed EtOAc extracts

	7 DAYS SAMPLING	14 DAYS SAMPLING
			Experiment 1: leaves	
	Group 1 (not infected + water)	14.8 mg	Group 1 (not infected + water)	25.4 mg
	Group 2 (E. amylovora + Bion)	18.0 mg	Group 2 (E. amylovora + Bion)	32.4 mg
	Group 3 (E. amylovora + water)	8.2 mg	Group 3 (E. amylovora + water) 56.5 mg
			Experiment 1: stems	
	Group 1 (not infected + water)	47.0 mg	Group 1 (not infected + water)	52.9 mg
	Group 2 (E. amylovora + Bion)	42.6 mg	Group 2 (E. amylovora + Bion)	65.3 mg
	Group 3 (E. amylovora + water) 23.7 mg	Group 3 (E. amylovora + water) 13.4 mg
			Experiment 2: leaves	
	Group 1 (not infected + water)	71.6 mg	Group 1 (not infected + water)	79.7 mg
	Group 2 (E. amylovora + Bion)	33.4 mg	Group 2 (E. amylovora + Bion)	50.9 mg
	Group 3 (E. amylovora + water) 25.6 mg	Group 3 (E. amylovora + water) 52.4 mg
			Experiment 2: stems	
	Group 1 (not infected + water)	68.4 mg	Group 1 (not infected + water)	78.1 mg
	Group 2 (E. amylovora + Bion)	66.6 mg	Group 2 (E. amylovora + Bion)	44.0 mg
	Group 3 (E. amylovora + water) 46.2 mg	Group 3 (E. amylovora + water) 25.4 mg
			Experiment 3: leaves	
	Group 1 (not infected + water)	45.5 mg	Group 1 (not infected + water)	54.9 mg
	Group 2 (E. amylovora + Bion)	42.3 mg	Group 2 (E. amylovora + Bion)	27.5 mg
	Group 3 (E. amylovora + water) 37.7 mg	Group 3 (E. amylovora + water) 66.8 mg
			Experiment 3: stems	
	Group 1 (not infected + water)	67.7 mg	Group 1 (not infected + water)	59.1 mg
	Group 2 (E. amylovora + Bion)	62.7 mg	Group 2 (E. amylovora + Bion)	50.0 mg
	Group 3 (E. amylovora + water) 56.7 mg	Group 3 (E. amylovora + water) 56.6 mg

. Leaves, sampled 14 days after infection with Erwinia amylovora

  

	2.2	Marker ions
		255.2327
		265.1476
		273.0765
		273.0767
		281.2482
		293.1788
		353.3689
		451.1236
		455.3527
		471.3478
		485.3268
		487.3424
		529.3047
		559.1241
		815.4972
		869.5572
		873.2706
		959.5938

.2. LC-ESI-MS negative

  

	2.2	Marker ions
		136.0164
	145.0 429.2	145.0307
	445.2 446.2	152.9949
	459.2	191.0549
	460.2 473.2	195.0504
	474.2	255.2340
		272.0696
		273.1185
		274.0807
		285.0758
		287.0552
		288.0631
	274.0 287.1	289.0708
	289.1	290.0752
	290.1	429.1764
		445.2065
		446.2103
		459.1853
		459.2223
		460.1898
		460.2244
		461.2018
		473.2022
		474.2043
		123

. Stems, sampled 7 days after infection with Erwinia amylovora

  

	2.3	Marker ions
		273.0765
		273.0767
		297.1525
		311.1684
		325.1838
		337.2048
		339.1995
		425.2571
		455.3527
		471.3478
		484.9989
		487.3424
		498.1247
		508.9784
		522.9529
		559.1241
		743.4850
		809.4966
		836.5156
		869.5572
		873.2706
		959.5938
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Marker ions 2.3.2. LC-ESI-MS negative

  

		117.0211	238.9647
	136.0 151.0	125.0250	255.0657
	152.0	133.0165	255.2332
	153.0 166.0 167.0	136.0149 137.0238	256.0730 271.0597
	168.0	149.0250	272.0693
	179.0 255.2	151.0044	273.1191
	256.1	151.0426	273.1631
	273.1 274.1	152.0159	274.0806
	327.0	153.0216	274.1234
		163.0400	275.0835
		166.0274	283.2648
	137.0	167.0344	287.0572
	149.0	167.0695	288.0638
	151.1 163.0	168.0386	300.0269
	167.1	174.0162	301.0353
	189.1 227.0	175.0250	301.0721
	239.0	179.0347	315.0874
	255.1 273.2	189.0557	323.0043
	274.1	191.0548	326.9976
		227.0343	433.0796

.2. Leaves, sampled 14 days after infection with Erwinia amylovora

  

	3	Marker ions
		327.2169
		355.3214
		377.1605
		394.1508
		422.0817
		455.3527
		469.3320
		471.3476
		471.3478
		485.3268
		487.3424
		501.3218
		503.1084
		506.9808
		553.2838
		559.1241
		699.4935
		723.4314
		816.4980
		859.6654
		995.4986
		1079.7390
		1096.7292

Table 11 continued

 11 : Summary of all statistical LDI-MS markers in leaves from Experiments 1-3 (m/z values).

	Experiment 1	Experiment 2	Experiment 3
	7 days	14 days	7 days	14 days	7 days	14 days
	272.03	272.01	272.03		272.03	
	272.07			272.07		
	273.04	273.02	273.04		273.04	
		273.10		273.12	273.12	
				274.08	274.08	
					275.08	
	285.04 d	285.02 d	285.04 d			

Table 12 :

 12 Summary of all statistical LDI-MS markers in stems from Experiments 1-3 (m/z values)

	Experiment 1	Experiment 2	Experiment 3
	7 days	14 days	7 days	14 days	7 days	14 days

Table 12 continued

 12 : Summary of all statistical LDI-MS markers in stems from Experiments 1-3 (m/z values)

	Experiment 1	Experiment 2	Experiment 3
	7 days	14 days	7 days	14 days	7 days	14 days

Table 13 continued

 13 : Summary of all major discriminative ESI-MS PLS-DA markers for leaves of Experiment 1-3 (m/z values).

	Experiment 1	Experiment 2	Experiment 3
	7 days	14 days	7 days	14 days	7 days	14 days
				743.49		
	753.20					
				809.50		
			815.50			815.50
					816.50	
				836.52		836.52
	845.17					
					859.67	
			869.56	869.56		869.56
	873.27		873.27	873.27		873.27
			959.59	959.59		959.59
					995.50	
					1079.74	1079.74
					1096.	

Table 14 :

 14 Summary of all major discriminative ESI-MS PLS-DA markers for stems of Experiment 1-3 (m/z values).

	Experiment 1	Experiment 2	Experiment 3
	7 days	14 days	7days	14days	7days	14days

Table 14 continued

 14 : Summary of all major discriminative ESI-MS PLS-DA markers for stems of Experiment 1-3 (m/z values).

	Experiment 1	Experiment 2	Experiment 3
	7 days	14 days	7 days	14 days	7 days	14 days
					723.18	
						726.62
			743.49			
					745.50	
					747.52	
					753.20	
	812.57					812.57
						821.54
						836.52
				869.56		
	871.53					
	873.27			873.27		
					885.55	
					913.60	
						959.59
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The signals in bold were putatively identified by HRLDI-MS as malic acid a , caffeic acid b , quinic acid c , luteolin d , catechin e , avicularin f and quercitrin h .

Signals in bold were putatively identified by HRLDI-MS as malic acid a , caffeic acid b , quinic acid c , luteolin d , avicularin f , phloridzin g and quercitrin h .
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Table 7: Putatively identified compounds (LC-ESI-MS) with most significant abundance changes within groups 1-3. For CS24785685 no common name or CAS number was reported. Les échantillons ont été étudiés selon deux méthodes différentes : la spectrométrie de masse par désorption-ionisation sous laser sans matrice (LDI-SM) et la chromatographie liquide couplée à la spectrométrie de masse avec ionisation electrospray (CL-ESI-SM). Bien que les deux méthodes aient révélé des profils chimiques différents, une séparation de groupes identique a été observée par analyse statistique pour tous les échantillons analysés. De plus, cette dernière a permis de déterminer les signaux des marqueurs responsables de la séparation des groupes de plantes traités différemment. Les formules moléculaires de certains signaux, basée sur la haute résolution (HR-SM), les spectres de fragmentation et leur comparaison avec les bases de données, ont pu être proposées.

Title : Detection and characterization of immunomarkers in apple by matrix-free laser desorption ionization and LC-ESI-MS Keywords : Apple tree, LDI-MS, LC-ESI-MS, Erwinia amylovora, Acibenzolar-S-methyl Abstract : Erwinia amylovora is one of the major pathogens of apple. In order to prevent infections by this bacterium, chemical products are commonly used in industrial agriculture. This, however, poses a heavy burden on the environment, so alternative methods of crop protection are being widely explored. In this regard, the induced formation of natural defense compounds (including phytoalexins) represents a promising alternative to conventional methods of plant protection. Phytoalexins are small antimicrobial secondary metabolites, synthesized de novo in plants in response to an infection or abiotic stress. The present work evaluates the impact of Bion® 50 WG, a plant resistance inducer (PRI) on the metabolomic profile of apple seedlings infected with E. amylovora.

The chemical profiles of samples were studied by two different methods: laser desorption ionization mass spectrometry (LDI-MS) and liquid chromatography coupled to mass spectrometry, using electro spray ionization (LC-ESI-MS). While both methods revealed different chemical profiles, identical group separation by statistical analysis was observed for all analyzed samples. Moreover, marker signals, responsible for the statistical separation of differently treated plant groups, were identified. Based on database research, high-resolution (HR) MS as well as MS fragmentation patterns, specific immunemarkers responsible for acquired resistance against E. amylovora are proposed.